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CHAPTER 1

INTRODUCTION TO MASS SPECTROMETRIC INSTRUMENTATION
AND METHODS

BACKGROUND

Analytical chemistry is the discipline that iddi®s and quantifies matter. One
method to identify and measure matter is throughuse of instrumentation. The instrument
used for this research is the mass spectromete). (IM3S measures the mass-to-charge
ratio (m/z) of anything that is a charged partmiéon. The key is to take a sample and
convert some of it into ions. These processesi@seribed in this introduction.

The application of MS has grown tremendously mphst 100 years. At least six
Nobel Prizes in either physics or chemistry havenbewarded for research that has become
integral to the development of MS. Several Nob@ePwinners integral to mass
spectrometry have been discussed.[1, 2] One Neioe in chemistry, awarded to Fenn and
Tanaka in 2002, honored the development of elgutagg3-5] and matrix-assisted
laser-desorption [6, 7] as novel “soft” ionizatiorethods. As Fenn remarked, we’ve made
elephants fly. These “elephants” are large mokesthat prefer decomposition
to volatilization. The “soft” ionization methodsed in the papers presented in this
dissertation are direct analysis in real time (DARBL 9], laser desorption ionization (LDI)
[10] using non-traditional matrices such as grapfitl, 12], and electrospray ionization
(ESI). These ionization methods were applied tcathaysis of coal, plant metabolites,

and proteins

lonization Methods
DART MS
Direct analysis in real time (DART) ionization li#es an electrical discharge in the

presence of helium atoms and a heated gas stre200(C). The discharge forms [Hg

ions, which are accelerated due to voltages ors gl collide with other helium ions
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to form metastable, neutral HE®) atoms. Most of the free electrons and chargdidrh
atoms are kept within the DART apparatus. Thedtkghs stream that exits the DART
source contains some electronically excited netitea{Z’S), the balance composed
of ground state helium gas. The electronicallyitexic neutral He (5) atoms react with
ambient water molecules to form charged water ete48] A proposed mechanism is
shown below.
He (2S) + nHO = [(H20n.1)H]* + OH + He (1S) 1)

Negatively charged water cluster ions can be senelbusly created as well. Analyte
molecules, either as a gas or desorbing off a sahwdter in the heated gas stream, undergo
proton transfer with the charged water clusterkis Ts one of the primary methods analyte
becomes ionized via the DART source. Analyte witlreater proton affinity than a
positively charged water cluster will abstract pineton from the water cluster to become
[Analyte + H]. For negative ion mode, negatively charged weltesters with a greater
proton affinity than the analyte will pull off agon, forming [Analyte — H] The external
ion source of the MS then guides the charged amaytinto the MS vacuum system
for mass analysis. The addition of atmospheriegastrogen and oxygen, in addition
to certain DART parameters, to the helium gas streathe presence of ambient ammonia
gas expands the range of analyte ionized by the D#Rhon-polar compounds, such as
branched alkanes.[9] DART is amenable to analygegas, liquid, and solid. Its use has
exploded since its introduction in 2005. Eighty gapers, of which at least 39 have come
in the past year and a half, use the DART ioniratithod for applications that vary from
determining counterfit drugs [13] to analyzing caupds from well-behaved
(i.e. stationary) fruit flies.[14] One more papkatured in this dissertation, will be added
to the list with the identification of coal degraéida products by DART MS (Chapter 2).

LDI MS

Karas and Tanaka developed the laser desorptmzation method using a matrix
(MALDI) in the early 1980s.[15, 16] In MALDI, atleer material that strongly absorbs the
laser light coats or co-crystallizes with the atalyf interest. Organic molecules, such as

2,5-dihydroxy benzoic acid or sinapinic acid, tebngly absorb the laser light are mixed
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with analyte in a ~1000:1 ratio and allowed to ry] Once the laser fires at the sample,
some of the material rapidly heats and ejectsspaxe. Only the top few molecular layers

in the crystal absorb the laser light, but a mugater portion of the sample sublimates. The
volatized analyte that did not absorb the lasértlrgmains intact. The analyte interacts with
the matrix to become either positively or negatineiarged ions, via the primary ionization
mechanism of proton transfer. Some analyte becaonézed through other mechanisms as
cation (e.g. positively charged Nand anion adducts (e.g. negatively chargepaah be
formed. Voltages within the mass spectrometeictitee ions for mass analysis. It is well
suited for analyzing large biomolecules such asame.[18] Some MALDI reviews are
available.[19-21]

While MALDI works great for the analysis of larg@molecules, it is not as well
suited for metabolite analysis and imaging. Maretaholites are hydrophobic and do not
associate with the hydrophilic organic acid matrbhe matrix crystals formed by the
organic acids have dimensions on the order of >0 fihese crystal sizes yield “sweet
spots” during imaging. Thus not all laser shotdd/signal. Another downside to traditional
MALDI for metabolite analysis is the mass-to-chaogerlap. lon signal originating from
the MALDI matrix can overwhelm the signal from aytal Finally, MALDI MS instruments
do the analysis in an intermediate (200 mbar) gh ecuum (100 pbar) environment.
Volatile metabolites quickly evaporate away (withifew minutes) before analysis is
complete.

One solution to some of these problems with usiadjtional MALDI matrices
with metabolite imaging is to use colloidal grapHhit1, 12] with laser desorption ionization
at atmospheric pressure [22, 23]. Some researchbrke graphite LDI method GALDI
(graphite assisted LDI). A paper showing the asialgf metabolite standards and plant
samples by atmospheric pressure GALDI is showngpehdix I11.[24] Atmospheric
pressure LDI analysis was a logical next step abknthe imaging of metabolites because
one can dan situ plant imaging and retain volatile metabolites.

ESI MS

The electrospray ionization (ESI) method interfaagth nearly every commercial

mass spectrometer produced today. The first Egnsd3, 25-27] describe an ion source
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that produced multiply charged ions. Incidentalhe multiple charges per analyte ion
produced mass-to-charge ratios within the masserahgiost mass spectrometers of the late
1980s. This ionization method is commonly couptetiquid chromatography [28, 29] as
well. The ESI process became miniaturized withitii@duction of nano-ESI.[4, 30, 31]

Electrospray ionization [5] can work over a widage of flow rates
(20 nL/min to 1 mL/min) and solvents (100% wated @)% organic solvent such as
chloroform). Detection limits can be as low as paer trillion. Both positive and negative
charged ions can form.[32] Nano-ESI was used piiynfor the work in this dissertation. A
voltage is applied via a thin stainless steel warsolution inside a pulled glass capillary tip.
The electric field and the solution at the tip faaritaylor cone [33, 34], which emits a spray
of fine water droplets (Figure 1). The dropletbieir contain charged analyte, dry. Upon
reaching the Rayleigh limit, which is the point wéaéhe potential energy of like charges
repelling each other equals the surface tensiaheo$olvent holding the droplet together, the
droplet deforms and explodes into smaller chargegldts. The excess charge quickly is
expelled via the formation of these smaller drapleEhis process repeats until the analyte is
desolvated.[35] Proteins and other large biomdéscmost likely follow this ionization
mechanism, which is known as the charged residuwdemo

Nano-ESlI is the primary ionization method for nmegkthe ions measured in this
dissertation on the three ion source — ion trap+Hmobility — TOF MS as described in
chapters 3 and 4 and Appendix | and II.

ION MOBILITY — MASS SPECTROMETRY
The mobility of a gas-phase ion is a measurenmendw quickly it moves through
a buffer gas under the influence of an electrilclfi86] The mathematical relationship

to describe this effect is as follows:
Ud =KE=L/td (2)

The mobility, K, is an intrinsic property of an iovy denotes the velocity of the ion under a
certain electric field, E. By definition, the velty, vy, equals the displacement or length
of the mobility cell, L, divided by the timey, that it took to travel through the cell. The t

value is called the drift time.[37] An ion withdlsame charge but more compact shape will
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have fewer collisions with the buffer gas and tadsgher mobility than the same ion with a
more elongated shape. In this manner, ion molsktyarates ions based on their
size-to-charge ratio. Under certain condition® oan determine the average collision cross
section of the measured gas phase ions. The gpewifdition regime is described next.

Mobility measurements are dependent on the priegest the buffer gas system, as
well as the length and electric field applied te thift tube. A reduced mobility, JKfactors
in the pressure and temperature of the buffer gdmsnathe drift tube. Rearranged to solve
for the reduced mobility, & and account for STP conditions, the relationsstip

L 2732 p

Ko = t4é T 760 (3)

The pressurq, is in Torr, and the temperatuik,is in Kelvin. The electric field, E, is Volts
per centimeter.[36]

The measured cross section values depend ontib@f#he electric field (E) to gas
number density (N).[36, 38] All experiments andasurements employed in this
dissertation occur in the low field regime. Fae firessure used in our drift tube, the gas
phase protein ions undergo at leastddllisions per centimeter. The ion velocity inses
proportionally to an increase in electric fieldetbfore the collisions with the buffer gas
become more energetic. Above the low field litie energy gained by the ion due to the
collisions with the drift tube buffer gas is graatean the energy dissipated by the
collisions.[36] Some of the excess energy conuvertgeat, changing the shape of the ion.
High-field asymmetric waveform ion mobility speatnetry (FAIMS) uses this principle
under the high field regime to separate ions.[89, Also, the dipole of the gas phase ion
under the high field limit may align to some exteuith the electric field in the drift tube.[41]
The low field limit, on the other hand, is the B fegime where the collision energy gained
by the ion is dissipated by the same collision$whe buffer gas. The protein ions
thermalize to the buffer gas temperature, freelgtey and ‘tumble’ through the drift tube.
Thus, the drift time accounts for the collisiongs®ection averaged across all orientations.

In the low field limit, the ion mobility is indepelent of the electric field, but
dependent on the cross section,of the ion. The mobility of the ion is expresssdthe
relationship [36, 42]:
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Solving the relationship (4) fae, simplifying the terms, and using the correctestea drift

time, t, the equation becomes:

3 2w Q tqU

Q== (5)

16 | ukgpT n L?

Equation (5) was used to calculate all rotationallgraged collision cross sections. The
reduced mass is [ using the mass of the ion [kdjjhaass of a buffer gas molecule [kig,is
the Boltzmann constant, Q [coulombs] equals thegeha is the number gas density,
U [volts] is the voltage drop across the drift tubed L [cm] is the length of the drift tube.
The initial ion and buffer gas collisions expeded by the ion entering the drift tube
are quite energetic. Once the ion enters thetdii, it collisionally cools by the subsequent
collisions with the buffer gas. In general Clemiftamd that ions in some charge states
unfold as they’re injected into the drift tube. éexception was reported by Shelimov
and Jarrold.[43] Upon injecting the apomyoglob#ién with increasing energy
(300 to 1800 eV), the ion folded to a compact camfer using the higher injection energy.
Measurement of Non-Covalent Protein Interactions
lon mobility mass spectrometry (IM MS) measuresdbsolute collision cross
section of gas phase ions, which is a low resatutiailk shape measurement compared
to NMR and X-ray crystallography structure measwets. A strength of IM MS lies in its
ability to measure large biological systems, ingigdhose as large as viruses.[44, 45] Few
IM MS instruments have investigated protein / pro®mplexes because no commercial
counterpart existed until recently, other than hdiagt instruments. Counterman and
Clemmer [46, 47] were among the first to measurecavalent complexes; they
investigated peptide multimers using their pulsedinjection — IM — MS. Bowers followed
suit with his own home-built IM — MS instrument.[[38ernstein and Bowers used that
instrument to report thatsynuclein, a monomer in a solution with a pH r@as 2, forms a

dimer when it is electrosprayed out of a denatubnfjer at pH = 7.[48] Loo’s group uses
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their own version of IM — MS [49, 50] to measure 8ize of protein complexes based on the
gas-phase electrophoretic mobility molecular arelyEMMA).[51] Last, Wright

and Douglas used their own version of an IM — MSelleon a triple quadrupole to measure
the collision cross section of hemoglobin monordener, and tetramer.[52]

The recently introduced commercial Synapt instnoiniy \WWaters uses an ion
mobility process called traveling wave ion mobil3, 54] The traveling wave method,
also known as the t-wave ion mobility, does noegan absolute collision cross section like
traditional ion mobility does. Rather, one canlwale the t-wave ion mobility using
proteins with known collision cross sections.[5Hje t-wave works with either electrospray
ionization or MALDI.[56] Scarff and Scrivens haneeasured the collision cross sections
of well-characterized proteins [57] and protein phemes like hemoglobin [58] using the
t-wave ion mobility Synapt instrument. The ion riliiypmeasured cross sections are
comparable to those deduced from x-ray crystatsiras of the same proteins. Other
non-covalent protein complexes have been studied tise Synapt.[59-61] The only other
commercial traditional ion mobility mass spectroaenehstrument is sold by lonwerks, and it
is used primarily for lipid and peptide imagingngia MALDI source.[62]

The home-built three ion source — ion trap — iabitity — TOF MS instrument [63]
built by Badman et al. was used to analyze thesprdtprotein interactions in the YbhB
protein fromEscherichia coli and the YbhB protein homolog from tAeabidopsis thaliana
plant. The extent of dimer formation and collismoss section for the YbhB proteins are
discussed (Chapter 3). Dimer ions are dissociat@ionomers and adducts are removed due
to more energetic injection conditions. lon madpitross section measurements were also
used for the time-resolved protein ion heating gti@hapter 4).

Pulsed Injection — lon Mobility — Mass Spectrometes

The designs of other similar ion mobility massctpemetry instruments, which
utilize a short pulse of ions (referred to as anpacket), are of interest to the time-resolved
protein ion heating paper (Chapter 4). Since #rg/d990s, ion mobility mass spectrometer
instruments evolved to measure the shape of biamlge.[64-70] Early reduced pressure
ion mobility instruments injected a 30 to 50 psseubf ions into the mobility cell through an
80 um i.d. aperture, containing 2.5 to 6.5 mbaiunelgas.[37, 71-75] A quadrupole
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performed mass analysis for these injected ion litpbistruments. The next iteration of
ion mobility mass spectrometry instruments add8® auadrupole ion trap [76-79] or 2D
linear ion trap [80-82] to collect and cool the sdmefore injecting them into the mobility
cell. lons in the 3D trap were stored and cooteddns of milliseconds. A 40 to 400 V
square wave DC pulse, applied for 0.2 to 4 us erettit lens, extracted the ions out of the
ion trap. The mobility cell had either 80 or 16@ jud. entrance apertures, containing

2.5 to 6.5 mbar helium gas. One variation of tBedh trap ion mobility instrument by
Creaser [83] extracted ions out of the trap usifesg 0.2 to 1 ps attractive DC pulse
(3t0 95V). The 3D ion trap — IM MS instrumentslbby Clemmer and Creaser are similar
to the one featured in this dissertation.[63] PBelinear traps needed a long (100 us)
extraction pulse because the ions spread out dhengntire z-axis of the ion trap. In
subsequent 2D IT — IM — qTOF MS instruments theagrte aperture of the mobility cell
was enlarged to 1000 um i.d. [80-82, 84].

Subsequent designs of trapping — IMS — qTOF M8ungents led to tandem
IMS-IMS [85, 86] and the traveling wave (T-wave$trument [87]. The IMS / IMS
instrument continued to use the 1000 um and 250Qguirantrance and exit aperture for the
mobility cell, respectively [84] and a long (50100 ps) extraction pulse. The pressure
remained 2.6 to 6.5 mbar in the mobility cell. Thaave instrument uses 2000 pm i.d.
for the entrance and exit aperture, containingmbar of helium gas [87]. To handle the
extra gas leaking out of the larger apertures emthbility cell, the IMS cell was placed into
a separate chamber that is pumped out using atiaddiroughing vacuum pump or
turbomolecular and roughing vacuum pump combination

Our instrument design follows the 3D ion trap —HVOF MS built in Clemmer’s
group [37, 77, 78, 88], but to our knowledge thel/ribt notice the effect concerning the
extraction duration and voltage magnitude, nordrasother research group. It may be that
i) they did not use long (> 9 ps) extraction pulgeshe 3D ion trap instruments, and ii) they
used large injection voltages $0 V) that would suppress compact conformers. yEiated
investigating the ion trap extraction conditiond dot appreciably broaden the width of the
measured ion packets.[76, 77] Their ion mobilperiments involving the 3D ion traps
used a short pulse (0.2 to 4 us) to extract a stloatrp ion packet. A dense ion packet would
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not diffuse as much in the drift tube as a broadgacket. Once the instrument designs
started using the longer 2D ion traps, much lori§@rto 100 ps) extraction pulses were
needed to extract the trapped ions. This resudtasafirmed with our home built 2D linear
ion trap.[89] Further discussion about the protemheating due to specific instrument
parameters follows in the paper “Time-Resolved kgatind Unfolding of Protein lons Due
to lon Injection Conditions in an lon Trap — lon Miity — Time-of-Flight Mass

Spectrometer” (Chapter 4).

DISSERTATION OVERVIEW

The focus of this dissertation is two-fold: dey®ig novel analysis methods using
mass spectrometry and the implementation and deaization of a novel ion mobility mass
spectrometry instrumentation. The novel mass sp@ettry combines ion trap for ion / ion
reactions coupled to an ion mobility cell. Thedderm goal of this instrumentation is to use
ion / ion reactions to probe the structure of dgaase biomolecule ions.

The analysis of the degradation products in d8abkpter 2) and the imaging plant
metabolites (Appendix I1I) fall under the methodssdlopment category. These projects use
existing commercial instrumentation (JEOL AccuTOB lsind Thermo Finnigan LCQ IT,
respectively) for the mass analysis of the degradeadi products and the plant metabolites,
respectively. The coal degradation paper discutsesse of the DART ion source for fast
and easy sample analysis. The sample preparaiisisted of a simple 50 fold dilution
of the soluble coal products in water and plachegliquid in front of the heated gas stream.
This is the first time the DART ion source has based for analysis of coal. Steven Raders
under the guidance of John Verkade came up witledédegradation projects. Raders
performed the coal degradation reactions, workethegproducts, and sent them to me.

I, Gregg Schieffer, developed the method and witedéepaper demonstrating the use of the
DART ion source for the fast and easy sample arglys

The plant metabolite imaging project extends tbe af colloidal graphite as a sample

coating for atmospheric pressure LDI. DC Perdiach leclosely worked together to make

this project work. Perdian focused on building Itiid setup whereas Schieffer focused
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on the MS analysis of the metabolites. Both Perdian amak the data featured in the
paper. Perdian was the primary writer of the paperused it as a chapter in his dissertation
(Chapter 5, page 100). Perdian and Schieffer vebtgether to address the revisions and
publish it in Rapid Communications in Mass SpecetynJournal.[24]

The IT — IM — TOF MS instrument and ubiquitin pap&ppendix ), cytochrome
paper (Appendix Il), YAP and YBHB protein complexgsper (Chapter 3), and the time
resolved protein ion heating paper (Chapter 4)uatler the characterization and use of
novel ion mobility mass spectrometry instrumentatio probe the structure of biomolecules.
The ubiquitin and cytochronmeprotein ions were chosen to characterize thelW — TOF
MS instrument because the gas phase ions of thasprbteins are well-characterized and
understood. Matt Soyk, Qin Zhao, and I closelykedrtogether under the guidance
of Ethan Badman, and then Sam Houk to build andentfadc IT — IM — TOF MS instrument
to work. Soyk, Zhao, and Schieffer performed ekpents on the instrument. Most of the
mass spectra featured in the ubiquitin and instrirpaper were taken by Zhao. Soyk, Zhao,
and Houk were the primary writers of the paper.ttMaed the instrument paper as
chapter 3 (page 71) in his dissertation. Qin ubexpaper as Chapter 2 (page 38). | helped
finish the revisions with Dr. Houk and get it puhled in the Journal for the American
Society for Mass Spectrometry.[63]

Most of the experiments discussed in the cytockrorpaper were done by Zhao.
Zhao, Soyk, and Houk wrote the paper. Zhao usedtper as Chapter 3 (page 79) in her
dissertation. Soyk used this paper as chapteade(f00) in his dissertation. Schieffer
worked up the data listed in the tables, acquinedcytochrome data shown in figure 5,
and addressed the revisions with Houk to publigh the Journal for the American Society
for Mass Spectrometry.[90]

The YbhB protein paper applies the analysis arudatterization of protein
complexes by the IT — IM — TOF MS. Libuse Brachaaks for Basil Nikolau. Brachova
expressed and purified all the YbhB and YbhB homagmtein. Schieffer took all the nESI
mass spectra on the IT — IM — TOF MS. Joel Noguaed the MALDI data. Schieffer

wrote the paper with Houk’s help. Brachova wrotetipas of the introduction
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and experimental sections concerning the YbhB apltBvhomolog proteins. We plan to
publish the YbhB protein paper in a mass spectnometrnal.

Last, the time-resolved protein ion heating pdpgher explores the unexpected
heating effect due to the duration and magnitudé@extraction pulse on the exit endcap
of the ion trap through a series of experimentsquibin, as well as other proteins, were used
to investigate this heating effect. Zhao, Soyk] Schieffer first noticed this effect in 2005.

It wasn't until 2007 or 2008 that Zhao noticed itves “refolded” due to a long extraction
pulse. In 2008 and 2009 Houk and Schieffer sotmbkplain and characterize the heating
effect due to the extraction and injection condisio Derrick Morast investigated the heating
using carbonic anhydrase and lysozyme. MorastSahieffer also worked together to keep
the instrument working well. Houk and Schieffeioter the time-resolved protein ion heating

paper together. We plan to submit it to the Ireional Journal of Mass Spectrometry.
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are focused into the mass spectrometer.

The ESI process makes a closed power circuit.
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ABSTRACT

Direct Analysis in Real Time (DART) mass spectraméMS) is used for the first
time for the rapid identification of coal degradatiproducts. DART ionizes the
water-soluble, liquid and water-insoluble, solichkdegraded samples without additional
sample preparation. The high mass accuracy dirtireeof-flight MS enabled tentative
elemental composition assignments of the produrs foom the coal degradation reactions.
The method described herein is a fast way to asodtie products from coal degradation
reactions without additional sample preparatiohe DART MS analysis revealed that the
i) 150 °C coal degradation reaction using trimethylopane phosphite compared to the
37 °C reaction and ii) higher pressure coal degffad reaction using pyrocatechol
compared to the atmospheric pressure reactioraliégiarger and more abundant
compounds from the coal.

Keywords: direct analysis in real time (DART), mapgctrometry, coal degradation,

trimethylolpropane phosphite, pyrocatechol

INTRODUCTION

Lignin is a complex, heterogeneous [1] substahaeprovides structure
and protection to plant cells. Lignite coal is fiist stage in the metamorphic conversion
of degradation resistant lignin in peat into c@jl.Roughly half of the world’s coal reserves
are lignite coal.[3] However, its high water argth @ontent, poor energy value, and storage
instability make lignite coal an undesirable optfonuse in power plants.[4]

Since the beginning of the 20th century, reseaschave sought to extract
compounds from coal to determine the different congmts or to convert the lignite into a
better fuel source. For example, pyridine is ohne best solvents and dissolves 10 to 20 %
(w/w) coal. Other solvents (e.g., acetonitrile)yotissolve two to four percent (w/w)

coal.[5] Further work on extracting compounds imreoa) oxidation reactions [6] to degrade

www.manaraa.com



21

coal via nitric acid, dichromate, or other oxidigiagents, b) halogenation, [6] or c) reacting
the coal with ampholytic solvents above 100 °C.fSmore recent oxidative hydrolysis
method uses cupric oxide and steam at 170 °C &h Istanbs to hydrolyze lignite coal.[7, 8]
An advantage of this process is that the origimgding blocks of the coal are retained.
Analysis by gas chromatography electron impact M& @apillary electrophoresis yielded
details concerning the amount, quality, and stdgkegradation of the lignin in the coal.[9]

Mass spectrometry (MS) is a recent entrant fol analysis. Early work in the 1950s
identified the volatile thermal degradation produat coal via electron impact MS.[10, 11]
Newer ionization methods such as fast atom bombamtlfi2] electrospray ionization,[13]
and laser desorption ionization [14] experimentgepahe way to liberate and ionize
non-volatile molecules from coal. Marshall etuded electrospray ionization with Fourier
transform ion cyclotron resonance mass spectronfefrfCR MS) to resolve 10,000 distinct
polar components in pyridine soluble coal extrt. Recently Linford et al. [16] analyzed
the organic and inorganic ions in coal sampledrbg-bf-flight secondary ion mass
spectrometry (TOF SIMS) using a 69Ga+ ion beam.

The use of Direct Analysis in Real Time (DART) wMS has grown quickly since
its introduction in 2005.[17] Samples analyzethgdDART range from drug tablets,[17, 18]
drug discovery,[19] chemical warfare agents [20jn@nitoring pheromones from well
behaved (i.e., stationary) fruit flies.[21] Sampleparation for analysis is minimal so long
as the sample encounters the DART gas stream arahtlyte readily accepts or loses a
proton. Another competing ionization mechanisnolags a reactive DART specie
removing an electron from the analyte.[22] Vokatliquid, or solid samples are all
amenable to analysis. The DART ion source couplesiy MS that accepts an external ion
source such as single and triple quadrupoles,[23k250rbitrap,[26] FTICR,[27] and a field
portable ion trap.[28High spectral resolution is particularly valuablghaDART because
the samples are mixtures and the resulting massrapsan be complex.

In the present work, aqueous solutions of trimielipyopane phosphite
(EtCage, Drawing 1)[29] and pyrocatechol [5] wesedito degrade lignite coal. The cost
and disposal expenses of organic solvent wastefiaseavoided. The products were divided
into two portions, water-soluble or insoluble, fapid characterization by MS. This report
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mainly emphasizes the use of the DART ion sourcguiick analysis and qualitative
characterization of the degradation products frath bhe water-soluble and the insoluble
coal samples. The high mass accuracy and eleneartglosition software of the
time-of-flight MS (JEOL AccuTOF) facilitate tenta& assignments of the primary
components from the degraded coal. The overalladiadion efficiency of the various

reagents and different conditions can be assesseklyyjby DART MS.

EXPERIMENTAL

Sample Preparation

All samples were prepared in house by grindingh&siof a particular piece
of Louisiana lignite coal to 106 to 125 mesh.

Coal Degradation Using EtCage

To a 15 mL pressure tube was added 1.7 gramsahdrcoal, 7.14 grams (44.06
mmol) of the solid EtCage and 1 mL of water. Thespure tube was sealed and placed in a
37 °C oil bath for one month. The result was am@ntolored oil with solid coal residue
particles. The vessel was then allowed to coobton temperature, methanol was added
to mobilize the soluble compounds and make it edsiseparate the oil from the insoluble
residue. The sample was filtered, and the remgimsoluble particles were removed
by centrifugation. The method using the methaoadgregate the soluble and insoluble
portions was repeated until the amber color disagggkin the solution. All solutions
containing the soluble portion of the degraded egak combined. The methanol used
to segregate the soluble coal supernatant wasémeoved by evaporation, resulting in a
viscous liquid. This liquid was diluted 50 fold/(v) with water for analysis. The
remaining insoluble solids after the segregatiorevezied in an oven and weighed. This
reaction scheme was also used on additional choafnt@al at 80 and 150 °C in an oil bath.

Soluble Coal Using Pyrocatechol

To a 15 mL pressure tube was added 1.7 gramahdrcoal and 11.28 mL of a
stock solution (43 g pyrocatechol / 100 mL watdmpyrocatechol (44.06 mmol). The
pressure tube was sealed and placed in a 37 t&thilfor one month. The vessel was
allowed to cool, solids were filtered, methanol vadsled, and solid residue removed
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by centrifugation and weighed, as described abd¥e water-soluble portion formed a solid
after the methanol was evaporated. This procedaserepeated at elevated pressure
(83 bar) using a Parr bomb reactor.

Sample Analysis

The methanol derived water-soluble coal degradédiens from the above
procedures were diluted 50 fold (w/w) with watemagsessary. A clean glass melting point
tube from Fisher Scientific (Pittsburgh, PA) wasrtldipped into the solution containing the
soluble coal and held within the heated DART soga&® stream about 5 mm from the
AccuTOF orifice. The DART gas stream evaporatedrésidual liquid off the glass melting
point tube. Solid samples were held in the DARTUIree gas stream at the same position
using clean stainless steel tweezers. Data wepdrad at a rate of two mass spectra per
second for at least 90 seconds for every samghe. nfass range was m/z 60 to 800.

lon Source / Mass Spectrometer

The DART 100 ion source[17] (lonSense, Saugus, Bi#) orthogonal acceleration
single reflectron TOFMS (AccuTOF, JEOL USA, Inceadody, MA) in positive ion mode
were used for all the experiments. The AccuTOF B&n orthogonal acceleration
single-reflectron time-of-flight mass spectromet@&he instrument was tuned using the
[(H20)2H]+ dimer from ambient air to determine tr@tage settings for the best ion signal.
Table 1 lists the conditions used for the coal yses.

Analysis by Elemental Composition Software

Mass calibration was performed before each sebalfanalysis runs. Each mass
calibration spectrum was averaged and the m/z sedilerated using protonated ions from
liquid PEG1000 as external standards. The measufedalues for the PEG1000 ions
always agreed within 2 ppm or better with the calimd PEG1000 mass values. The typical
resolution of the TOF was ~ 6000 ().

The elemental composition software associated th#ghAccuTOF MS software
generated the best elemental compositions usinddtieed parameters for all ions with
signal above the set threshold, typically 2% ofrtiast intense peak. All the elemental
composition parameters included carbon, hydrogeygen, and nitrogen atoms. For the
EtCage samples, phosphorous was also included méke difference tolerance was
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10 mTh. Many tentative elemental composition assignts agreed within 20 ppm. Some
tentative elemental compositions from the insolydggions only agreed within 110 ppm,
making their assignments quite uncertain. Tlygested elemental compositions reported
below were verified manually using the approprie3€ isotope peaks. Generally, the more
intense the peak (i.e. more counts) and the gréaanass-to-charge ratio, the closer the
tentative elemental composition compared to theutaled mass.

Only qualitative information was determined frone tmass spectra as no internal
standards were added to the coal before the ddgradeaactions. The AccuTOF lacks an
additional mass spectrometer stage, excludingsbeticollision induced dissociation

to further confirm the identity of the measuredlabegradation products.

RESULTS AND DISCUSSION

Analysis of Unreacted Coal

The unreacted coal proved amenable to analydBART mass spectrometry
(Figure 1). All the ions from unreacted coal aedolv m/z 650. Note that the abundant ions
continue above m/z 300. These high mass ionsoane sf the compounds degraded by the
reagents in experiments described below. The sis®is an expanded view of one region
to illustrate the peak shape and resolution. TW&iM for the m/z 377 peak is 75 mTh, for a
resolution (mAm) of ~ 5000.

DART MS Analysis of the Water-Soluble Fraction fran Degraded Coal.

Aqueous solutions of pyrocatechol and EtCage (Drgd) are effective reagents
for degradation of coal; they dissolve 60 % or nafrehe lignite coal sample used. The
results of a few such experiments are shown belaimlynto illustrate the value of DART
MS for this analysis. The discussion is not méarte a complete evaluation of different
reagents.

In one such experiment, the effect of reactionperature was assessed. Sections
of the same coal lot were treated with aqueous gg@a 37, 80, and 150 °C for one month.
The resulting DART mass spectra for the solubletioas are shown in Figure 2. The
reagent ([M+H]+, m/z 163) reacts with itself in wato form various condensation products,

which account for the most abundant peaks. Thedsraved ions are at lower abundance.
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In general, these coal-derived ions indicate materesive degradation

(i.e., heavy, water-soluble compounds are genenadise abundant) at 150 °C (Figure 2d)
than at either 37 °C (Figure 2b) or 80 °C (Figuce 2A few of the coal product ions contain
phosphorous, such ag#;,0P (15 ppm error, nominal m/z 217) angtdis0:11P (3 ppm
error, nominal m/z 489), meaning the phosphite grioom the EtCage attacks the coal. A
detailed evaluation of the use of phosphite esterdegradation reagents on lignin is found
in a paper by Oshel.[29]

Coal was degraded with the other reagent (pyrohateDrawing 1) at two pressure
values (1 bar and 83 bar) for one month at 37 The degradation reaction via pyrocatechol
at 1 bar dissolved 41% of the coal; 61% of the disdolved at 83 bar. The mass spectra
from the resulting water-soluble fractions are shawFigures 3 and 4. For the reaction
done at 1 bar, most of the water-soluble ions atevbm/z 350. For the high-pressure
reaction, there are more ions up to m/z ~ 450. higle-pressure reaction also contains more
ion peaks than the reaction done at 1 bar. Thuget and more numerous compounds are
solubilized from coal when the reaction is donkigher pressure. The * and **
designations refer to the protonated pyrocatectwlamer ions (C6H702) and protonated
pyrocatechol dimer (C12H1304), respectively. Tbeusate masses listed for the reagent
ions are within 10.8 and 9.1 ppm, respectivelye T denotes an interference ion
from protonated dioctyladipate (nominal protonateass 371), which is a plasticizer from
the melting point tube packaging.

Nearly all of the ions are singly protonated, [MHF, confirmed by tentative
elemental compositions (Tables 2 through 5). Ndtiply charged ions were made
by DART. The tentative elemental compositions mftentain oxygen atoms, suggesting
that the species generated by our DART source nergially ionize polar molecules through
proton transfer reactions.[17, 22] To verify thigothesis, a solid sample of pure
naphthalene (eg. non-polar) was analyzed undesaime DART conditions (Table 1) used
for all the featured experiments) signal was observed (data not shown). Rec&miygin
et al. measured large, insoluble polycyclic aromatimpounds (five rings and greater)
by DART MS in positive ion mode.[30] The polycychromatic compounds preferentially

formed protonated species with a small amountdited cation present. This suggests that
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either polycyclic aromatic compounds need to haaeynings to readily accept a proton or
that the DART conditions used for this paper ditlgenerate appreciable amounts of proper
reactive species, such as Qto ionize a non-polar compound like naphthale@edy

reported specific DART source conditions for a@a@ratmospheric pressure interface

that generated abundant, odd-electron ions frooratad alkanes and other non-polar
species.[22] These alternate experimental comditjga2] were not employed for the
experiments featured in this paper.

Suggested elemental formulas for the more aburgtaduct ions from the
water-soluble pyrocatechol degraded coal are showiables 2 and 3, respectively. All the
ions are protonated and most contain oxygen. Thevatues for the indicated elemental
compositions for the water-soluble portions arenatthin 30 ppm of the measured
m/z values.

For the ions identified in Table 2, the double bexdivalence[31] (DBE) increases
as the mass increases. For the reaction donbat tompounds two through fifteen are
mostly aromatic because the DBE is greater than(ftable 2). Many of the higher mass
compounds liberated from this coal sample at tigh pressure lack aromaticity and may be
fatty acids (Table 3), which are thought to be cormgnts of this coal in general.

DART MS Analysis of the Insoluble Fraction from Degaded Coal.

The dried, solid insoluble portion of the degraded| was also amenable to DART
analysis. The coal solids from the pyrocatechatemts were brittle; some grains crumbled
in the DART gas stream during analysis. In genénal coal residues were more fragile the
more extensive the degradation reaction.

Mass spectra from coal residue after treatmertit pytocatechol solutions are shown
in Figures 5 and 6; elemental assignments are giv&ables 4 and 5, respectively. Again,
coal-derived ions from the solid residue stop & m460 when the reaction is done at 1 bar;
these ions progress to higher m/z values (~ 55@nvthe reaction is done at higher pressure.
Comparison of Figures 5 and 6 indicates that thigloe from the high-pressure degradation
reaction yields fewer peaks than that from the jppessure reaction. Mass spectra from the
insoluble residues (Figures 5 and 6) generally imoee peaks than those from the

water-soluble fractions (Figures 3 and 4). Alée, ibns seen from the residues
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(Tables 4 and 5) are less likely to contain oxytem their soluble counterparts (Tables 2
and 3). It seems that the presence of oxygereicdll degradation products enhances their
solubility in water and methanol. The proposeainle compounds in Tables 4 and 5
range from small fatty acids to large polyaromatidrocarbons. The presence of fatty acids

in this coal was determined using another masdgpeeter (data not shown).

CONCLUSION

DART MS is a fast and easy method, needing orignaminutes per sample,
to characterize both the water-soluble and inselpbirtions of degraded coal. The use
of liquid chromatography MS, may take one hourdmplete a run and is limited
to analyzing the water-soluble portion. The highalution and mass accuracy of the TOF
MS and the instrument software enables tentatiteraénation of the elemental
compositions from the complex spectra. The DART $h8ws that reactions using EtCage
at a higher temperature degrade more of the cahyiahds more abundant larger compounds
than the lower temperature reaction. The coalatigion reaction at high pressure using
pyrocatechol also yields higher mass ions in blo¢hwater-soluble and insoluble portions

than the same reaction at atmospheric pressure.
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Drawing 1) These are the chemical strues of the two reagents, EtCage and pyrocate

used to degrade and we-solubilize coal.

TABLES

Table 1) Instrumental Operating Conditic

DART
Parameter

99.999% pure He gas

He gas
Needle
Discharge
Grid

TOF MS Conditions
Parameter

Ring lens

Orifice 1

Orifice 2

Bias

Pusher bias

Focus

Focus lens
Quadrupole lens
Right / Left lenses
Top/Bottom lenses
Reflectron
Detector

Value

3.25 L / min (measured with an external flow me

250° C
3500 V
650 V
150 VvV

Value
3V
80°C, 20V
3V
27V
-0.75V
90V
10V
20V
8.0V
0.2V
990 Vv
2500 V
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Table 2) Suggested elemental compositions forymbidns identified in Figure 3. The coal

was degraded by pyrocatechol at 37 °C and 1 bamfermonth.

Peak
Number

O© 00N Ol h~h WNP

e ol ol
O NWNRO

m/z
83.0860
93.0313
127.0412
155.0370
161.0646
169.0500
179.1056
221.0697
223.0697
233.0587
249.0580
263.0579
267.0548
293.0669
327.2110

Elemental

Composition

GH11
6HsO
eH70s3
GH704
@HoO;
€HoO4
GH150;
@HoO;
GH1107
tHoO;
€HqOs3
©H1106
©H1107
GH1307
€H310s5

Error, ppm

16.8
28.5
9.4
16.7
4.4
0.1
1.6
9.5
6.2
15
2.8
2.4
4.3
0.8
6.1

Table 3) Suggested elemental compositions forymoidns identified in Figure 4. The coal

was degraded by pyrocatechol at 37 °C and 83 lbami® month.

Peak
Number

O© 00N Ol h WDN P

e S S
W N RO

m/z
83.0861
93.0352
127.0420
135.1020
137.0600
169.0510
179.1080
255.2370
257.2440
283.2680
391.3010
425.4040
439.3750

Elemental

Composition

GH11
6HsO
eH70s3
€H1503
eHoO2
6HoO4
GH150;
GH310-
GH3302
EH3502
€gH390
&7H5303
&7H5104

Error, ppm

12.5
12.4
21.0
1.9
1.8
3.8
2.2
17.0
17.3
13.6
3.3
11.3
8.4
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Table 4) Suggested elemental compositions foir@uble coal residue product ions
identified in Figure 5. The coal was degraded ppatechol at 37 °C and 1 bar for one

month.

Peak
Number

©O© 00 NOoO Ol WN P

W W WWNDNNDNNNNMNNMNNNMNRPRPRPRPEPRPPRPERPERRERPRERE
WNPOOO~NOOUPRWNPOOONOO OGPMWDNEDO

m/z
75.0368
75.0714
85.0592
87.0397
87.0756
89.0552
97.0664
99.0436
101.0720
115.0790
117.0906
123.0497
125.0998
127.0975
129.1264
131.0827
147.1024
161.1101
163.1298
169.1217
177.1145
199.2010
269.2714
271.2373
273.2560
325.2836
327.2891
329.2976
339.2814
341.2767
343.2825
345.2933
375.2972

Elemental

Composition

6H-O;
GH1,0
6H,O
GH7O2
6H110
GHoO;
6HO
6H702
€HyO2
€H1102
6H130;
@H,0;
€H130
€H150
gH170
€H1103
@H1503
€H1703
€H1903
tH1702
€H1704
GHL/0
EH30
€eH3103
€H3303
eoH3703
oH3903
eoH4103
€iH3903
6oH3704
6oH3904
€oH4104
€4H3903

Error, ppm

103.8
127.2
71.5
55.8
61.6
56.9
10.9
9.9
116.2
26.9
8.0
41.7
20.7
115.9
114
90.8
2.1
47.1
21.9
6.8
10.8
25.8
48.3
37.0
47.7
29.0
2.4
24.2
24.9
22.2
6.5
20.6
19.4
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Peak Elemental

Number m/z Composition Error, ppm
34 377.3200 @H4103 38.3
35 379.3233 @H 4303 55
36 381.3453 @H 4503 22.2
37 383.3482 @H 4703 11.0
38 407.3392 &H 4706 5.0
39 409.3631 GeH 4003 12.1
40 411.3785 eeHs5103 12.7
41 423.3733 &H470 25.1
42 425.3819 6H40 8.4
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Table 5) Suggested elemental compositions folu® coal residue product ions identified
in Figure 6. The coal was degraded by pyrocateah8¥ °C and 83 bar for one month.

Peak
Number

©O© 00 NO Ul WN P

NNNNNNNRPRRRERRRRERRER
OUBRNWNROOOMNOUNAWNEREO

m/z
83.0869
85.0751
89.0610
91.0397
117.0913
135.1017
143.1367
157.1545
173.1540
185.1618
201.1850
211.2049
225.2347
229.2176
239.2408
243.2345
255.2361
257.2471
275.2635
283.2668
285.2813
299.2787
369.3543
391.2903
411.4044
481.4963

Elemental

Composition

GH11
6HO
GHoO
GH7Os3
H130,
6H1503
6H140
GH21.0
@H210;
GH210,
GH250,
@H./0
&H200
GH290,
€H310
H310,
teH3102
€eH3302
teH3503
€H3502
EH3702
&H3s
&7H4s
€4H3904
oHs1
&Hs502

Error, ppm

10.4
115.7
8.5
2.3
1.7
2.6
48.1
29.7
0.5
41.6
2.3
6.1
57.0
3.7
13.9
8.8
14.8
3.6
17.8
10.9
6.9
16.3
6.1
14.1
12.9
4.5
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FIGURES
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Figure 1) Mass spectrum of unreacted, solid cdak vertical scale for the inset is

magnified 2X.
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Figure 2) Mass spectra from water-soluble prodattaged phosphite reacted with coal
for one month at 37 °C (a and b), c¢) 80 °C and=f) IC. The spectrum in b) is the same as
that in a) with the vertical scale magnified 3Xstwow the less-abundant ions derived

from coal. Asterisks * designate ions from theges@ and products of condensation

reactions between reagent molecules.

www.manaraa.com




37

Jggney
a) P T~ #* 910.06
* 111.0434 » 219.0037
50
O '-AI-T .i ....... l...’.,.l._.L' .........
o 100 200 300
b)
*
3
1 l |
0 - ,|.'. - LLlu_.I..Hu : ' :
271 100 150 200 250 m/z
c)
* %
12 14 -
13 ‘ 5
o .g;ll.l_l..ll.|ui .lulIJ h ll Al .lIL | : Loy £ .' L .
250 300 350 400 450 m/z

Figure 3) Mass spectra from water-soluble prodattoal reacted with aqueous
pyrocatechol at 37C and 1 bar for one month. The two primary peakelled * and ** are
due to protonated pyrocatechol and a protonatedadise of pyrocatechol. The spectra are

plotted with different vertical scales to facilgabbservation of the less-abundant ions from

coal. The numbered peaks are identified in Tabla)2n/z range to ~ 270; b) m/z range 245
to ~ 470.

www.manaraa.com




38

Intensity [%]
41 "
a)
§
1
2
3 _ *%
ML‘LAMMM7 M‘JM““MM
0 AR
100 150 200 250 m/z
24 Fk%
b)
O T T T
250 300 350 400 450 m/z

Figure 4) Mass spectra from water-soluble prodattoal reacted with aqueous

pyrocatechol at 37C and 83 bar for one month. Same notation as &igurThe spectra are

plotted on different scales to assist the obsesmaif the low abundance ions. The numbered

peaks are identified in Table 3. a) m/z range 866; b) m/z range 245 to ~ 500.
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Figure 5) Mass spectra from insoluble coal resafter reaction with aqueous pyrocatechol
at 37 °C and 1 bar for one month. Numbered peakglantified in Table 4.
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Figure 6) Mass spectra from insoluble coal resafter reaction with aqueous pyrocatechol
at 37 °C and 83 bar for one month. Numbered pask&entified in Table 5. a) m/z range
to ~ 260; b) m/z range to ~ 600.

www.manaraa.com




41

CHAPTER 3
THE YBHB PROTEIN FROM ESCHERICHIA COLI
AND ARABIDOPSIS THALIANA HOMOLOG OF YBHB CHARACTERIZATED
BY MASS SPECTROMETRY AND ION MOBILITY MASS SPECTROM ETRY

Gregg M. Schieffér Libuse Brachov&® Basil J. Nikolai®®® Ethan R. Badman
and R. S. Houk

Ames Laboratory U. S. Department of Energy
*Department of Chemistry, afiBepartment of Biochemistry, Biophysics and Molecula
Biology, “Center for Metabolic Biology'Plant Sciences Institute, af@enter for

Biorenewable Chemicals
lowa State University, Ames, 1A 50011 USA

"Hoffman-La Roche Inc., Non-Clinical Safety, NutléyJ 07110 USA

*Corresponding Author. Tel (515) 294-9462 Fax-00shouk@iastate.edu

www.manaraa.com



42

ABSTRACT

The YbhB protein fronk. coli and theArabidopsis thaliana homolog of the YbhB
protein were analyzed by ion mobility mass specaiynand matrix assisted laser desorption
ionization mass spectrometry to determine the éxtemultimer formation. Collision cross
sections were measured for each protein chargessatg native electrospray ionization
(ESI) conditions in ammonium acetate buffer. Farmative ESI mass spectral experiments,
the YbhB protein fronk. coli preferentially formed dimer compared to #abidopsis
thaliana homolog. Native gel electrophoresis confirmedphesence of YbhB dimer and
monomer. The cross section for the dimer E2¢oli andArabidopsis homolog of the YbhB
protein YbhB protein was 2480°And 2560, respectively. Theabidopsis homolog of the
YbhB protein was analyzed under acid denatureditond. TheArabidopsis homolog of
the YbhB protein formed more dimer and the crostiaes for each charge state under the

denatured conditions were greater than under n&8le

INTRODUCTION

Understanding protein structure and non-covalemdibg is critical to determining
protein function. Many reviews have been publisimeithe past fifteen years describing the
utility of mass spectrometry (MS) to characteripa+tovalent biomolecular complexes.[1-
11] Combining MS with ion mobility (IM) provides Yoresolution structure details for non-
covalent biomolecule complexes.[10, 12-15] lon fliyhmass spectrometry, which
measures the collision cross section for each etstaje, is complementary to other methods
that analyze proteins and protein complexes, ss¢tuaelear magnetic resonance (NMR), X-
ray crystallography and circular dichroism.[16] Mastudies show good agreement between
the collision cross section deduced from ion mobdnd those calculated from X-ray and
NMR structures.[14, 15, 17-22] NMR [23-27] and & rcrystallography have atomic
resolution and are considered the best standametermining protein structure.[1, 28]
However, these other techniques i) require reltikigh quantities (milligrams) of
homogeneous and pure protein sample and ii) take (thours) and thus are not easily

amenable to high throughput analysis. X-ray ctisjeaphy is a technique that only allows
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a static view of proteins and some proteins arfcdif to crystallize. Solution state NMR is
currently limited to proteins weighing less thankiin,[4, 27] although this is improving.

Analyzing protein complexes by mass spectrometmthe other hand, has the four
“S” advantages: speed, sensitivity, specificityd atoichiometry. Mass spectrometry is
amenable to high throughput analysis and commeansaiuments have femtomole detection
limits. The mass spectrum yields stoichiometryhef non-covalent protein complex and
provides an estimate of the extent of substratdibbgn Time-of-flight mass spectrometers
(TOF MS) can theoretically measure protein and oraotecular ions of any size.[12, 29-31]
In some cases the mass spectrometric method, ingltite vacuum and desolvation process,
does not irreversibly destroy biomolecules becausteins [32] and viruses [30] convert
back to viable forms after mass analysis.

Electrospray ionization (ESI) is the acceptedZation method to probe protein
complexes under native solution conditions. Fotgins with a neutral pl (pl = 7), the
solvent consists of an aqueous, buffered solutitim avneutral pH (between pH 6 to 8).
Ammonium acetate at 5 to 50 mM is the buffer oficeo The introduction of
nanoelectrospray ionization [33] (NESI) expandedapplication of mass spectrometry to
studying the structure of non-covalent protein ctaxgs under native solution conditions.
The initial droplets via nESI are smaller, it caletate a moderately high level of
contaminants, salts, and less sample is consuntetVegto conventional electrospray.[34]
The low flow rate for nESI generates smaller drtsplerhich are more likely to contain only
one protein or biomolecule complex.[8] This redattee chance to artificially form
oligomers during solvent evaporation; a proteincamtration less than 30 pM is
recommended. Under certain conditions, nESI cem la¢ more gentle in preserving protein
complex ions than conventional ESI.[35] Common MAlconditions often denature
complexes or yield artificial, non-physiologicalgomers.[36]

This work studies two related proteins, the YbhBt@n ofEscherichia coli [37] and
its Arabidopsis thaliana homolog, the protein encoded by #@bidopsis gene locus,
At5g01300. Amino acid alignment of these two pirtag NCBI database BLASTp) revealed
that they belong to a highly conserved family oftieasial/archial phosphatidylethanolamine-
binding proteins and also to its eukaryotic homdRaj Kinase Inhibitor Protein (RKIP).
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E. coli ybhB gene is located within the biotin biosynthesisropebut its exact biochemical
function is unclear. ThArabidopsis gene encoding the YbhB homolog is located on the
fifth chromosome,; its function is also unknown.

Here we report and discuss the results from omr@ibuilt ion mobility TOF MS
[38, 39] and a MALDI TOF MS to characterize thecoli YbhB protein and ité\rabidopsis
homolog. This is the first publication detailirfgetcharacteristics of this particular plant
protein. The focus of the discussion covers ajgimanasses, b) extent of multimer
formation under different solution conditions, leg tcollision cross sections for each charge
state, and d) comparison of the gas-phase resudtisaiogous data derived from the
published crystal structure of tBecoli YbhB protein dimer.[37]

EXPERIMENTAL

Sample Preparation

Arabidopsis YbhB homolog

BLASTP analysis of thArabidopsis genome database, using the YbhB amino acid
sequence as the query, detected a single geneQ®380) encoding a protein that shares
31% identity and 49% similarity in amino acid segee (E value 3e-14) with the query. An
EST cDNA clone derived from the gene locus At5g@LENAP157T7, ABRC, Columbus,
OH) was PCR-amplified with Taq polymerase and atbiméo the expression vector
(Invitrogen, Carlsbad, CA). The resulting constiwas transformed int&. coli TOP10 One
Shot competent cells (Invitrogen, Carlsbad, CA) expression was induced during growth
in Laura Broth medium by the addition of 1 mM isopyl B-thiogalactoside (IPTG). Cells
were collected by centrifugation after 5 hoursmafuiction and lysed with BugBuster Protein
Extraction Reagent (Novagen/EMD Chemicals, San @Qi€#f\). TheArabidopsis
recombinant protein was purified by standard ni@&hity chromatography, using the
His.Bind kit (Novagen, EMD Chemicals, San Diego,)CA

Briefly, 20 ml of solubilized and cleared cell eadt was loaded onto 500 pl
of His.Bind resin. The column was washed with @ion-volumes of binding buffer and

6 column-volumes of wash buffer. The bound protedts eluted with a buffer containing
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0.3 M imidazole. The purified protein solution wdialyzed against 10 mM Tris-HCI buffer
or 1 mM ammonium acetate buffer, both with pH 7The average yield of affinity purified
protein was 5 mg / 500 mL of culture.

E. coli YbhB

The E. coli genomic DNA fragment encoding the YlhBtein was PCR-amplified
using two genomic primers (5-CACCATGAAACTCATCAGTAR:-3’ and
5-TCACTCTGCCAGATGGCGCA-3’). The PCR product wdsmed into the pTrcHis
TOPO TA expression vector, and transformed intodi. TOP10 One Shot competent cells
(Invitrogen, Carlsbad, CA). Protein was over-exgesd by induction with 1 mM IPTG, and

purified as described above for the Arabidopsis dlog

Native gel electrophoresis

Monomeric/dimeric states of the purified YbhB m@ios were analyzed by native gel
electrophoresis. Electrophoresis was conducted?@% polyacrylamide gradient gels,
buffered with Tris-HCI, pH 6.8 (Hercules, CA). Easdample, containing 50 pg of purified
protein was subjected to electrophoresis in Trygige buffer, (pH 6.8) for 40 hours at 4C.

Proteins were visualized by staining the gels lidtommassie Brilliant Blue.

Mass Spectrometers

MALDI-MS

Two mass spectrometers were used to charactéezgvb YbhB proteins. A
Perseptive Biosystems Voyager DE-PRO (Framingtof) MALDI TOF MS used a 337
nm N laser. A 0.5 pL portion of solution containing thnalyte was mixed with 0.5 pL
of sinapinic acid solution and dried on a stainkdsel plate. The sinapinic acid was at a
concentration of 10 mg/mL in 70% acetonitrile/wa@®i% TFA. Three amounts of protein,
2.5, 1, and 0.2 pg of the YbhB protein was spotfBae mass range was m/z 70,000,
calibrated using bovine serum albumin.

nESI-IM-MS

The ESI experiments used our home-built ESI-IM-M3\e three ion source - ion
trap - ion mobility - gTOF mass spectrometer (IM— TOF MS) instrument is described
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elsewhere.[38] The instrument parameters usethése experiments are listed in Table 1.
Briefly a 1 mM ammonium acetate buffer containihg protein was ionized by nESI. The
buffer needs to be kept at the lowest concentraiassible or too many buffer ion adducts
are seen. The ion source is unheated and hassupeeof about 1.1 mbar. The ions were
trapped for a short time (20 ms) to avoid extengiweconformation rearrangement
[21, 40, 41] and then injected by an extractiorspyl/ to 12 ps) into the stacked ring DC
drift tube (DT). The separated ion packets weteaeied and mass analyzed by a
guadrupole time-of-flight mass spectrometer (Tokydihun, Switzerland). The data
acquisition and processing software (lonwerks, HousTX) measured the ion mobility
data. Each mass spectrum was collected for a mmiof ten minutes. Positive ion mode
was used by all instruments to analyze these pretanples.

Collision cross section calculation

Each protein collision cross section was manualgulated using the ion
measurements and instrument parameters, subtralc@raprrected flight time from the
nested drift time,it The following equation is used to calculate ¢b#ision cross section

(€):
3 [ 2m QtyqU
16+ pkgT n L2

(1)

The mobility equation variables are listed in TableThe number gas density,is

calculated using the pressure and temperatureeajdh in the drift tube. The mobility drift
time, t, for the protein ions is between 1800 &@&00 us. The correction to the drift time is
calculated using TOF equations, accounting fottithe the ion spends outside the mobility
cell between the ion trap and mass analysis. dhedction to the total flight time ranges
from 100 to 200 ps.
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RESULTS AND DISCUSSION

Recombinant YbhB proteins

TheArabidopsis andE. coli YbhB proteins were recombinantly produced and
purified using the identical production systemfboth proteins. For convenience in
purification, we used the expression vector pTrciisich introduced the identical
N-terminal His-tag sequen¢®SYYHHHHHHLESTSLYKKAGSAAAPFT) to each
protein. This provided a simple means of achieyngfication with nickel-ligand affinity
matrix. The resulting preparations were over 9&¥epas judged by SDS-PAGE,
in which the recombinant proteins were overloadekbQ g protein per lane; data not
shown). The resulting. coli YbhB “tagged”-protein contained 186 amino acid&wihe
calculated molecular weight of 20276.65 g/mole dmted pl = 6.00). The recombinant
Arabidopsis YbhB homolog contained 190 amino acids with tHewudated molecular weight
of 21014.94 g/mole (predicted pl = 6.10). The quadry organization of these two
homologous proteins were analyzed and compared angriety of solution conditions.
The amino acid sequence for tBecoli YbhB is listed below. The HIS tag amino acid
sequence is in bold type.
MSYYHHHHHHLESTSLYKKAGSAAAPFT MKLISNDLRDGDKLPHRHVFNGMGY
DGDNISPHLAWDDVPAGTKSFVVTCYDPDAPTGSGWWHWVVVNLPADTRVIPQG
FGSGLVAMPDGVLQTRTDFGKTGYDGAAPPKGETHRYIFTVHALDIERID\DEGASG
AMVGFNVHFHSLASASITAMFS (2)
The Arabidopsis homolog of YbhB protein amino acid sequence tedioelow. The
HIS tag amino acid sequence is in bold type.
MSYYHHHHHHLESTSLYKKAGSAAAPFT MSSEELRLVSPTIDNDGKLPRKYTMA
GQGVKKDISPPLEWYNVPEGTKTLALVVEDIDAPDPSGPLVPWTVWVVVDPPEMK
GLPEGYSGNEDQTTGIREGNNDHKIPGWRGPLLPSHGHRFQFKLFALDDKIRGHTV
TKERLLIAIEGHVLGEAILTCLA (3)

Native Gel Electrophoresis

The native gel electrophorogram of the two profeparations is shown in Figure 1.

This figure shows a typical result, and identiesults were obtained upon analyses
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of triplicate preparations of these proteins. st intense band for these two proteins is
the YbhB monomer. However, in both cases a snoatlgn of dimers also occurs; no
evidence of trimeric quaternary organization waected. Based upon the intensity of these
two bands, we estimate that 85% of bothEheoli andArabidopsis homolog occur

as monomeric units during the conditions used liectephoresis (Table 2 and 3).

Analysis of theE. coli YbhB Protein by nESI — IM — MS Instrument

The IM-MS of theE. coli YbhB protein, at 100 uM concentration, at pH 7.8vea
solution conditions shows a molecular mass of 26260 Da and 40400 + 400 Da for the
monomer and dimer, respectively (Figure 2). Thesraverage and error is the standard
deviation calculated from deconvoluting each prot#iarge state to the 1+ charge. The
protein molecular mass also includes the 28 amimbldis tag. The charge states adopted
by theE. coli YbhB protein from solution are 15+ to 5+ for monoraad 25+ to 10+ for the
dimer. The dimer is estimated to be 80 % of thal ietected protein ion signal, the
20 % balance being monomer (Table 2). The masdrspe was smoothed by our mobility
and mass spectra acquisition software (lonwerksiském, TX) to distinguish charge states.
The non-covalent protein complex was extractecobthe ion trap with a 7 pus, -80 V
extraction pulse and -99 V on the front of thetdrdll. These are “heated” injection
parameters for our instrument.[42] The mass spectollected under gentle injection
parameters produced an unresolvable, broad peal(m/~15, FWHM).

TheE. coli YbhB collision cross section values increase wittréasing charge state
(Table 4), as expected.[17-19, 21, 43, 44] Thesentional explanation is that protein ions
unfold with increasing charge state to reduce Qobloepulsion energy. The collision cross
section for the YbhB dimer 23+, dimer 22+, monorhef, and dimer 21+ are plotted on top
of each other (Figure 3). The collision crossisectiecreases as the charge state decreases.
Determining the cross section for the odd numbéeegl 13+, 15+, etc.) dimer peaks is
simple because the nested drift time mobility pleak a unique m/z ratio. For the mass
overlapping monomer and dimer, the mobility dataally contains two peaks (Figure 3). In
this case, the dimer mobility peak and monomer titglpeaks are not baseline resolved.
The interpretation used to determine the mobildggkpfor the monomer and dimer is as
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follows. Counterman et al. in Clemmer’s group mépd that peptide multimers have a
shorter § than the monomer.[45] At present, our observatiwith our mobility instrument
and protein multimers follow their observationsheTdimer peaks have a higher mobility
(i.e. shorterd) than the monomer peaks, charge normalized. igrehmobility translates
into a slightly more compact conformation. Foharge state with overlapping monomer
and dimer protein peaks (iE. coli YbhB Monomet**andE. coli YbhB Dimer?"), the first
mobility peak corresponds to the dimer and the n@dility peak is the monomer. The
mobility peaks are converted into cross sectioffse contribution the monomer and dimer
make to the unresolved portion of the mobility peake not known. The shape of the low
cross section portion (< 2200)of theE. coli YbhB Monomet**and the high cross section
portion of theE. coli YbhB Dimef?* (> 5000 X) charge states was assumed (Figure 3).

We followed this procedure of assigning the higmebility peak (i.e. shorteg)t
to the dimer ions when calculating the collisionss section for all [monomei]A™ and
[dimer 2r]*™ peaks that overlap in the mass spectrum. For diwgtrs, the collision cross
section is less than twice the collision crossisaatf the monomer peak. The signal
for some dimer mobility peaks are low (less tha@ ¢6unts) or the mobility peaks are not
resolved at all, making it difficult to definitivelassign the dimer mobility and monomer
mobility peaks. We assigned an asterisk nextéedlpeaks in our collision cross section
tables.

The collision cross section f& coli YbhB monomer is 1220 Zat 5+ charge state
(Table 4). The dimer 10+ collision cross sect®2080 K. This collision cross section is
near the value derived from the X-ray crystal strces of thek. coli YbhB dimer by Serre
[37], the upper limit cross section estimated t@beut 2400 A We estimate the collision
cross section of thE. coli YbhB x-ray crystal (Rutgers Protein Data Bank, 1Eigher
by hand rather than using a computer calculatiéh tg perform the exact hard spheres-
scattering or projection approximation calculatimtause the. coli YbhB analyzed
in this paper has the additional 28 amino acid tdl$s The low charge state collision cross
section is likely to be a little more compact thhe crystal structure, because the interactions
that persist in the gas phase are different thaniso phase. It is thought that hydrophobic

interactions are partially or completely lost i thas phase, whereas hydrophilic and
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electrostatic interactions maintain or increasstiangth.[47-49] The protein complex
rearranges somewhat to yield conformations withliemstructures in the gas phase
than in solution or in a crystal.

The low resolution cross sections for the lowéstrge states of th&rabidopsis
homolog of YbhB andE. coli YbhB protein provides parameters to improve stmctu
prediction of protein and non-covalent protein cterpn molecular dynamics calculations
[50, 51].

Analysis of theArabidopsis Homolog of the YbhB Protein by nESI — IM — MS

Instrument

The IM-MS of the Arabidopsis YbhB homolog, at aacentration of 100 uM,
at pH 7.2, yields molecular mass of 20904 * 2 Dalie abundant monomer (Figure 4). The
dimer peaks are broad; the dimer molecular masstisiated to be 41800 + 200 Da (Table
3). The molecular mass includes the 28 amino ld@dag. The non-covalent protein
complex was extracted out of the ion trap witheith 7 ps (Figure 4b) or a 12 ps (Figure
4a), -80 V extraction pulse and injection voltag(V), which are “heated” and gentle
injection parameters, respectively for our instratjé2] The charge states adopted by the
Arabidopsis YbhB homolog protein are 14+ to 6+rfwnomer and 19+ to 12+ for the
dimer. The inset shows the peak shape for the men8+ ion. The FWHM is 1.59 and the
resolution is 1640 (nm). The dimer is estimated at 18 % and 2% of the fwotein
detected using the gentle and “heated” injectiamddmns, respectively. For both
conditions, the extent of dimer formation by thbidopsis YbhB homolog protein is much
less than that measured for thecoli YbhB protein under the exact same instrument
conditions.

The total counts between Figure 4a and 4b ardyntha same, but the peak
intensities are five times greater under the energ@eated” ion injection conditions
(Figure 4b). All the peaks are sharper because/mdducts are knocked off and almost all
of the Arabidopsis homolog of the YbhB protein dimer has dissociatea to the higher
energy injection into the mobility cell.[42, 45,]5Zhe dissociation of tharabidopsis

homolog of the YbhB protein dimer follows the obh&gions by Counterman and Clemmer,
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whereby heating their ion source capillary or iasiag the absolute value of the drift tube
injection voltage dissociated peptide ion multimdis]

All of the collision cross sections (Table 5) &ger under the “heated” injection
conditions than those used for the gentle injeatimmditions (Figure 4). Thus the energetic
extraction conditions broke up dimers and slightiyolded the monomer protein ions. One
explanation for the larger cross section is that‘tteated” injection conditions disrupted the
electrostatic protein interactions by driving offunter ions. As the protein ion no long had
some of the constraints provided by the countes,igradopted a more open cross section.

For Arabidopsis YbhB homolog in low charge states, we expect tikswn cross
section values to be near the collision cross @ecterived from the crystal structure.

As of yet, no crystallographic data exist for fr@bidopsis homolog of the YbhB protein.
For many other, well-characterized proteins, tlissisections of the gas-phase cations
in medium to low charge states are similar to thegqeected from the crystal structure.
[14, 15, 17-22] The cross section faabidopsis YbhB homolog M is 1360 & and 0** is
2560 . The measured cross section forEheoli YbhB dimer 12+, 2480 A is smaller
than the same chargédabidopsis homolog of YbhB protein dimer ion. This likelytise
case because tieabidopsis homolog contains eight more amino acids tharttresli
YbhB protein dimer.

The 1 mM ammonium acetate was the highest corat@rirused where distinct
protein peaks were seen. The ion source is unthesdat doesn’t drive off adducts nor
dissociate multimers as well as using a heatedlagpj45, 53] Unfortunately our
instrument also has poor ion transmission dueamt fo the high pressure (0.7 mTorr),
measured absolutely with a Baratron capacitancemater (MKS Instruments, Andover,
MA, 690A 01TRC) in the quadrupole immediately pidiog the TOF source region.[54, 55]
The firstArabidopsis homolog of the YbhB protein mass spectra, spraygadf 10 mM
ammonium acetate and 20 mM sodium phosphate, liad/droad peak (data not shown),
resolution ~15 (mm) suggesting that it was complicated by adduatsranltimers. This is
consistent with other non-covalent protein struesuthough at the extreme of having many
adducts, in the gas phase [56-59]. We follow tkamation offered by Loo and Robinson

here. Water molecules and counter ions critichéocomplex are retained when it leaves
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the solution phase and enters the gas phase.atksl $iefore, the ion source in our ion
mobility instrument is gentle and does not knodknedny adducts, operating at about
1.1 mbar and at room temperature. It seems lovecntdr weight substances, such as water
molecules and counter ions, get trapped in thefadial regions of the protein complex.
Fewer adducts are seen on protein monomer peakssgethey have less surface area than a
dimer.

Arabidopsis Homolog of YbhB, nESI — IM — MS Instrument, Denatued

Conditions

The Arabidopsis homolog of the YbhB protein (75 pM) was also amatj/in 0.05 %
acetic acid solution (10 mM, pH 3.4), on the IM Mi& nESI (Figure 5). This mass
spectrum needed smoothing by our mobility softwoewerks, Houston, TX) to distinguish
charge states. Under the acid denaturing condgitiamout 60 % of th&rabidopsis homolog
of the YbhB protein is dimer compared to 18¥abidopsis YbhB homolog dimer
when electrosprayed out of the native buffered g ¥ mM ammonium acetate solution
(Table 3). This suggests denatufgdbidopsis YbhB homolog more readily forms dimer
than the native conformations. The monomer ancdimeigh about 20940 + 60 Da and
41900 * 500 Da, respectively. The cross sectionthe monomer and dimer peaks range
from 4360 X for the dimer 25+ ion to 2020%%or the dimer 10+ ion (Table 6). The cross
sections from the denaturéddabidopsis YbhB homolog protein are the largest for all clearg
states compared to those from #rabidopsis YbhB homolog protein sprayed via native ESI
(Table 6). This confirms that the protein becombesatured in the acidic solution. Thus, the
collision cross section does reflect the size efrtiolecule in solution, at least when extreme
changes are considered.[53]

Arabidopsis Homolog of YbhB andE. coli YbhB, MALDI-MS

Three different amounts éirabidopsis homolog of the YbhB protein arkl coli
YbhB protein, 2.5, 1, and 0.2 pg, were also analygeMALDI MS. The one ug
of Arabidopsis homolog of the YbhB protein and one pdgotoli YbhB protein are shown
(Figure 6). The sinapinic acid and trifluoroacetad in the matrix is quite acidic, and it is
likely that this environment denatures the proteonventional MALDI artificially forms

protein clusters non-specifically during desorptieonization process.[59] That said, the
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Arabidopsis homolog of the YbhB protein forms 24 % dimer adda trimer ancE. coli
YbhB protein forms 26 % dimer and 15 % trimer atdl(Tables 2 and 3). The multimer
formation for theArabidopsis homolog of the YbhB protein is consistent with suod
denatured electrospray measurements. Arhbidopsis homolog of the YbhB protein forms
dimer and trimer at 0.2 pg whereas Eheoli YbhB no longer forms dimer nor trimer

at 0.2 pg. The dimer and trimer are not too muohenabundant at 2.5 pg than at the 1 ug
spotted. The MALDI gives an accurate mass of 2086841931 Da for th&rabidopsis
homolog of the YbhB protein monomer and dimer, eesipely. TheE. coli YbhB weighs
20118 and 40333 Da for the monomer and dimer, otispéy. All of the MALDI peaks of

the YbhB protein contain adducts.

CONCLUSION

In summary, thé&. coli YbhB protein MS result is consistent with Serré][3
in that mostly dimer was formed via native elegbray ionization. The low charge state
E. coli YbhB dimer 10+ collision cross section (208D&etermined by IM is near the cross
section (2400A) estimated from the x-ray crystal structure.[37fider native nESI
conditions.E. coli YbhB protein more readily forms a dimer wher@aabidopsis homolog
of the YbhB protein is mostly a monomer. This segjg that solution phase protein-protein
interactions in th&. coli YbhB dimer are stronger than thoseAirabidopsis homolog of the
YbhB protein dimer. Under acid denatured condgisnch as MALDI bottrabidopsis
homolog of the YbhB protein artl coli YbhB form dimers and trimers. The cross sections
of the denaturedrabidopsis homolog of the YbhB protein are larger than thesogenerated
from native ESI conditions. The mass of Eheoli YbhB is about 20200 Da and
40400 Da for the monomer and dimer, respectivélye Arabidopsis homolog of the YbhB
protein weighs about 20900 Da.
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TABLES

Table 1) The nESI - IT — IM — TOF MS instrumentisgfs and parameters used to analyze

the Arabidopsis homolog of YbhB andE. coli YbhB protein.

Instrument settings

nESI +1.3t0 2.1 kV
IT, Fill 40 to 50 ms
IT, cool 15to 30 ms

IT, extraction voltage -60 to -80 V

IT, extraction pulse 7to 12 us

DT Injection -9V
DT Back -546 to -597 V
lon funnel 115 to 150 )

TOF, mass range 90 to 120 ps
TOF, TDC resolution 2 to 4 ns

Mobility resolution  One point every 100us to a gawery 130 us

DT parameters

Front aperture 0.5 mm

Exit aperture 1.5 mm

Length 44.45 cm

Pressure 1.45 to 2.0 mbar helium gas
Temperature 23 °C

Buffer gas Helium
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Table 2)E. coli YbhB protein results: molecular weights and reeaamounts of monomer,
dimer, and trimer for YbhB measured by various rodth Experimental conditions for the
nESI — IM — MS results are as noted in Table le fiolecular weights include the 28 amino
acid HIS tag.

[E. coli YbhB protein]

Relative Amounts Molecular Weights (Da)
Method %M %D %T M D T
NGE? - 85 15 - 20000 40000
nESI 100pum Unable to mass resolve peak
native
gentlé
nESI 100uM 20 80 - 2020860 4040@400
native
heated
MALDI 1 pg 59 26 15 20118 40333 60516

®NGE = native gel electrophoresis

PhESI-IM-MS, native solution conditions (2 mM ammom acetate, pH ~ 7.2), gentle ion
injection conditions

‘nESI-IM-MS, native solution conditions, energeba iinjection conditions
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Table 3) Arabidopsis homolog of YbhB protein resultnolecular weights and relative
amounts of monomer (M), dimer (D), and trimer (@) Arabidopsis homolog of YbhB

measured by various methods. Experimental conditionthe nESI — IM — MS results are as

noted in Table 1. The molecular weights incluce2B amino acid His tag.

[Arabidopsis homolog of YbhB protein]

Relative Amounts Molecular Weights (Da)
Method %M %D %T M D T
NGE? - 85 15 - 20000 40000
nESI 100uM 82 18 - 209042 4180@200
native
gentl®
nESI 100uM 98 2 - 208924 -
native
heated
nESI 75uM 40 60 2094860 4190@500
denatured
heated
MALDI 1 g 62 24 14 20963 41931 62985

®NGE = native gel electrophoresis

PhESI-IM-MS, native solution conditions (2 mM ammom acetate, pH ~ 7.2), gentle ion
injection conditions

“nESI-IM-MS, native solution conditions, energeta iinjection conditions

9nESI-IM-MS, denatured solution conditions (acetidapH ~ 3.4), energetic ion injection
conditions

www.manaraa.com



61

Table 4) Listed are the collision cross sectiom&Eaoli YbhB protein monomer (M) and
dimer (D) measured by nESI-IM-MS under native sofutonditions and with heated ion
injection conditions. The cross sections inclute28 amino acid His tag.

[E. coli YbhB protein]

Species & Measured Cross Section$) (A
Charge State Monomer Dimer
M1S 3240, 3450

M4 3040

M3 2820

D% 5540
M12H D24+ 2670 4860
D%3* 4780
MItp22* 2590 4660
D?1* 3920, 4630
M10*p20* 2140 3860
D" 3780
M®pie 1870 3700
D™ 3630
Mm8pie 1750 3400
D" 3180
M/D4 1550 3080
D" 2640, 3010
M&D? 1390 2480
D" 2390
M>*D0* 1220 2080
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Table 5) Measured collision cross sectionsAiabidopsis homolog of YbhB protein
monomer (M) and dimer (D) measured by nESI-IM-M8armative solution conditions but
with different ion injection conditions. The crassctions include the 28 amino acid His tag.

Species &
Charge State

[Arabidopsis homolog of YbhB protein]

Measured Cross Sections

Monomer (B

Gentle
2630
2410
2320
2130
2000

1570, 1850

1540

1490 1550

1360

Heated
2730
2620
2560
2470
2130 2430

1560 2000

1540

1520

Measured Cross Sections

Dimer (&)

Gentle

3180 3530
3130
3060, 3470
3060
2860
2660
2630 2930
2560

Heated

3890%, 4360*

3100*

3020*

2560* 2950*
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Table 6) Collision cross sections fwrabidopsis homolog of YbhB monomer (M) and dimer
(D) measured by nESI-IM-MS, native solution coratis, heated ion injection conditions,
native (pH ~ 7) vs. denaturing (pH ~ 3.4) soluttmmditions. The cross sections include the
28 amino acid His tag.

[Arabidopsis homolog of YbhB protein]

Measured Cross Sections Measured Cross Sections
Species & Monomer (B Dimer (&)
Charge State native denatured native denatured
M8 3560
Y 3490
M6 3370
M 3280
M4 2730 3090
M3 2620 2950
D** 4360
M1#/D?** 2560 2830 4260
D?* 4080
MitD2%* 2470 2670 3890
D2 3660
M10%p20* 1560 2430 2340 3630
D 3840* 4360* 3520
M*/D8* 1560 2000 2130 3370
D" 3100* 3270
M&*/De* 1540 1940 3200
D" 3020* 3030* 3800*
M7 D4 1520 1870* 2900*
D3 2560* 2950* 2960*
M®* /D2 1450* 2600*
D" 2020*
M>*/D0* 1430* 2020*

* denotes a broad drift time peak. It is diffictdtdetermine the center of the peak.
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Figure 1) Native gel electrophoresis of thecoli YbhB and théArabidopsis YbhB homolog

proteins.
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Figure 2) 100puME. coli YbhB protein MS on the nESI-IM-MS instrument. MdD
denotes monomer and dimer, respectively. Many @ddemain even though the mass
spectrum was taken under “heated” ion trap exwwadaind drift tube injection instrument

conditions. The MS is smoothed to better distisguhe peaks.
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Figure 3)E. coli YbhB protein MS cross sections3&or the dimer 23+ (m/z 1757), dimer
22+ (m/z 1837), dimer 21+ (m/z 1924), and the moaoii+ (m/z 1837) charge states. The
mobility for eachE. coli YbhB charge state was measured by our nESI — M&—
instrument. The plot on the left shows the raw w¥/zmobility data. This is an example of
mobility peaks corresponding to partially resolvednomer and dimer conformations. The
higher mobility peak (i.e. shorter drift time) issigned as dimer and converted to a cross

section, as shown on the right plot.
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Figure 4) 100 MArabidopsis homolog of YbhB protein mass spectrum, native nESI
condition, using the nESI — IM — MS instrument @gs&) gentle injection conditions and b)
heated injection conditions. M and D denotes magrceind dimer, respectively. The total
counts are the same in a) and b).

The inset shows the peak shape for the monomesr8+The FWHM is 1.59 and the
resolution is 1640 (nm).

The peaks are not smoothed.
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Figure 5) AcidifiedArabidopsis homolog of YbhB protein mass (75 uM) spectrum yared
on our nESI — IM — MS instrument. M and D denatesromer and dimer, respectively.
The MS is smoothed. Many adducts ions are stdliched, despite taking the mass spectrum

under heating ion trap extraction and drift tuljecdtion conditions.
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Figure 6) MALDI MS of a) 1 pd\rabidopsis homolog of YbhB protein and b) 1 coli
YbhB protein spotted with Sinapinic acid matrixhelpeaks are labeled with charge states of
the monomer (M), the dimer, (D), and the trimer. (T)
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ABSTRACT

Our ion trap — ion mobility — TOF MS instrumentshaxhibited unexpected ion
heating. Heating and unfolding of protein ionstssytare extracted from a 3D quadrupole
ion trap and injected into an ion mobility driffo are studied. The square wave extraction
pulse on the ion trap exit induces extensive umgldor ions in certain charge states with a
range of available conformations. The extent dblaing differs for even 1 us differences
in extraction pulse duration. This negative squeage on the ion trap exit induces as much
unfolding as some 500 electron-volts DC appliethtofront of the drift tube. Various
proteins unfold to a maximum extent at a commottigigaosition about 0.9 cm in front

of the entrance to the drift tube.

INTRODUCTION
lon mobility spectrometry (IMS) coupled to magectrometry, can quickly provide

low resolution structural information on gas-pheses. Low electric field IMS separates
ions by shape-to-charge measurement, based omhé¢hey take to drift through an inert
gas under a weak electric field in a mobility ¢&]l. The drift times from the low-field IMS
measurements are readily converted to collisiosxsections. The IMS measurement is
orthogonal to MS, which measures the mass-to-chatge(m/z or Th). The cross-section
provides coarse shape and structure informatio8][farticularly if it is combined
with simulations [3-6] or other experimental dake|H/D exchange.

In 2009 we published a paper describing a homk-lui trap — ion mobility — time-
of-flight mass spectrometer (IT — IM — TOF MS) witke capability for ion / ion
reactions.[7] During experiments to characterizé anderstand this instrument, we came
across the unexpected result that the magnitutteeofoltage and duration of the square
wave applied to the ion trap exit endcap can gredtect the measured cross section values
and relative abundances of different protein cantrs. This effect is particularly noticeable
for protein ions in charge states that have sewa@@ssible conformations with substantially
different cross sections.

This effect, in addition to the injection voltage the front of the mobility cell, was
shown (Figure 5 in [7]) using the ubiquitin 7+ ifwbq). A few us difference in the duration
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of the extraction pulse changed the Ubg 7+ ion @enétion from compact to elongated.
The explanation offered in that paper suggestetdha closer to the entrance of the drift
tube experienced more heating from collisions endhs plume leaving the drift tube
entrance when the extraction voltage returned fto thean ions just exiting the trap. As the
extraction voltage returned to zero, collisiondwite background buffer gas are more
energetic. Thus the collisions experienced byidhepacket converted some of the kinetic
energy into heat and unfolded the protein ionsnil8r effects were reported for cytochrome
c.[8, 9]

All ion mobility instruments use an attractive, DGltage on the entrance of the
mobility cell, called the injection voltage, to draons into the cell. The magnitude of the
injection voltage and ion charge state (electroftsyaetermine the kinetic energy of the
collisions that the ions experience with the bufas (usually helium or another inert gas)
that is leaking out of the drift tube. These @tihs occur in a high electric field (E/N)
regime where some of the imparted energy activetéans before being dissipated by
subsequent collisions with additional buffer g&sother words, ions entering the drift tube
rapidly heat before their kinetic energies arertraized by subsequent collisions with the
buffer gas.[10, 11] Further collisions within ttieft tube cool the ion to the buffer gas
temperature; it is estimated that protein ions wgald G collisions per centimeter once
inside the drift tube filled with helium buffer gas 1 mbar. lons can unfold,[7, 10, 12-17]
dissociate,[11, 18-23] and have protons strippethbyhelium) buffer gas [12, 20, 24]
by manipulating the injection energy.

Our instrument design follows the IM — TOF MS bl Clemmer’s group
[12, 20, 21, 25], but to our knowledge other grodjasnot recognize the effect concerning
the extraction duration and voltage magnitude.apgy discussing an early design of a
IT —IM — MS instrument in Clemmer’s group stathattvarying the extraction pulse
duration between 0.2 and 4 ps [18] did not chahgeyuality of the ion signal. The
motivation behind lengthening the duration pulseaninstrument beyond 4 ps and using
an extraction voltage more negative than the eografthe drift tube was the need
to increase signal for protein ions in low chargges (1+ and 2+) made by proton transfer

ion/ion reactions from more highly charged prectsso
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Further discussion of this injection heating effas well as other examples
of intermediate protein charge states prone todffiesct, follow in this paper. The unfolding
phenomena shown below may have interest in their oght, as protein unfolding
sometimes provides clues to protein folding.[2G, Edrthermore, rapid unfolding events are
believed to occur as electrosprayed protein ioaslasolvated and extracted into a mass
spectrometer.[3, 28] These phenomena are of greaést in the projected use of ESI mass

spectrometry to study the three-dimensional strestof biomolecules.

EXPERIMENTAL

Protein Samples

The protein samples used are bovine heart cytashedSigma C3131), porcine
trypsin (Sigma T0303), bovine ubiquitin (Sigma UB23ysozyme (Sigma L7651), carbonic
anhydrase (Sigma C7025), bovine insulin (Sigma 0358nd bovine pancreatic trypsin
inhibitor (BPTI, Sigma T0256 ). The YbhB proteghdescribed here.[29] Each protein was
electrosprayed from a 3M 1% aqueous acetic acid solution using nanoelsptey tips
(~ 20 umi.d.). The nanoelectrospray tips wereerfemin capillary tubes
(2.5 mm o.d., 0.86 mm i.d.) via a tip puller (PSIitter Instruments, Novato, CA).

Instrumentation

The design and general instrument details fohtirae built three ion source - ion
trap - ion mobility - gTOF mass spectrometer aporeed here [7]. Briefly we
electrosprayed the protein solution, collected iornke trap for 20 ms, and cooled them for
another 30 ms. lons were extracted from the triéip an attractive, square wave voltage
using a pulse generator (PVX-4150; Directed En€&gsp.; Fort Collins, CO, USA, applied
to the exit endcap) and injected into the driftetubobility cell (Figure 1). The electric field
across the drift tube was 11.2 V/cm, which shoddrbthe low-field regime. The TOF mass
range was as short as possible (70 —i{)@o measure the maximum points across the ion
mobility peaks. The ion trap extraction voltage{V extraction voltage pulse duration, and
drift cell injection voltage (\;) were varied to understand this heating effecgurfe 1

shows a schematic diagram of the ion trap and Wik entrance. The distance from the trap
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center to the trap exitdgis 0.707 cm, and the distance from the traptexihe drift tube
entrance (3 is 1.30 cm, as indicated. lons are extractenhftioe trap with a negative
voltage pulse of amplitudecy on the exit end cap. The duration of this pulsees from 1
ps to as long as 15 ps. The fall and rise timpegmi@ on the pulse amplitudes but are less
than 40 and 60 ns, respectively, so they do ntordithe square wave extraction pulse
appreciably. The DC voltage on the drift tube@mte is \,; and is varied from zero to —
100 volts; -50 to -100 are typical values.

The drift tube contains He gas at 1.5 to 2.0 misagure 1 also shows a depiction of
a small gas plume flowing out of the drift tuberante orifice (0.50 mm diam.). lons from
the trap must travel through this plume to get thodrift tube. The dimensions of and
conditions in the He plume are not known precistlg; pressure and number density of He
are assumed to be intermediate between that idrittiéube (1.5 to 2.0 mbar) and that in the
external vacuum chamber (~1 pbar).

The collision cross sections of the protein iomsencalculated using:

3 2w QtgU

O = 1
16 | ukgpT n L2 @

whereQ = rotationally averaged cross section of the ibmt@rest, p = reduced mass,

ks = Boltzmann constant, T = temperature, Q = iomghan = number density of buffer gas,
calculated using the pressure and temperaturesidrift cell. Other parameters are nested
drift time, , voltage across the drift cell, U, and drift delgth, L. Thedis corrected

for time spent between the drift tube exit and T¥@Erce region, as described.[7]

lon Flight Times During Extraction from lon Trap a nd Injection into Drift Tube

Examination of the mobility spectra indicates tthet time and amplitude of the
extraction voltage pulse ¢\, Figure 1) can have a strong effect on the condofs)
observed and their relative abundances. Analydisese observations shows that the
position of the ion when the negative extractiotiage returns to zero is important.

This position is estimated as described below.
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Figure 1 shows a schematic diagram of the iondrapinjection region just before
the drift tube. Upper case Z is used for positmavoid confusion with ion charge z.
Consider an ion at rest in the center of the tfBipe potential in the center is ground.
A negative voltage (saye = -50 volts) is applied to the right endcap eled¢ to extract
the ion. While this voltage is on, the ion travitls distance = 0.707 cm in a time.t
Here the ion is accelerated through a field gradiegion with potential from zero toeW.
The time required it
o _ 2mZ§ _ 2mZ§
7 QAV  QVext

(2)

To get into the drift tube, the ion must next gkthe distance = 1.30 cm. Suppose
Vinj = Vext = -50 volts. In this simple case, the secondareds field-free, so the time is
given by the familiar time-of-flight equation:
2 _ _mZi
L 2QVext

®3)

For ubiquitin 7+, m = 1.42x18 g, t = 5.0ps, & = 4.7ps
and the total time t t+ t; = 9.7ps.

Next consider the more common case whghi¥ more negative thanyy. Typical
values used in this study would bg# -100 volts and ¥; = -50 volts. The time to the trap
exit is still given by Equation 2; in this cage=t3.6us for ubiquitin 7+. The ion is then
decelerated as it continues toward the drift tublee considerations below are derived
from those used to calculate flight times and vigleg in a reflectron.[30, 31]

Let Vit exit and V4t entbe the ion velocities at the ion trap exit andtdube entrance.
These values are given by the following equations:

2 _ 2QVext 2 _ 2QVinj
it exit — dt exit —

v (4)

m m
The average velocityay in this region is just the mean of these two vajshiown
with this relationship:

Vit exittVdt ent
vavg — irext entrance (5)
2
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The distance ¢is then merely:

Zn = (Vavg X (time between trap and drift tube) zg(t, — t) (6)

Thus, using the duration of the ion trap extracpaolse, {, the approximate position
Z, of the ion, from the endcap electrode, when tHsepreturns to zero can be estimated
from Equation 6. For the example under considengtitbiquitin 7+, \4x = -100 volts,
Vinj = -50 volts), 1 = 3.8us and t = 7.41s. Thus, ubiquitin 7+ is just leaving the ion trap
for an extraction pulse ds long; for a pulse longer than aboyts3 the ubiquitin 7+ ions are
already inside the drift tube when the ion trapaostion voltage returns to zero.

These estimates neglect several factors: aptigedre not at rest in the trap,
b) the ions lose kinetic energy due to collisioascribed below), and c) the outside surface
of the endcap electrode is curved, which makepttential not quite linear over the entire
distance between the exit and the drift tube eowarkor the present purposes, approximate

values of ion velocity and position are adequate.

RESULTS AND DISCUSSION

Effect of Extraction Pulse Time

The basic result has been shown for ubiquitin iaresprevious paper [7]
and for cytochrome ions in a dissertation.[9] The initial observascare summarized as
follows. lons in high charge states remain unfd|dend ions in low charge states remain
folded, regardless of extraction and injection ¢bods, unless extreme values are employed.
For charge states that have a range of accessiblermers of widely different cross
sections, e.g., ubiquitin 7+ and cytochrootet+, the mobility spectra vary substantially
with the duration of ¥y, especially if \é is more negative than;y(see Figure 1).

Most other proteins studied here show similar baraguch charge states are listed
in Table 1. A detailed example is shown for caitb@mhydrase 21+ in Figure 2. With the
shortest pulse (3 ps) the ions are mostly in comp@adformation(s), with some partially
unfolded conformers. With the longest pulse (1)Lths ions are almost all compact.

Between these extremes, intermediate behaviorserebd. The ions are mostly unfolded
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if the extraction pulse lasts for 7 pus. Changhmgeéxtraction pulse length by only 1 ps yields
a substantially different distribution of conforraen the time regime shown, which indicates
that the unfolding events occur on or faster tiastime scale.

Extraction conditions used for these and otherréguare given for various proteins
in Table 2. Note that a variety of conditions weneployed. In some experiments, the intent
was to reproduce the spatial position of diffeqgmatein ions, so the extraction and injection
conditions were varied as appropriate, based anrtiess and charge.

Consider the cross-section distribution shownigufe 2 for carbonic anhydrase 21+
at extraction time of 6 us. These ions are masifplded. Use of slightly longer extraction
times does not generate much more elongated coefernThe various proteins studied
show a similar effect; there is an extraction tvatie when the extent of unfolding is at or
near the maximum. Table 3 lists these experimigrbdiserved time values. Table 3 also
lists the actual distance Z travelled by the protens in these extraction times. Although
the times vary from protein to protein, the totstances are similar; all are about 1 to 1.2 cm
from the ion trap center, or about 0.9 cm in frofithe drift tube entrance. This observation
shows that this unfolding phenomenon has reachmea@mum at a common spatial position
for a variety of proteins. It is related to sonmaigge that occurs when the ions are between
the trap exit and drift tube entrance. Note afsd these unfolding effects occur at less
negative values ofy than those described by Jarrold and Clemmer,[@Dall2-17, 32]

Initial Explanation of Unfolding

The effect shown in Figure 2 and Table 3 is ex@diwith the diagram in Figure 3.
The figure assumes the ions are folded and stagsain the center of the trap. With a short
extraction pulse (Figure 3a), the ions are baratgide the trap when the voltage on the exit
electrode returns to zero. Unfolding occurs toy@émall extent in this case. With a long
extraction time (Figure 3c), the ions are alreatbyde the drift tube when the ion trap exit
electrode voltage returns to zero. Obviously,dh@nge in ¥x can no longer affect these
ions. Thus, long extraction times yield spectrthwhe highest abundances of compact
conformers.

The most extensive unfolding is observed when ftieaetion time is selected such
that the ions are between the trap exit and difetentrance whengy returns to zero. Such
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a condition exacerbates the amount of unfoldingeokesi. This is illustrated in Figure 3b;
the ion has unfolded partially, and then unfoldgerextensively in the second part of its
travel. lons that unfold here are then stabilimedpen conformations by the many cooling
collisions that occur in the higher pressure regist inside the entrance to the

drift tube.[10, 32]

Suppose a relatively low value of;Ms used, -50 V. If the ions are between the trap
exit (ground) and the drift tube entrance whenekieaction pulse returns to zero, the electric
field is roughly 50 V/1.3 cm = 30 V/cm. Such awals well outside the low-field regime
for IMS and heating is expected. The time framsuwh heating and unfolding events is a
few ps, also comparable to the time frame of suohgsses in high-field asymmetric ion
mobility spectrometry (FAIMS).[33, 34]

The time-resolved protein ion heating has no dépece on the shutting down of the
RF voltage on the center ring electrode on thdriap. The I'ke voltage at full amplitude
(Vo-p = 5000) shuts off in 15 ps. Ubiquitin 6+ and @hs unfolded under the injection
conditions described in this paper 60 us afteritgyoff the ITgr voltage (data not shown).

Heating and Unfolding Observations with Ubiquitin 7+

To further test the above explanation, instrunpamémeters were varied with
ubiquitin as the test protein. Figure 4 shows datéhree charge states of ubiquitin
measured with the same extraction voltage (-8Gyaltd injection energy (260 eV =zy.

The extraction time is varied and selected to patons at about the same position when the
polarity of Vex: changes. We call this position Z in the followisigcussion.

For Z > 2 cm, the ions are inside the drift tubeewithe extraction voltage changes,
and these ions are mostly folded for all three ghatates. Some partially elongated ions are
seen from ubiquitin 8+, as expected for a morelligharged species with greater
electrostatic repulsion between charged groups.

For short extraction times, Z = 0.5 cm, a distridtof compact, partially elongated
and unfolded conformers is seen. Again, the 8+hasmthe highest abundance of unfolded
conformers. For intermediate extraction timessateld so that Z = 1.8 cm in each case, all
three charge states yield mostly unfolded confosmém the latter case, the ions are heated

enough to entirely remove even the compact forms.

www.manaraa.com



79

In another experiment, the unfolding and energgdfer caused by the change in
extraction voltage are compared to that observeddre conventional experiments, where
unfolding is induced by use of a large negative\ipffage on the drift tube
entrance.[10, 12-17, 32] Here one set of experisnare done with an extraction pulse
duration timed to change when the ions are in tsitipn shown in Figure 3b; these results
are termed “heated” conditions. Then “gentle” ddods, (i.e., conditions selected so that
the ions are inside the drift tube when the eximactoltage changes, Figure 3c) are used.
Vinj is then made more negative to match the ex¢énnfolding seen under “heated”
conditions. In a sense, the mobility spectra oltunder “gentle” conditions are titrated
to the same values as those seen under “heateditioms, with the DC injection voltage
being the titration variable.

The results are shown for ubiquitin 7+ in FigurePart a shows that the drift tube
injection energy has to be as high as 518 eV taimie unfolding induced by the extraction
pulse with the drift tube entrance at ground. danfes b and c, the DC value of the injection
energy needed to produce similar unfolding as ¥eaetion pulse are again some 550 eV
higher than the trap exit voltage under “gentlefiditions. Something happens to impart a
lot of energy to the ions when the injection vo#adnanges under the “heated” conditions.

Another indication of the energy imparted to thes by the extraction pulse is
depicted in Figure 6. Here the drift tube entraisdeept grounded and a short (1 us), very
negative (-500 V) extraction pulse is used. UHigu+ is seen in a range of conformers;
ubiquitin7+ and 8+ are unfolded, even though thalgst injection voltage is used.
Comparison with Figure 5 shows that an injectioargy of 500 eV or more are need
to unfold the ions like this if the effect of theteaction pulse is not used.

Observations on Trypsin and BPTI

The importance of the ion’s position when the @stipn voltage changes was
observed for other proteins as well. The relatizleies of extraction voltage and injection
voltage are also important. For example, crostesesfor trypsin 11+ are shown in Figure
7 when the ion extraction voltage and time andciige voltage are selected to reproduce the
ion position. In Figure 7a, the ions are at Z5&m for all three sets of extraction

conditions; the mobility spectra are similar andwlall or mostly compact conformers.
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In Figure 7c, the ions are inside the drift tub&] all are compact. In Figure 7b, the
conditions are such that the ions are at Z = 1.2acoondition where unfolding is expected.
For the solid line, the extraction voltage equhésihjection voltage, and the ions remain
compact. There is less ion heating when there igoftage gradient between the trap exit
electrode and the drift tube entrance during theaetion pulse. In the remaining two plots
in Figure 7b, injection voltage is made more negatio - 75 and -150 volts. This heats the
ions and unfolds them more extensively as the etiravoltage is made more negative.

Bovine pancreas trypsin inhibitor (BPTI) is a sina8 amino acid, protein that is
highly constrained by three disulfide bonds. Ciesstion results are shown for BPTI
in Figure 8 under both gentle and heated injeatmmditions. Three charge states
(4+, 5+, and 6+) are observed. Under gentle ¢mmdi, BPTI 4+ is mostly compact
conformer(s) with cross-section ~ 626. Aunder heated conditions, this ion expands
to ~ 800 K. BPTI 5+ is almost all in an open conformatiomereas BPTI 6+ has two
conformers. The cross sections for the open coréms shown in Figure 8 agree well
with those reported by Shelimov with fairly eneigétjection conditions.[16] It is likely
that the cross sections reported by Shelimov stete for ions that were all in the more
open state.

Estimates of Collisions and Kinetic Energy Lossdsetween lon Trap Exit and
Drift Tube Entrance

Figures 1 and 3 show a plume of helium gas flovirog the drift tube entrance
toward the ion trap exit. Presumably, the colhsiohat excite the ions and unfold them
occur in this plume. These collisions will also saudhe ions to lose some of their kinetic
energy, which could play a role in their unfoldinghavior. Thus, an estimate of the number
of collisions and the corresponding kinetic endapges is of interest.

The discussion below is derived from Douglas’ papekinetic energy losses in a
guadrupole collision cell.[35, 36] The entranceragre diameter is 0.50 mm. Conditions
in the He plume are not known exactly; for the prégliscussion it is assumed to have
length L, temperature T = 300 K, average pressugegnd average number densitygh

The drift tube is 1.3 mbar, the vacuum chamber3g10* mbar,
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SO Pugis (1.3 + 1x1d)/2 ~ 0.65 mbar and.pyis ~1.6 x 16° cm®. The subsequent mobility
separation measures the cross secaf the protein ion. It is the compact conformers
that unfold the most. UbiquitifX= 900 A = 9x10™ cnf) is taken as the protein of interest.

These ions have a mean free patifiven by equation (7).
1
A=/ q )

For compact conformers of ubiquitlh~ 7x10* cm. The number of collisions N is just L /
L. If the plume persists back for a distance 1@8&nhe orifice diameter, then L = 0.5 cm and
N = 0.5/7x10" = 700 collisions. Thus, hundreds of collisions expected before the protein
ions enter the drift tube. Compact conformerstb&pprotein ions have cross sections
of = 1000 &, not much larger than that of ubiquitin.

If the ions have initial kinetic energy,BEheir energy after one collision is:E
Eq mzzarotein+m12-le

a = = 8
e — ®)

where Myoein= 8600 Da = 1.43x1Y g for ubiquitin, M. = 4 Da = 6.67x18" g, and M =
Mprotein + Mue.[35] The value ol is 0.9990706 in this caséfter N collisions the kinetic
energy remaining is approximately. For N = 700 collisions;" is roughly 0.52. Thus,
protein ions in compact conformations are likelyase roughly half of their initial kinetic
energy due to collisions before they enter the tle.

This large loss of kinetic energy has several icapions. First, much of this initial
kinetic energy is converted into internal energnde the heating and unfolding. Second,
the ions will actually move through the plume msi@wly than indicated by the time values
discussed above, which do not account for kinetergy losses. Third, assumgMs kept
more negative than;y while the ions undergo collisions in the plumejahhs the condition
that maximizes unfolding. In this case, the puslii-charged protein ions will actually see a
net electrostatic force back toward the ion trathay are being slowed down by the
collisions, which is an additional effect that woglow them further still. Whengy then
changes back to zero, the ions are acceleratedhetdrift tube, the electric field between
trap exit and drift tube entrance is now in thehkigld regime (as noted above), and perhaps

these “slow” ions are now highly prone to heating anfolding.
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CONCLUSION

The magnitude and duration of the extraction palséhe ion trap exit endcap can
induce extensive protein ion heating and unfoldorgntermediate protein charge states
having a wide range of accessible conformations@&ally when the extraction voltage is
more negative than the voltage on the entrancleeoditift tube. Experimental results
confirm that simple time-of-flight equations (Eq2sthrough 6) estimate the time and
position of the ion packet when the ion trap eldt&ode returns to ground. Generally,
protein ions unfold to the maximum extent ~ 0.9iarfront of the drift tube entrance when
the extraction voltage returns to ground. All pins tested are prone to this effect. BPTI, a
protein about the size of ubiquitin, is constraibgdhree disulfide bonds and does not
unfold as extensively as ubiquitin during “heategéction conditions.

The protein ion heating may be due to the highlfiegime formed by the voltage
on the entrance to the drift tube when the extactioltage returns to ground. About half
of the ion kinetic energy is lost between the i@ptexit endcap and the drift tube entrance
due to collisions in the helium buffer gas plun&me of this energy converts to internal
energy, resulting in heating and unfolding. Alsede ions are caught in a high-field regime
and unfold, similar to FAIMS experiments. Prot&ns already inside the drift tube are not
perturbed by the extraction voltage returning tougid. These ion conformers remain the
most compact and only the voltage on the drift teibiance dictates the extent of heating

and unfolding.
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Table 1) The protein ion charge states listed belomwprone to the ion heating effect

described in this paper and analyzed on the IT-®@FTMS instrument. This list is not

exhaustive.

Ubiquitin 8+, 7+, 6+, 5+
Trypsin 11+, 10+
Cytochromec O+, 8+, 7+

Carbonic anhydrase 21+

Lysozyme 10+, 9+
Insulin 3+, 4+
YbhB 10+, 9+
BPTI 6+, 4+
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Table 2) Listed are the ion extraction conditiosedifor various figures. A positign2.1 cm means the ion packet is fully

inside the drift tube when the extraction voltageims to 0 V.

Figure Extraction [V]

2,CA 21+ -80

4a, Ubiquitin 6+ -80

4b, Ubiquitin 7+ -80

4c, Ubiquitin 8+ -80

5a, Ubiquitin 7+ -80

5b, Ubiquitin 7+ -80

5¢, Ubiquitin 7+ -80

6, Ubqg 6, 7, 8+ -500

7a, Trypsin 11+ -50, -75, -150
7b, Trypsin 11+ -50, -75, -150
7c, Trypsin 11+ -50, -75, -150
8a, BPTI 4+ -80

8b, BPTI 5+ -80

8c, BPTI 6+ -80

Extraction time [us]

3-11
3,8,12
3,8,12
3,7,12
6, 12
6, 12
6, 12
1
54,3
98,6
14,13, 11
6, 12
6, 12
6, 12

Injean [V] KE [eV]
-33 693
-44 260
-37 260
-32 260
0,-74 0,518
-7, -85 49, 595
-19, -97
0 0

-49 540

-49 540

-49 405
-49 200
-49 250
-49 300

www.manaraa.com

133, 679

position [cm]
variable, 0.216
0.8,2.9
0.9,13.1
0.5,B.1
, BB
2,13.6
2,B.7
0.4
0.5
12-13
2.3
11,27
13,31
15,35
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Table 3)Axial position of maximum unfolding and correspamgliextraction conditions for
several proteins. The position, Z, includes thetrap, 4, 0.707 cm distance. Z 3£ Z,

Experimental Conditions

Protein Position of max Extraction &¥ Vi

& chg state (m/z) unfolding (Z, cm) Time (us) Volts)
Ubiquitin 7+ 1225 1.1 6 -100 -26
Cytochrome ¢ 8+ 1530 1.0 6 -100 -26
BPTI 4+ 1630 1.1 6 -80  -49
Carbonic anhydrase 21+ 1383 1.2 6 -80 -33
Trypsin 11+ 2133 1.3 8 -75  -49
Trypsin 11+ 2133 1.0 5 -150 -49
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Figure 1) Schematic diagram showing the ion trapa@ce of drift tube, applied voltages,
and the distances pertinent to the injection ofetwles into the drift tube. The total
distance,

Z = Zy + Z; from the center of the ion trap to the entrancthefdrift tube is 2.01 cm. A
square wave (¥ typically ~ -80 V) applied to the exit endcaptio¢ ion trap draws ions out
of the trap. The voltage on the entrance of thfetdibe (Viy;, typically -50 V) helps entrain
ions into the tube. In the data shown below, uwhig is most extensive when,yis more

negative than ;.
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Figure 2) Collision cross-sections for carbonicyalthse 21+ (m/z 1383) at indicated

extraction times. See Table 2 for other experialetetails.
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Figure 3) Depiction of mechanism for observed vamaof protein unfolding with duration

of extraction pulse. See text for discussion.
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Cross Section [A?]

Figure 4) Cross-sections for ubiquitin ions in geastates a) 6+ (m/z 1429),

b) 7+ (m/z 1225), and c) 8+ (m/z 1072) at threatmoss along their path into the DT when
the extraction voltage returns to 0 V. The solildenotes the cross section when the ion
packet is fully inside the DT, the short dashed liienotes the cross section when the ion
packet is 0.5 cm (inside IT), and the long dasiel denotes the cross section when the ion
packet is 1.8 cm (in between the IT and DT) from ¢knter of the ion trap. The ions were
injected into the DT at -260 eV. The cross sectionnts are normalized to each other.

Instrument conditions pertinent to this experimemeat listed in Table 2.
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Figure 5) The cross sections for ubiquitin 7+ (1225) ion analyzed under gentle

(solid line) and heating (dashed line) injectiomditions. Similar Ubg 7+ cross sections are
compared in a), b), and c). The injection voltegya) O eV, heated; 518 eV, gentle,

b) 49 eV, heated; 595 eV gentle and c) 133 eV dik&79 eV gentle. The eV difference
for a) 518 eV, b) 546 eV, and c) 546 eV is the gn@mparted to the Ubqg 7+ under the
heating injection conditions. Instrument condisigrertinent to this figure are listed

in Table 2.
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Figure 6) The cross section of ubiquitin ions itgelcusing 0 V (grounded) on the drift tube
entrance. The extraction pulse is -500 V for 1 flike solid line is Ubq 6+, the short dashed
line is Ubqg 7+, and the long dashed line is Ubg Bistrument conditions pertinent to this

figure are listed in Table 2.
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Figure 7) The cross section of trypsin 11+ (m/z38hen the ion packet is a) 0.5 cm
(inside IT), b) 1.3 cm (between IT and DT), an@@ cm (inside DT) from the center of the
IT when the extraction voltage returns to zerche $olid line used -50 V, the short dashed
line used -75 V, and the long dashed line use M &6 the extraction voltage on the exit
endplate of the IT. The CCS counts are normaliaezhch other. Instrument conditions

pertinent to this figure are listed in Table 2.
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Figure 8) Cross-sections for BPTI a) 4+ (m/z 168) %+ (m/z 1304), and c) 6+ (m/z 1087)
under gentle (solid line) and heated (dashed limjegtion conditions. Instrument conditions

pertinent to this figure are listed in Table 2.
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CHAPTER 5
GENERAL CONCLUSION AND OVERVIEW OF FUTURE DIRECTION S

The projects discussed in this dissertation agktbgether using mass spectrometry.
One project focused on extending the mass spectricmeethods to quickly ascertain coal
degradation products using DART (Chapter 2). Tigh mass accuracy coupled with the
elemental composition software enables tentatigmehtal composition assignments for the
coal product ions. The pyrocatechol reaction ab&S3solubilized the coal the best and
released the largest water soluble ions. Anothgept involved imaging plant metabolites
by laser desorption ionization at atmospheric pressThe basic technique was proven
using colloidal graphite to analyze metabolitesgé@pdix 1ll). That paper discusses the
findings by analyzing standard metabolites andtgiasue. Implementing the plant
metabolite imaging with a commercial AP — LDI saiis in the works.

The IT — IM — TOF MS instrument allows for the nyaudation and measurement of
the shape of biomolecules (Chapters 3 & 4 and Agipdn& 11). Characterizing the
instrument using well known proteins, ubiquitin @gndix I; Zhao and Soyk, JASMS 2009)
and cytochrome (Appendix Il, Zhao JASMS 2010), resulted in twgees. Briefly, the
specific gas phase protein shape for each chaatgeadopted after proton transfer ion / ion
reactions is not dependent on the original prateerge states nor the solution conditions,
with some mild exceptions (Figure 6, Cytochroocn@ppendix Il). The analysis of the YbhB
proteins expanded the use of the instrument toygtumtein complexes under native solution
nanoelectrospray ionization (native ESI). Eaeoli YbhB protein was found to have
stronger gas phase protein-protein interactions theArabidopsis homolog of the YbhB
protein. E. coli YbhB, it primarily exists as dimer in an ammoniagetate buffer solution.
The Arabidopsis homolog of the YbhB protein was primarily monomedar native ESI
conditions, but was 60 % dimer in an acid denatsddtion. Finally, the time resolved
protein ion heating paper (Chapter 4) addresseaapkined the phenomenon involving the
duration and magnitude of the extraction pulse ldiig protein ions. The number of
instruments utilizing the ion mobility and mass @pemetry interface will rapidly grow next

twenty years, especially for the separation andsoreanent of the shape of biomolecules.
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Most of the chapters in this dissertation are tevdo the implementation and use of
the IT — IM — TOF MS instrument. In turn, in ordd@rimportance and ease of
implementation, | have suggestions for future desnpdifications for the instrument:

1) Fix the switch that sets which voltages are igddo that ion / ion reactions can resume.
2) More points are needed across the mobility pgaknterleaving! Interleaving is a
specific time delay developed by lonwerks to getergata points across a mobility peak.
The Argos is the master instrument controllerseitids an external trigger to start the
mobility and TOF flight-time measurements by lonkgTDC. Unfortunately this
arrangement prevents interleaving. To perfornrieé®ing, the TDC needs to trigger the
Argos when to start its scan function. This wonlkdl, except that the Argo has a “walking”
incremental step that is invisible to the scan fimmcbut is preserttetween each scan. Thus
the mobility peak “walks” in discrete steps as nuead by the lonwerks mobility software.
There must be a way to stop or disconnect the ‘wglkstep from the Argos box, and thus
allow interleaving.

Talk with Griffin Technologies (part of ICx Techlogies) to remove and / or account
for this “walking”, incremental step. In Woodshlathe lonwerks TDC trigger
communicates to an external laser to fire. The Tigger has enough power to trigger the
Argos, too. The laser does not have the capaldityn an additional scan step. Tom Egan
(lonwerks) recommends using an interleaving stéywéden two and five. If the interleaving
increments are too high, then the amplitude ohtlodility peak signal is spread too thin and
shot noise takes over, reducing the smoothnesgeahbbility peak.

3) Place a functioning 2D, linear ion trap in platehe 3D ion trap. Young Jin Lee, circa
2003, was the first to implement this to an IM — MStrument. Matt Soyk’s and Qin Zhao’s
dissertations thoroughly discuss this proposition.

4) Valentine and Clemmer published a split drifi¢uwdesign in 2003. A skimmer cone and
three vacuum connections are placed at the battieafrift tube. The ions are directed
through the skimmer cone and the vacuum connectimplumbed to their own vacuum
pump. This design reduces the gas flow througletiiteaperture into the main vacuum

chamber. All of Clemmer’s current instruments #émel T-wave use this design.
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5) If the pressure in the chamber is still too high decreasing the size of the drift tube exit
aperture from 1.5 mm to 1.0 mm. Ideally a highit tube pressure,
3 to >6.6 mbar, would be accessible.
6) Add another, small vacuum chamber, with add#&igrumping, between the quadrupole
and TOF MS region.
7) Future mobility cell designs will incorporateadial focusing along the length of the cell to
focus ions in the xy direction. An RF voltage, sas that used with the ion funnel, will
probably work best for radial focusing.

Last a list of future experiments for Bender isrfd here. It is not exhaustive.
1) Electron transfer dissociation (ETD) — IM of pidps and proteins. Some of instruments
built by Thermo and modifications to ABI Sciex all&ETD reactions. ETD combined with
traditional CID enables top-down protein analydisshort, top-down proteomics bypasses
solution phase digestion. Proteins can be brokarnt,amass analyzed, and characterized in
the gas phase, speeding up analysis. IM is anptiese of separation and low-field IM
measurements give low resolution collision crossige (CCS) measurements. Thus, the
sequence information of the protein fragments arslined with details about their shapes.
2) Catalog the shape of well characterized proteirtee 1+ charge state. Compare the low
charge state CCS to x-ray crystallography and NMfasarements. Note the charge state
the protein will likely be in solution. This papesin be submitted to the Journal of Physical
and Chemical Reference data.
3) Measure the temporal development of the foldihg protein after a proton transfer
reaction. Time resolution of 1 us should be pdssib
4) Measure the shape of amyloids free of metal abwith metal ions attached. This
research would be a continuation of work startedldxytz.
5) Protein ion heating due to injection conditiaising “temperature” peptides characterized
by Remes and Glish. The fragmentation patternkesfe peptides will give some insight
into the energy imparted during the injection pgsePerhaps the “temperature” peptides

can be internal calibrants with protein exposeth&same instrument conditions.
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ABSTRACT

This instrument combines the capabilities of iomAieactions with ion mobility (IM)
and time-of-flight (TOF) measurements for conforimaistudies and top-down analysis
of large biomolecules. Ubiquitin ions from eitledrtwo electrospray ionization (ESI)
sources are stored in a 3D ion trap (IT) and rekeith negative ions from atmospheric
sampling glow discharge ionization (ASGDI). Thetpn transfer reaction products are then
separated by IM and analyzed via a TOF mass amalyzthis way, ubiquitin +7 ions are
converted to lower charge states down to +1; the in lower charge states tend to be in
compact conformations with cross sections down 886-4. The duration and magnitude
of the ion ejection pulse on the IT exit and thgamce voltage on the IM drift tube can
affect the measured distribution of conformersuloiquitin +7 and +6. Alternatively, protein
ions are fragmented by collision-induced dissoora{iCID) in the IT, followed by ion/ion
reactions to reduce the charge states of the GdByat ions, thus simplifying assignment
of charge states and fragments using the mobgisplved tandem mass spectrum.
Instrument characteristics and the use of a neviragncontroller and software modifications

to control the entire instrument are described.

Keywords: ion trap, ion mobility, time-of-flight ass spectrometry, protein conformation,

ubiquitin

INTRODUCTION

Despite the widespread use of mass spectromd®y for biological analyses,
further improvements in MS instrumentation are iddse, particularly in areas like
proteomics [1] and characterization of large roawlecular complexes [2, 3] . These
instrumentation improvements provide analyticalatalities that enable new biological

studies not envisioned previously.
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lon mobility (IM) [4, 5] has become a very usefiethnique for analysis of biological
ions in the gas phase [6]. IM provides informatadrout ion size and structure [7], as it
rapidly separates ions based on collision crosBesecather than just m/z ratio. The use of
IM to disperse a mixture of ions in time prior toadysis via a time-of-flight (TOF) MS, i.e,
nested drift (flight) time measurements, is an ingoa recent advance. These experiments
were pioneered by Clemmer and coworkers in theX8@D’s [8] and have now been used
by several other groups [9-13]. The recent Syn&itIMS-MS by Waters Corp. provides a
commercially available instrument for gas-phasedonformation study by IM using a

novel travelling wave approach [9].

In a series of instrumental designs, the Clemmeugihas made various
modifications to the initial ESI-IM-TOF, includintipe insertion of a collision cell between
the IM drift tube and the TOF for mobility labelimgperiments [14, 15], and the addition of
an IT prior to the mobility drift tube to improviee duty cycle from the continuous ESI
source [16, 17]. One publication demonstrated MSfAd@abilities with an ion trap prior to
IM-TOF [18], but the entire instrument was not undemputer control. Therefore, only

relatively simple experiments were possible.

IM has been used to analyze the products of iokecnte reactions [19] including
proton transfer [20, 21], H/D exchange [22], anly&ton [23-26]. In these studies the
desired reactions take place either in the atmog8ppeessure ion source interface region or
in the drift tube itself. Thus, only short reactibmes and certain reagent ions can be used.
In addition, performing reactions in the IM celhcanake spectral interpretation difficult
because the analysis and chemistry occur at the sama. In the current experiments, the
ion/ion reaction is decoupled from the subsequentiility and mass analysis. Therefore, the
reaction time and chemistry of reagent ions arg¢robbled more effectively, including a wider

selection of reagent ions from independent ion seair

Gas-phase ion/ion reactions provide another dimerfeir bioanalysis. Pioneering
work by Smith and coworkers [27, 28] was followadabcontinuing series of experiments
by McLuckey’s group [29]. lon/ion reactions areidgpversatile, and can be controlled via

various ion manipulation schemes. The most comrypa of reaction has been proton
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transfer to manipulate the charge states of myitplrged ions [30] and simplify complex
MS/MS spectra [31, 32]. Use of product ions in ldwarge states can improve mass accuracy
and resolution, especially with low resolution masalyzers. Various instruments
specifically for ion/ion reactions include oneswitvo [33-36], three [37], or four [38]
independent ion sources arranged around an ITguadthuse of pulsed sources and a single
ion extraction system is also possible [39, 40écEbn transfer is another useful process,
especially electron transfer dissociation (ETD),[88, 42]. ETD is now becoming widely
used in proteomics and for determination of pastgtational modifications. Several
instruments combine an IT for ETD reactions withigh resolution mass analyzer, for
example, the modified QSTAR/TOF MS spectrometeviaiuckey’s group [43, 44] and the
hybrid linear IT/Orbitrap MS by Coon’s group [4%]4

Here we describe the first instrument to includpabilities for both ion/ion reactions
and IM-TOF-MS measurements. Initial experiments iwstrument characteristics are
described, including use of a new ion trap corgradind software to control the entire
instrument. Ubiquitin is used as a test compountbtaopare the new results with the
extensive previous studies of this protein [21527-

EXPERIMENTAL

Bovine ubiquitin (Sigma-Aldrich, St. Louis, MO) wased without further
purification. Protein concentrations were 20 tqu3d in 1% aqueous acetic acid for positive
ion mode. Nano-ESI emitters were pulled from gleggsillaries (1.5 mm o.d., 0.86 mm i.d.)
by a micropipette puller (P-97, Sutter Instrumentsyato, CA). Nano-ESI was performed
by applying +1 kV to +1.2 kV to the protein solutigia a stainless steel wire through the
back of the sample capillary. Negative ions froenflporo-1,3-dimethylcyclohexane
(PDCH, Sigma-Aldrich , St. Louis, MO) were usedfas proton acceptor reagent.

www.manaraa.com



106

Instrumentation

General. The instrument is shown to scale in Figure 1.otitains three independent
ion sources: two for ESI and one for ASGDI [58)ns from these sources are stored in the
3D quadrupole IT for reaction. The products apmsated by the IM drift tube, followed by

a quadrupole-time-of-flight mass spectrometer (=J.O

The vacuum chamber consists of an 8” Conflat cubch houses the three ion
sources, ion optics, and turning quadrupole defte@Q, Extrel, Pittsburgh, PA). The cube
is evacuated by a turbomolecular pump (Turbo-V5%&idTorr, 550 L/s i Varian Inc.,
Palo Alto, CA) backed by a mechanical pump (SD\&frjan, Palo Alto, CA) and is
attached to a custom built rectangular chamber £88iless steel, 35.6 cm wide x 76.2 cm
long x 33.0 cm high) that also houses the IT, IMt ¢iube, and quadrupole collision cell. The
TOF is in an aluminum housing (8.90 cm x 25.4 c66x% cm) attached to the back of the
chamber; the TOF tube is oriented vertically. Tien vacuum chamber (i.e., the chamber
that houses the drift cell and quadrupole collisieh) is evacuated by two diffusion pumps
(Diffstak 250/2000M and 160/700M, BOC Edwards) by mechanical pumps (E2M40
and RV12, respectively, BOC Edwards, Wilmington, MA'The TOF is pumped by a
turbomolecular pump (Turbovac 361, 400 L/s Deybold Inc., Woodbridge, Ont.), backed
by a mechanical pump (RV12, BOC Edwards). Conweecand ion gauges (Series 375 and
358, Helix Technology Corporation, Mansfield, MAgasure the ion source and chamber
pressures (all are uncorrected). The base presa@s5x1§ mbar in the main chamber
and 3.3x10 mbar in the TOF when the sources are closed. imalcoperation, one ESI
source and the ASGDI source are open, and heliwaddsd to the drift tube (~1.3 to 2.0
mbar) through a precision leak valve (Model 203rtwille Phillips, Boulder, CO). The
main chamber pressure is then ~1%hibar and the pressure in the TOF region is 9x10

mbar.

lon Sources. The basic design for a three ion source interf&agu(e 1) has been

described previously [38]he three sources are arranged around three fates &
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Conflat cube. One source is on the ion optical ekike IT and IM drift tube and the other
two are orthogonal to it. The two ESI sourcesideatical. The interface region, which is
5.08 cm in diameter and 1.59 cm deep, is machinédfaan 8” ConFlat flange. A 254m
diameter aperture separates the interface regoom #itmosphere, and a 3@t diameter
aperture separates the interface region from tijle Vecuum region. Two lenses between the
apertures focus ions through the interface regeach ESI interface region operates at ~1
mbar during the experiment and is pumped by a nmechlapump (E2M40, BOC Edwards).
The nano-ESI voltages are provided by 5 kV powepBeas (ORTEC 659, Oak Ridge, TN).

The ASGDI source interface region has the samedesid dimensions as the ESI
sources but without the interface lenses. It imped by a mechanical pump (E2M40, BOC
Edwards). PDCH headspace vapors are sampledovéatam diameter Nylon tube
connecting the sample container and the outerageptate. The source pressure (~0.79
mbar) is regulated by a bellows valve (SS-4BMW, §elak) inserted in the tubing between
the compound headspace and the source region. $&®Asource uses a 3 kV power
supply (ORTEC 556, Oak Ridge, TN) and a high vdtpglser (PVX-4150, Directed
Energy Corp., Fort Collins, CO) that is trigged@¥ TL pulse from the Argos IT controller
(Griffin Analytical Technologies, West Lafayett®&)l to apply a ~ -420 V pulse between the
outer and inner (grounded) aperture plates. TR&BI pulse lasts for the time required to

add reagent anions to the IT, typically 5 to 20 ms.

Each ion source has three cylindrical lenses atthth the vacuum side of the flange
to focus the ions from the exit aperture of therseunto the TQ. The second lens is split in
half with distinct voltages applied to each halfla®rves as a deflector for direction
focusing. The TQ was modified by severing the eleat connection between diagonally
opposing rods and by applying four independent Dt@mtials to the four TQ rods. This
allows ions to either be deflected’@thto the axis of the instrument or to be passeugsit

through.

After the TQ, three lenses focus the ions intolTh&wo home-built high-voltage
switches, controlled by TTL signals from the Arddscontroller, switch the voltages applied

to the TQ and three subsequent lenses to allowfionsthe desired ion source into the IT.
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Six nine-channel DC power supplies (500 V, TD95B@ectrum Solutions, Russellton, PA)
generate the potentials for the ion optics fromdbrces to the ion trap.

lon Trap. The 3D quadrupole IT (ideal geometry=r1.0 cm, g= 0.707 cm, RM
Jordan, Grass Valley, CA) is attached to the tilfie; the exit aperture is 1.3 cm from the
front plate of the drift tube. During ion trappitite end caps are at ground, except during
resonance excitation and mass selection, and theddtial on the ring electrode is zero to
prevent any asymmetric fields. The 665 kHz ionrag voltage is generated by a home-
built LC circuit that provides up to 500y The maximum low mass cutoff value is ~m/z
1220 (calculated assuming an ideal ion trap gegmeéior the work presented here, the low
mass cutoff is typically ~m/z 200 to allow for corédment of the PDCHeagent anions from
the ASGDI.

A 0 to 10 V dc control signal from the Argos IT ¢aller determines the rf trapping
voltage. A custom control generates the initialdewel RF voltage, measures feedback to
stabilize the RF voltage, and contains calibratiata. The initial RF voltage is first
amplified to 0 to 200 ¥, by a 50 W commercial amplifier (AG1020, T&C Power
Conversion Inc., Rochester, NY) and finally by tdustom LC circuit to the full O to 5000
Vop. Measured stabilities of the full RF voltage aedtér than 1%. A TTL input allows the
RF wave to be shut off in ~15 ps at any RF ampditu@ihe shutoff is not locked to the RF
phase.

The ion trap timing and voltages are controllecabyArgos IT controller and
software (see block diagram in Supplementary In&diom). The Argos provides the master
clock for the entire instrument, as well as twoependent arbitrary waveform outputs,
digital TTL triggers, and analog control outputs@® V). One arbitrary waveform output
provides the 0 to 10 V dc control signal for the tcap RF; the other is applied to the front
endcap electrode (after being amplified by x1750/8,) to perform mass selection and
resonance excitation. The TTL triggers are usesiad the ASGDI source, control the high

voltage switches for the ion sources, and staridhénjection pulse for the mobility
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experiment. A custom 8-channel driver is used todase the power of the TTL signals to
enable them to trigger 50 loads. The ion injection TTL pulse enables thénhigltage
pulser (PVX-4150, Directed Energy Corp., Fort Gd|iCO, applied to the exit endcap) to
eject ions from the ion trap. Typically the ejeatjoulse for positive ions is -100 to -150 V
applied for 3 to fus to the trap end cap closest to the drift tubguifé 1). Two analog

signals are used to control the quadrupole cotlisil, described below.

Drift Tube. The drift tube (modified from a design provided\églentine et al. [54,
55]) consists of alternating 12.7 cm diameter 3@éhtess steel lenses (0.16 cm thick, 12.7
cm o0.d. 4.40 cm i.d.) and Delrin insulating rirf@<27 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 eldietid
(typically 12.4 V/cm) down the drift tube. Unlegated otherwise, the voltage applied to the
front of the drift tube is typically -30 to -100 Ve., more negative than the grounded IT.
Thus, the injection voltage into the drift tubehg voltage on the entrance, and the injection
energy in the lab frame is charge x injection \gdta A capacitance manometer
(690A13TRC, MKS Instrument, Methuen, MA) measutes e pressure inside the drift
tube, which is typically 1.33 to 2.00 mbar, condlvia another precision leak valve.

lon Funnel. To improve ion transmission efficiency, an iontfel [54, 56] is
integrated into the back of the drift tube (Figije The funnel is based on the device
described by the Smith [56] and Jarrold groups.[Biter the last ring of the drift tube, a
series of 25 stainless steel electrodes (0.07%@mk, t12.7 cm 0.d.) with circular apertures
whose inner diameters decrease linearly from 4t@®W3483 cm is attached. The ion funnel
electrodes are sealed together using 0.318 cm Betiin spacers and Viton o-rings giving a
funnel length of 11.11 cm. Thus, the helium presso the drift tube and ion funnel are the
same. The electrodes are connected to each ottieaweries of resistors (Vishay, 500k

0.6 W,+1%). One voltage is applied to the entrance ofitiifetube, and a second voltage is
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applied to the exit of the ion funnel to set theabglectric field down the drift tube-ion
funnel assembly. The electrode spacing and resisttages in the ion funnel are selected so

that the axial electric field is the same as thdhe rest of the drift tube [57].

In the ion funnel, alternate lenses are capacitigeelipled (Vishay, 1000 pF, 1.5
KV ms, £20%) to form two lens chains. RF voltages (ArdaFapgRwer supply, # PSRF-100,
Ardara Technologies, North Huntingdon, PA) that H8&° degrees out of phase from each
other are applied to each chain with amplitudes @t 360 kHz. A capacitor to ground
decouples the RF voltage from the drift tube len$bsre is one DC only electrode after the

exit of the ion funnel with a pressure-limiting ajpee (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 to a drifetulith the same overall length (44.45 cm)
and exit aperture, but all electrodes have the 48n{é.40 cm), spacing (1.27 cm), and DC
electric field (typically 12 V/cm) with no RF volge. In this experiment, total ion signal is
measured by extracting ions from the TOF extraatdrigh repetition rates into the flight
tube and reflecting them to the TOF microchannalep{MCP) detectors. The measured

cross sections are the same whether the ion fusn&derted or not.

Another set of three lenses behind the drift tudrefunnel focuses ions into the
guadrupole collision cell (Figure 1). The voltagepplied to the ion funnel dc lens, the
lenses before the collision cell, the entranceeitlenses of the collision cell, and the
lenses between the collision cell and the TOF laagdd on the drift tube exit voltage using a
nine-output floating power supply (TD9500HV, SpeaatrSolutions Inc., Russellton, PA).

Quadrupole-TOF. The quadrupole collision cell (Figure 1) transmins from the
ion funnel to the TOF. It also provides for CIDiohs labeled by mobility (i.e., a pseudo
MS/MS step) [14, 15], although this capability & shown in this paper. The quadrupole
(do = 9.5 mm, 880 kHz, 36000y per pole, Extrel, Pittsburgh, PA) is followed by a
orthogonal W-reflectron TOF (Tofwerk, Thun, Switzerd). The collision cell and its

electronics are floated using an isolation tramsfar(SIT 30-1000, Stangenes Industries Inc.,
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Palo Alto, CA). The collision cell is mounted dretvacuum side of an 8” Conflat flange
that is attached to the back of the main vacuurmblea. A capacitance manometer (Model
690A01TRC, MKS Instrument, Methuen, MA) measuresghessure inside the collision
cell, which is typically ~8x10 mbar of He from the drift tube. Additional colis gas can
be added via another precision leak valve. The &tgacontroller (Figure 2) supplies two 0
to 4 V analog signals that are amplified to 0 tovl@nd -200 to 200 V, respectively, and
then used by the quadrupole power supply to cottielf amplitude and to supply the dc
bias to the collision cell rods to set the collisEnergy.

After the ions exit the collision cell, they aretsed into the source region of the
TOF by a series of 10 lenses mounted in the holghimad 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 fortical direction focusing. The ions are
extracted upwards into the TOF drift region by @s2ulse and are then accelerated into the
drift region by ~5800 V. The voltages on the TO&ctlodes and detector are controlled by
the TOF software, which communicates directly vifitt TOF power supply. The TOF has a
W-reflectron and can be operated in V-mode or imé&de. Only the V-mode is used in this

paper; the effective flight path is ~1.5 m.

The ion detector is an eight-anode MCP (lonwerl@jdton, TX) that has post
acceleration voltage of ~6000 V. The signal is afiel x100 by two four-channel
preamplifiers (XCD quad amplifier/discriminatornherks, Houston, TX) and then sent to
an 8 channel time-to-digital converter (TDCx8, l@mks, Houston, TX). The TOF software
reads the data from the TDC to create 2D datacthatiin both drift time and mass spectral

information.

The timing of the TOF data acquisition (Figure 8similar to methods described
previously [8, 16]. As shown by the bottom threscés in Figure 3, the TOF timing
controller gets signals from the software and aerawl trigger and sends TTL triggers to the
TDCx8 and to the TOF extraction pulser. The mopditquisition is started by the ion
injection pulse (a trigger from the Argos), aftdrieh the TOF timing controller starts

sending TTL triggers—at specific intervals depegdim the mass range being acquired—
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simultaneously to the TDCx8 and the TOF extractinra typical experiment 100 TOF
extractions are taken within each 10 ms mobilityctpum, up to a maximum m/z value of
2400. Mass spectra could be measured to highevates, but there would be fewer such
mass spectra over the duration of the IM peakserAatively, interleaving [58] could be
used to improve the number of points in the IM $@e@lthough this makes the data files

larger.

Measurement of Cross Sections. lon cross-sections can be determined from the IM
drift times [59]:

1)

o- 080" 7 [1 1 1 tETE0 T
16 (kT)Y?|m m | N(O) L P 2732

where z = ion charge (+1, +2, ...), e = charge ooteda, m = ion mass, g= mass of the
buffer gas particle, E = electric field throughfgri. = length of the drift tubept= flight time
through the drift tube, N(0) = gas number densit$ 8P, P, T = pressure and temperature of
the buffer gas.

The instrument provides the time between the geqiulse from the IT and the start
pulse of the TOF. For Eqgn. 1, the measured tgrehould be only the time spent inside the
drift tube. Therefore, the ion flight times betwete drift tube and TOF source region (i.e.,
through the quadrupole and the ion lenses justedetft of it in Figure 1) are calculated from
the lens dimensions and applied voltages and subttdrom the total time between IT and
TOF extractor. The calculated times through timsés and quadrupole range from 127
for ubiquitin +8 to 36Qus for ubiquitin +1, i.e., the ions with the shottasd longest drift

times. About 70% of this time is spent inside gv@drupole collision cell.
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Many experimental parameters pertaining to the trife and ion funnel (e.g., axial
electric field, injection pulser voltage, rf volegn the ion funnel, etc.) were varied. Under
the experimental conditions used in this work, nafiected the numerical values of the
measured cross sections, confirming that the iobilihomeasurement is in the low field
regime. Four parameters did influence the numberability peaks observed and their
relative abundances: the voltage on the firsttedde of the drift cell, the pressure in the
drift cell, and the duration and magnitude of tloitage pulse used to eject ions from the IT.

These effects are described below.

RESULTS AND DISCUSSION

IM-TOFMS after lon/lon Reactions. In early research on proton transfer reactions
with IM, a basic neutral gas was introduced in® gburce region to create lower charge
state ions through an in-source proton transfesti@a[21, 60]. In the present instrument,
the total reaction time and reagent ion identity ba controlled. The experimental timing
diagram (Figure 3) is similar to those previougipwn for ion/ion reactions [38], except the
usual IT mass analysis step is replaced by injeaifgproduct ions into the IM drift tube.
The experiment scan function shown in Figure 3udek acquisition of nested drift (flight)

time mobility data.

These capabilities are illustrated using chargactan reactions of multiply charged
ubiquitin ions with PDCH anions. The reagent asiare mainly [M-F] and [M-CF] " ions,
as seen from a similar ASGDI source in another pegeently published from our group
[61]. The signal ratio [M-F| [M-CF;3]" is approximately 1.5 in the present device.

For a typical ion/ion reaction-IM experiment, ubitiquions are injected for 50 to 100
ms, PDCHions are injected for 5 to 50 ms, and both polads are trapped in the IT to
react for 20 to 150 ms, depending on the productharge states desired. An extraction
pulse (-100 V for 3 to 10 ps) is then applied @ black end cap of the ion trap to inject ions
into the drift tube. For the IM separation the Hegsure in the drift tube is 1.4 mbar, and the

electric field applied is 12.4 V/cm across thetdrédll, with various injection voltages.
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Figure 3a shows a 3D mobility-m/z spectrum of uliigibefore proton transfer
reactions. The main charge state observed for ilmgunder these solution and source
conditions is +7 with a small but measurable amadirt3. The mass resolution shown is
m/Am = 1000 at m/z 1224.6. Mass accuracies are Wa8ippm, using cytochrone+8 and

+9 ions as external calibrants.

Figure 3b, ¢ and d show spectra after ion/ion ahaeguction reaction of ubiquitin
with PDCH. Ubiquitin +8 and +7 ions are converted to lowlearge states than those
produced directly by ESI, using longer fill andctan times. The ions in lower charge
states are better resolved in the IM dimensionhgioty because a) fewer conformations are
available at lower charge state, and/or b) at lcsvixrge states the conformations are more

folded and have more uniform cross sections.

Previous attempts at analysis of protein mixture€D after IM separation suffered
because protein ions in high charge states wereesotved in the mobility separation [62].
Thus, mobility labeling for proteins is not as udefs for peptides. lon/ion reaction
combined with IM separations provides a new tealmip improve the performance of

mobility labeling (for on-the-fly MS/MS) for top-ahen analysis of intact proteins.

The various drift time vs m/z plots in Figure 3 shdense “bunches” of ions at the
expected m/z values and diffuse “streaks” at all walues. These streaks have the same
drift time as the expected ions; this is especialligent in Figures 3c and 3d for the ions in
low charge states. Thus, it is believed thatliskground is caused by protein ions that get
into the TOF region at times other than the TOFaetion pulse.

Cross-Section Measurements. Observed values for ubiquitin ions using three
injection voltages are depicted in Figure 4. Nuoatrcross section values from the plots in
Figure 4 are listed in Table 1, and conditions scale values are given in Table 2. IM
spectra and the resulting cross sections obtainkidl@er injection voltages do not differ

appreciably from those measured at -50 V and arshawn.

First, consider the +8 and +7 ions, which comeatlydrom the ESI source. The +8

ions are unfolded at all injection voltages, wiiile +7 ions are observed in up to three IM
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peaks, as noted above. The +6 to +1 ions come froton transfer reaction, mainly with
the +7 ubiquitin ions originally present. Reducthg charge state converts the ubiquitin
ions to more compact conformers. For ions in tveek charge states, the single IM peak
gets narrower as charge state is reduced. Fouitibig1, the FWHM of the ion mobility
peak (~500 us) is still a factor of three widemthiae FWHM of the diffusion limited peak
(~175 s, calculated as described in the litera{6@ 65]. Thus, we suggest that the single
IM peaks for ubiquitin in low charge states are posed of contributions from several

unresolved conformers [49], and fewer such confosraee present at lower charge states.

Numerical data for cross sections are given in &bl Multiple entries indicate
values from several discernable peaks in the IMtsa€Figure 5). The ions in low charge
states have essentially a single value of crodsosemorresponding to folded conformer(s) of
ubiquitin, even though the original ubiquitin +hghave a variety of conformations before
the ion/ion reaction. In general, the measuredszsections of +8 to +4 ubiquitin ions are in
the range of the literature values [21]. Thighis first report of cross-sections for ubiquitin

+3, +2 and +1 ions.

Most of the numerical cross section values in Tabi® not vary much with injection
voltage. For the 5+ ions, the cross section shawvthe table does appear to change, but
examination of Figure 4 shows that this is mainlg o changes in peak structure and width

from various conformers induced by the changesjgttion voltage.

This device also provides reasonable IM spectr#ofs injected at very low kinetic
energy, although the transmission and sensitiveynaturally lower at very low injection
voltage. Apparently, some ions in the trap are mgvoward the drift tube before the
negative injection pulse is applied to the endd@therwise ions could not enter the higher-

pressure drift tube (~1 mbar) at a nominal injettioltage of zero.

Effects of Drift Tube I njection Conditions on Folding of Ubiquitin lons.
Clemmer’s group [21] studied how injection enengfjuences mobility spectra of ubiquitin

ions and the apparent number and relative abundsrmetein conformers. At low injection
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energy (385 eV, or 55 V for ubiquitin +7), diffetesonformers were observed and the

distributions were expected to reflect the distitru of conformers from the ion source [21].

Similar effects were seen in the present work foquitin ions in certain charge
states, as shown in Figure 4, which includes restltower injection voltages (i.e., 0 volts)
than those reported by Clemmer. The relative aburetaof various peaks in the IM spectra
do not change further as injection voltage is dhegove 50 V (data from -60 V to -150 V
are not shown). Briefly, Figure 4 shows that H&ioemain unfolded, and +5 to +1 ions
remain folded, regardless of injection voltageor the intermediate charge states +6 and +7,
lower injection voltage generally favors formatioinmore folded conformers. More open
conformers for the +6 and +7 ions are also lesaddmi at lower pressure inside the drift

tube (data not shown).

In general, these observations are consistentianthbeing heated and unfolded
initially by collisions in the short space (1.3 ch@tween the trap exit and drift tube. lons in
intermediate charge states have various foldedsstaicessible and may refold when further
collisions cool the ions, either during extractaminside the drift tube. Differential
scattering of larger ions outside the acceptand¢keo$mall entrance aperture (0.5 mm diam.)

of the drift tube may also contribute to these oltons.

The duration and magnitude of the negative volfagse applied to eject ions from
the IT can also affect the number of peaks in Mepectra for the +7 ions, i.e., those ions
that are prone to folding changes. Such effe@srarst pronounced if the ejection pulse is
more negative than the voltage on the entrandeetaltift tube. Figure 5 depicts an extreme
example; the ejection pulse amplitude is -100 \d e drift tube entrance is at -30 V.
Ubiquitin +7 ions are mostly folded using the shettejection pulse (1 pus). A variety of
conformers are seen at 3 us, while the ions ar@ded when the ejection pulse lasts for 5 or
7 us. Curiously, the ions are folded if the e@tipulse is extended further to 9 or 10 ps.
The drift time changes corresponding to the varimoss sections shown in Figure 5 are
substantial (~ 100 us), much longer than evendhgdst injection times, so the observed
cross section changes are attributed to real clsanggotein conformation, not just

differences in injection time.
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We have not found descriptions of effects quite likose shown in Figure 5 in
previous literature involving injection of ions mtM drift tubes. A long ion ejection pulse is
of use mainly because it improves signals for iorlsw charge states, as if ~ 6 are
required to draw the less highly charged ions dtih@trap. Fortunately, the ions in low
charge states remain folded anyway, and a long&tidn pulse is generally not needed to
obtain adequate sensitivity for the ions in thelintediate charge states that are more
susceptible to folding changes. Use of an exagbulse that is less negative than the
entrance to the drift tube also reduces the magmitii these folding changes.

Varying the injection voltage and duration of tbhe ejection pulse also induces
similar changes in conformations of cytochromespeeially the +7 and +8 ions. [66] We
offer the following tentative, qualitative explaitat for these observations. It seems like the
location of the ions when the pulse polarity chanigeamportant. Consider the plots in
Figure 5 with an ejection pulse amplitude of -10@¥various times. A ubiquitin 7+ ion at
rest in the center of the trap would take 3.6 ptsateel the 0.707 cm to the trap exit. Some
ions are moving toward the trap exit and get tisex@ner, others take longer. For short
ejection pulses (1 us), the ejected ions have o dar past the trap when the ejection pulse
goes back to zero. If the trap exit remains a®-¥Qong enough, the ions go through this
1.3 cm long region and are all inside the driftetldefore the trap exit voltage changes. At -
100 V this transit is estimated to take 4.2 psaftwtal time of ~ 8 us. The longest ejection
pulse used (10 ps) exceeds this transit time,estréip exit remains at a constant voltage (-
100 V) until all the ions are inside the drift tub€hus at either short (1 us) or long (10 ps)
ejection times, most of the ions remain folded, #r@mobility spectra in these two cases are

similar.

With -100 V ejection pulses for times between 3apd 9 ps, many of the ions are
between the trap exit and the drift tube entraniserthe voltage on the trap exit returns to
zero. As the ejection pulse duration increase® f8do 5 to 7 ps, the ions are expected to be
closer to the drift tube entrance, where the dgmgiHHe gas escaping from the drift tube is
higher than it is closer to the trap exit. Thitage change and the accompanying collisions
with gas induce the observed folding changes.5Ros and 7 ps, the ions are mostly
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unfolded. The unfolding effects are more extensiviémes where the bulk of the ions are
still between the ion trap exit and drift tube antte when the voltage on the trap exit returns

to zero.

At an ejection time of 9 us, some of the ejectets iare already inside the drift tube
when the voltage on the trap exit changes, so sonseare not affected by the voltage
change. The resulting mobility spectrum shows iaresrange of conformations, like that
observed at 3 us. There are still collisions wg#is for either short or long ejection pulses;
apparently these collisions are most effectivehanging the conformations of the ions if the

ions are closer to, but not inside the drift tubdeew the trap exit voltage changes.

Badman et al. [67] and Myung et al. [48] observet the folding and unfolding of
cytochrome c¢ and ubiquitin ions in intermediaterglastates occurred while ions were
stored for ~ 100 ms in a 3-D ion trap. In the prgésvork, changing the duration of the
extraction pulse from jis to 10us can also affect the observed conformations, seso

folding and unfolding events apparently can oceuthee microsecond time scale.

The underlying causes of the changes reporteddoend be related to recent work by
Shvartsburg et al. [52], who studied conformatibargyes in ubiquitin ions during field
asymmetric waveform ion mobility spectrometry (FAB) They attribute such
conformation changes to heating induced repetitideking the high voltage segments of the
FAIMS waveform. Each high voltage segment ladislus; during many FAIMS cycles,
the cumulative conformation changes induced onuitigions in intermediate charge states

(especially +7) as a result of many such excitétieating events are substantial.

The charge states where folding changes are exppoibably vary between
proteins, so these effects should be evaluatedoassexby case basis. So far, ions in the
higher and lower charge states are less proneese tfolding changes. Even for these charge
states, there may still be subtle changes in thieilolitions of closely-related conformers
hidden by the relatively low IM resolution in ouxperiments, compared to the much

narrower peaks seen in Clemmer’s tandem IM work §68.
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CID on Intact Proteins followed by Charge Reduction. This instrument also has
potential value for top-down proteomics measures)aad indicated by the following
example Figure 6a shows a spectrum obtained after isolatithg the +7 charge state of
ubiquitin in the ion trap. Mass selection was perfed by applying first a 30 kHz 12,

AC waveform to the entrance endcap of the ion toagsonantly eject lower mass ions
during an RF ramp. Then a 20 kHz 1p,\AC waveform ejected higher mass ions during
another RF ramp [38]. The IM peak in Figure 6aasrower than that in Figure 3 because a

higher injection voltage (-150 V) was used for Fay6a.

In a subsequent experiment, ubiquitin +7 ions veéoead in the ion trap for 20 ms
and activated for 100 ms at 50 kHz, 23,VThe fragment spectrum (Figure 6b) shows CID
product ions in a variety of relatively high chagates that are only moderately resolved in

the IM dimension. Thus, it is not easy to assigmthat first.

Figure 6¢ shows the spectrum resulting from cheedaction of the fragment ions in
the ion trap with PDCH anions (injection for 20 mesaction for 100 ms). The spectrum
shifts to higher m/z, and the dispersion in thedihension is greatly improved. Many of the
charge-reduced CID fragments can now be assignedtparing the observed m/z values
with those of fragments generated from the knovwgueece of ubiquitin. The mass tolerance
for these assignments is 0.6 Th. The assumptidrittedragment ions in Figure 6¢ are in
low charge states greatly simplifies these assigsneMost of the fragments observed here

are b and y ions;;pand yg are abundant fragments, in agreement with otleliest [38, 70].

The IM plot for the charge-reduced fragments (Fegbr) shows distinct groups that
fall along slanted lines of different slopes foppéde fragment ions in +1, +2 and +3 charge
states, as noted by Clemmer and co-workers. Tleagrhenon provides additional evidence
to help assign charge states. These groups merger ¢bgether at higher charge states [17],

which is one reason they are poorly resolved imf&gb.

Armed with the identities of the charge-reducedfnants (Figure 6), many of the
original, more highly charged fragments in Figurea® now be assigned. For examplg’'y

is in the charge-reduced spectrum. Thus, a mgEyhcharged version " in this case)
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should appear in the original CID spectrum (Figgrealong with the complementarysh

ions. Note that the charge states of these twgmfesnts add up to the original +7, as
expected. Here we assume that the peptide fragomntio not dissociate further during the
charge reduction reactions, as shown by McLucké&y. |8 number of other, similar cases

are identified in Figure 6.

CONCLUSION

This is the first instrument that combines ion/ieactions and IM separations with
full computer control of all functions. It shoybdove useful for study of the effects of
protein charge state on conformation, which istkethe general question of the relation
between gas-phase conformation and that in sol{ifibiv3]. Protein ions in solution
generally have lower net charges than those obd@nvhe gas phase after ESI; this
methodology provides a way to access ions in thhgsiologically relevant charge states.
Other types of ion/ion reactions, such as ETD, fdram of protein-metal, protein-ligand and
protein-protein complexes, should also be possill, the added benefit of the ability to
also manipulate charge state. Finally, manipulatibcharge state of CID products facilitates
high throughput top-down protein analysis. A numifiemprovements in the
instrumentation, such as use of a linear ion tnapead of the 3D ion trap, CID at higher
energy, CID of mobility-selected ions using the dyugole collision cell, and multiple
reflections in the TOFMS for higher resolution, areler investigation in our laboratory.
Also, a more detailed study of conformation charngekeps time scale between the ion trap
and the drift tube may prove interesting in its avgnt.
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TABLES

Table ) Measured cross-sections for ubiquitin ions inedéht charge states. +7 and +8
ions are from the ESI source, ions with chargeestab to +1 are made from mostly +7 ions
by ion/ion reaction. See text for conditions. Thess-sections are determined from the
apex of the various mobility peaks (Figure 5) adony to Equation 1. Uncertainties are

estimated to be approximately 56 Based on many repeated measurements over several

months.
Charge Cross-SectionA?) at Indicated Injection Voltage
state oV 30 V 50 V -100 V
+8 1428 1430 1430 1428
+7 1393 1394 1394 1393
+6 863,1056,1314 863,1056, 1314 1314 1312
+5 872,979 979 1033 1031
+4 904 861 904 902
+3 855 813 814 814
+2 854 856 857 857
+1 882 861 882 861
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Table 2) Reaction conditions and vertical scalaesfor cross-section plots in Figure 5.
Other conditions: ubiquitin fill time 50 ms, extteon pulse from ion trap -100 V fors

except for +1 ions, which were pulsed out forustat -150 V.

Time Values (ms) Full-Scale Signal (counts/s)

Charge PDCH At Indicated Injection Voltage
State Fill  Reaction ov -30V -50V

+8* 60* 38 137 83

+7* 60* 189 546 380

+6 20 60 33 154 116

+5 20 60 136 522 373

+4 20 60 26 191 81

+3 45 150 258 642 873

+2 45 150 350 182 114

+1 50 180 18 320 159

*These ions were observed directly from the ESksewvithout ion/ion reaction.
To keep the total trapping time constant withoudluicing ion/ion reactions, the

ASGDI source was turned off while these ions weeasnred.
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FIGURES
Quadrupole lon funnel
Electrospray ~ geflector
ion source V-Reflectron time-of-flight
mass spectrometer
=7 N\ b
Electrospray - | -
ion source | == 1 k| ﬂ = ﬂ:—: =
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(charge reduction) Quadru \_
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Figure 1) Scale diagram showing overall instrumirduding two ESI and one ASGDI
sources, ion optics, quadrupole deflector, IT, ilftdube with ion funnel and g-TOF. The

ion source cube is 20 cm wide
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Positive lon
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Negative lon Injection

Eject
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RF Amplitude IIon/Ion rxn. F——
________________________________________ |__RFoff
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Figure 2) A generic scan function for an ion/ioagton followed by nested flight time/ion

mobility experiment. The top and second plots shmtime during which positive and

negative ions are injected. The third plot shovesamplitude 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 dwibe, ion mobility data acquisition and TOF

extraction pulses.
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Figure 3aBD mobility mass spectrum of ubiquiti 3D moblity mass spectrum of ubiquiti
after reaction with PDCH negative ions: b) PDCIHtiime 20 ms, ion/ion reaction time ¢
ms; c¢) PDCH fill time 45 ms, ion/ion reaction tirhB0 ms; d) PDCH fill time 50 m
reaction time 180 ms. The ions in lower cle states are more readily resolved by |
Conditions: 0.30 mg/ml ubiquitin aqueous solution with 1% aceitid, drift voltage-30 V
to -5680 V, drift pressure 1.39 mbar, IT fill time fobiquitin 50 ms, data acquisition time:
s for (a), (b), (c), andO s for (d)
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Figure 4)Cross section distributions for ubiquitin ions @rwus charge states. +8 and
ions are made from narieS| of 0.30 mg/ml ubiquitin agueous solution with Acetic acid.
The other ions are made by ion/ion reaction witlfCPLanions under the conditiol
described in Table 2. Vertical scale values age glven in Table 2. Numerical values
cross section are listed in Table 1. The injectioltages are (-30 V, or-50 V, as indicated.
The IT ejection pulse is100 V fcr 5 us, and the axial electric field through the dufbe is
12.4 Vicm.
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Figure 5) Effect of duration of IT ejection pulse conformations of ubiquitin +7 ions

directly from ESI source, without ion/ion reactiodT ejection voltage =-100 V, IM

injection voltage = -30 V.
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Figure 6)CID results a) 3-D ion mobility spectrum of ubiquitin +7 iorsolated in 3-D IT;
b) fragments directly from CID of ubiquitin +7 iomsIT; ¢) charge reduced CID fragments

from ubiquitin +7 ions after reaction with PDCHiams for 100 ms.
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ABSTRACT

Positive ions from cytochromeare studied in a 3-D ion trap/ion mobility
(IM)/quadrupole-time-of-flight (TOF) instrument wiithree independent ion sources. The IM
separation allows measurement of the cross seatithe ions. lon/ion reactions in the 3-D
ion trap that remove protons cause the cytochromescto refold gently without other
degradation of protein structure, i.e., fragmentatr loss of heme group or metal ion. The
conformation(s) of the product ions generated Iyiom reactions in a given charge state are
similar regardless of whether the cytochrome c emesoriginally in +8 or +9 charge states.
In the lower charge states (+1 to +5) cytochranmens made by the ion/ion reaction yield a
single IM peak with cross section of ~ 1110 to 1£80even if the original +8 ion started
with multiple conformations. The conformation exgarslightly when the charge state is
reduced from +5 to +1. For product ions in theta-68 charge states, ions created from
higher charge states (+9 to +16) by ion/ion reactpvoduce more compact conformation(s)
in somewhat higher abundances, compared to thoskeiged directly by the electrospray
ionization (ESI) source. For ions in intermedidtarge states that have a variety of
resolvable conformers, the voltage used to injeetions into the drift tube, and the voltage
and duration of the pulse that extracts ions frbenion trap, can affect the observed

abundances of various conformers.

www.manaraa.com



141

INTRODUCTION

The determination of protein conformation is impaitin many biological
applications. Of the various methods for thesesmeaments, mass spectrometry (MS) has
certain advantages such as speed and the needly@amnoall amounts of sample. The
variations of MS for study of protein conformatimelude ion mobility (IM) [1-4], H/D
exchange [5-9], and native electron capture dissioti (NECD)[10, 11]. Of these methods,
IM provides a direct way to examine the gas-phasdéormation of the ions by probing the
average cross-section of the protein ions viagioltis with buffer gas [3, 4]. Early IM
research on protein folding and unfolding was dertk an IM-quadrupole instrument [1].
To study ions in lower charge states than thoseerd@éctly from the electrospray ionization
(ESI) source, a basic collision gas (e.g., acetophe or 7-methyl-1, 3, 5-triazabicyclo
[4,4,0] dec-5-ene, MTBD) [12] was introduced inb@ tsource region. The neutral gas
extracted protons from the protein ion and cre&deer charge state ions through proton
transfer reactions in the source. In these stutheseactions took place only in the
atmospheric pressure ion source interface regidmus, control and variation of the reaction

time and extent of reaction were difficult, andyooértain reagent species were available.

Gas-phase ion/ion reactions provide another dimerfeir gas-phase bioanalysis by
MS. To date, these reactions have been mainly tassichplify complex MS/MS spectra
[13, 14]or generate fragments for structural assignmentl&bby methods like electron
transfer dissociation (ETD) [17-19].

Recent instrumentation improvements have greatisneled the type of structural
information and number of possible experimentslaisi 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 [20-23]. A multi-stage
IMS-MS instrument [24, 25] provides two importamwmfunctions. First, a protein ion with
a specific structure can be selected by IMS, tlotivated and separated in the next drift
region. Second, “state-to-state” structural trémss can be studied Isgructureselection-

activation cycles.
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A three-source-ion trap-drift tube-g-TOF instrumesgis recently developdxy our
groupto combine ion/ion reactions with IM-TOF measuretedB6, 27]. The present paper
describes how proton transfer ion/ion reactionslmansed to manipulate charge state and
study the effect of ion/ion reactions thre conformations of cytochronedons. This protein
is chosen so the present results can be compatkdge from extensive previous studies [10,
22, 23, 28-36].

EXPERIMENTAL

The design and general operating conditions fohtirae-built three source
instrument are described in another paper [26)vifgoheart cytochrome (Sigma-Aldrich,
St. Louis, MO) was used without further purificatim all experiments. Usually this protein
was dissolved at 20 to 30 pM in water with 1% aaqseacetic acid. Water alone was used as
solvent with 15 uM protein for one set of resulkss lower protein concentration suppressed
cytochrome c dimer ions, which were otherwise alambhdrom unbuffered water solutions.
Another study used 50% methanol/water with 1% acetid. These samples were

introduced through one nano-ESI source in posioele.

Positive cytochrome ions were stored in the trap first, then negaitives were added
by switching the voltages on the ion optics. Negaibns from perfluoro-1,3-
dimethylcyclohexane (PDCH,gE;s, Sigma-Aldrich, St. Louis MO) were used as thetiqmo
transfer reagent. Negative PDCH ions were creayeatrnospheric sampling glow discharge
ionization (ASGDI) in a second source [37, 38].e3& PDCH negative ions were roughly
60% [M-FT (i.e., GF15) and the rest [M-C§ [38, 39].

Both positive cytochrome c ions and negative PDQ$ iwere trapped together in
the 3-D trap and allowed to react for times betw&@ms to 200 ms, with the reaction time
selected to optimize the yield of product ion ie ttesired charge states. Thus, the
cytochromec ions spent ~ 100 to 300 ms in the trap. In tinie regime, the mobility
spectra and relative abundances of various cytoohimconformers were not strongly

dependent on trapping time, as seen by Badman [22aR3] and verified by us [27]. These
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time-dependent folding-unfolding effects were seeinly for 9+ ions; most of the present
work deals with lower charge states.

The product ions were then injected into the dulfte for IM separation, followed by
m/z analysis and detection by TOF-MS. The drifeetwas 44.45 cm long and contained
helium at 1.3 to 2 mbar. The default operating @ for ion mobility measurement were
as follows. The ion trap ejection pulse was zerdl00 V for 3 us, and the injection voltage
on the drift tube entrance was -150 V. These ¢andi provided the best signal and
minimized variation of IM spectra with durationtbie injection pulse [26]. The injection
voltage was varied for Figure 1, and -50 V was uUsedrigure 6, for reasons discussed

below.

The axial electric field in the drift tube was 213 V/cm. Cross sections were
calculated from the mass resolved mobility speasrdescribed previously [3, 26]. In
particular, the drift time is calculated by measgrihe total time between the ion trap exit
pulse and the observation of ions at the TOF datedhe flight time between the exit of the
drift tube and the TOF source region is calculditech the instrument dimensions, applied
voltages and m/z ratio and subtracted from thd tiote to give the actual time spent in the
drift tube [26].

The number of measured points in the mobility sjgeate determined by the time for
the slowest ion to reach the TOF detector, whichlmaas long as 100 us for ions in low
charge states. This limits the ability to resdine structure in the mobility spectra. The
actual number of points in the mobility spectra @lgted in representative examples shown
below. For charge states that yield single mgbgiaks, cross section values are
reproducible to approximately 50 fkom day to day; this uncertainty value is als@eféd
by the number of points across the mobility peaks.
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RESULTS AND DISCUSSION

Effect of Injection Voltage and lon Trap Ejection Conditions on Conformations
of Cytochrome ¢ +8 lons.In this device, there is a plume of gas leavingdtii tube (~1
mbar) and moving toward the exit of the ion trégns from the trap pass through this plume
as they enter the drift tube. Clemmer’s group fb2hd that collisions with helium in this
plume can heat and unfold protein ions, especialiproteins in intermediate charge states
that have various conformations available. Thesuits mainly deal with the effect of the
injection energy as controlled by the charge sdatéthe voltage on the entrance to the drift
tube. The effects observed are generally attribtdéheating and unfolding in the initial
collisions. The resulting mobility spectra canrthoe affected by cooling induced by
subsequent collisions later in the drift tube.

Clemmer’s group mainly reports results at modet@t@gh injection energy, i.e., lab
energy of 385 eV or 64 V for ubiquitin +6 to 38 &f fubiquitin +10 ions [12]. Our initial
paper [26] reports similar effects for ubiquitinciuding results at injection energies as low
as 0 eV, i.e., both ion trap and drift tube enteaatground. As shown in Figure 1, at
extremely low injection voltage, the cytochrometci@ns are all in compact
conformation(s), i.e., relatively low cross sectioAs the injection voltage increases to -30 V
(240 eV lab energy), some of the compact conforrsiand to unfold. As injection voltage
increases above -40 V (320 eV) to -70 V (560 eNg,ibns progress through partially folded
to elongated structures, as described in the liusrd22]. Roughly 30% of the 8+ ions do not
unfold completely even at the highest injectiontagé used, -150 V, for a lab kinetic energy
of 1200 eV. This is the value used for most ofremults presented below.

In our previous work [26], conformation changesibiquitin 7+ are described as the
ejection pulse duration changes. Similar effectsodserved with cytochrome ¢ 8+ and 7+.
As with injection energy effects, these conformatibanges are most extensive for those
ions in intermediate charge states with variougs&ible conformations. If ions in these
“intermediate” charge states are close to, buingitle, the entrance to the drift tube when
the ion trap ejection pulse goes to zero, the aamsunfold. Such changes are also most
extensive if the ion trap exit voltage is more riegathan the drift tube entrance voltage.

lons in low or high charge states show less exterfsiding changes with ejection pulse
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duration. Experimentally, longer ejection pulsepiove the abundance of ions in low
charge states, which is how the effect of ejecpolse duration was first found. The precise

causes of this effect are being further studied.

For the results presented above, experimental tondiwere used that minimize
variations in conformation with injection pulse dtion. In particular, changes in folding
and conformation that depend on ejection pulsetaurare minimal if the drift tube
entrance voltage (usually -150 V) is kept more tiggdhan the ion trap ejection pulse (-100
V).

Effect of Charge Reduction Reaction on the Conformigon of Cytochrome c
lons. In 1% acetic acid/water solution, ESI produces cytomec ions in two main charge
states, 8+ and 9+ (Figure 2) [1]. Although th&rdrift times overlap, resolved mobility
peaks for the +8 and +9 ions can be extracted legtegg the desired m/z window in the 3D
mass-mobility spectrum. Note that the 8+ ion kastesolvable mobility peaks, which are
generally attributed to different gas-phase confiiroms. The cross sections for these two
peaks are ~ 1710 and 1908 (Fable 1); this difference represents the minintesolvable

difference in cross section seen so far with thigigular device.

In the mass spectrum the main peaks from cytochimane accompanied by less
abundant satellite peaks at higher m/z values.sé tadter peaks were originally thought to
be adduct ions made inside the device, perhapsdditi@n of diffusion pump oil molecules
to the protein ions while they traverse the drifi¢[40]. However, these satellite peaks are
also observed when the same solutions are analyitfledther mass spectrometers that do
not have diffusion pumps, so they are attributechipdo impurities in the cytochrome

samples [41].

To study how ion/ion reactions affect the confoliorabf protein ions, either +8 or
+9 ions are isolated in the 3-D ion trap first.eTdross section plots are similar to those
obtained when both +8 and +9 ions are stored atdeg] into the drift tube together without

m/z isolation inside the ion trap (data not shoj42). If the storage time in the trap is
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increased to at least 200 ms, the mobility spectemmins the same, so the ions do not heat
and unfold appreciably in the trap (data not sho@8).

PDCH negative ions are then injected into the rap from the ASGDI source and
react with cytochrome c ions to remove protongtierdesired time. A typical spectrum
after ion/ion reaction is shown in Figure 3. Theuléng cross sections (Table 1) agree well
with those reported in the literature [23]. Thetpn transfer reactions leave the protein ions
in a range of charge states, which can be as ldia §86]. As expected, these reactions do
not displace the covalently-bound heme group; pratansfer is gentle enough that the
noncovalently-bound heme group in myoglobin remaifter multiple proton transfer
reactions [43, 44].

Cross-section values for cytochrommns in each charge state, produced by reaction
of isolated 8+ or 9+ ions with PDCH negative ionghe trap, are summarized in Table 1.
The distributions of cross section observed fohedmarge state are indicated in Figure 4.
These distribution plots indicate the relative atamces of the various conformers of
cytochromec ions in the various charge states.

In general, the distributions of conformationsifars in a given charge state are
similar whether the reactions started with eitheo8 9+ ions. The wider mobility peaks
seen for 7+ and 6+ ions after ion/ion reaction ssgthat there may be several additional
conformations that are not fully resolved. Thesiamlower charge states (5+ to 1+) have
only one mobility peak, even when the reactantwas the 8+ form with two mobility peaks
originally.

Comparison of our cross section values with liteat/alues (Table 1) can be
summarized as follows:

a) Our value for cytochrome ¢ 9+ (1978)4s close to the lowest literature value (1963 A

we did not observe a conformer with cross sect@itb2& for cytochrome ¢ 9+.

b) For charge states 5+ and lower, our valuesiargar to but a bit smaller than those from
the literature;

c) For charge states 6+ to 8+, we see fewer rabt#wconformers, mainly because of our
limited mobility resolution, see Experimental senti For 8+ and 7+, we do not see the more

folded conformers with cross sections ~ 1250 A
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The literature values noted in Table 1 from thekaafrShelimov et al. [45] were measured
for ions in lower and intermediate charge stataswere made by proton transfer reaction
with neutral gas during ion extraction. The otliterature values listed from Badman et al.
[23] were measured with an earlier IMS-TOF-MS dewsanilar to that used in the present
work. More work is needed to determine if the obsd differences are just instrumental
effects or represent real differences in conforomgtl) of ions depending on their origin.

It is tempting to assert that observation of just anobility peak means the ions have
only one conformation. The narrowest mobility peakn for the 9+ ion of cytochrornéas
a full width at half maximum (fwhm) of180 us (Figure 2). Calculations indicate the
contribution to the fwhm of this peak from diffusito be only ~ 16 ps, much less than the
peak width observed [46]. Under these experimamatiitions, Cde * ions or protonated
reserpine ions (from ESI of Csl or reserpine inagjayield single mobility peaks ~80 ps
fwhm, roughly half the width of the narrowest piatpeaks. Thus, the “single” mobility
peaks seen for cytochromerobably correspond to the juxtaposition of unhesw peaks
from ions in several conformations of similar siae,shown by Clemmer et al. for ubiquitin
[24]. For brevity, we use phrases like “one confation” or “a single conformation” in the
discussion below, with this caveat in mind.

These results show that the protein ions can lohe or more compact
conformations during the charge reduction reactibhis observation is explained as
follows. When the protein ions pass into the vacwwystem, the solvent molecules
evaporate, counter ions are also lost, and thacittn between hydrophobic portions of the
molecules diminishes. Thus, the highly chargedgondon opens rapidly to “partially
unfolded” or “unfolded” conformations [11, 12, Z&l, 32]. The ion/ion reaction in the ion
trap then removes protons, whose charges keepdbterpunfolded. Intramolecular charge
repulsion becomes weaker as protons are removehe swotein ions fold to more compact
conformations, at least until very low charge ®tates achieved, as discussed below.

For cytochrome ions in the gas phase, ions with cross-sectioh350 & to 1350
A? are generally assigned to “most compact” confoionés) [2, 23]. Thus, Figure 4 shows

that the proton transfer reactions in the 3-D rap @llow the original “unfolded” protein to
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pass gradually through several partially foldedfoonations and eventually assume
compact conformations.

Close examination of Table 1 and the mobility piat&igure 4 shows that the 5+ ion
has the smallest cross section, and cross seétintisose ions in the “most compact”
conformation increase slightly as charge statedsiced from 5+ to 1+. Apparently, as more
protons are removed from the 5+ ion, the cytochrommlecule expands by a small but
measurable amount. This effect is also observedidmuitin in low charge states [26], but
the size increase is not as extensive as for cyaauéc.

Possible reasons for this observed expansion giaercharge state are as follows.
In low charge states, stabilization from ionic hygken bonds helps keep the protein ion
folded. As the last few Hons are removed, this stabilization is lost, #relprotein ion
expands somewhat [10, 11, 47]. A similar explamais as follows.Starting with ions in
high charge states, suppose the proton transfetioeanitially removes protons with the
lowest gas-phase basicity, such as protons ondyssidues that are not shielded by other
residues of the protein structure. After the ias been converted to a low charge state,
further reactions remove protons from the mostdgsidues (e.g., arginines) that are
partially stabilized by non-covalent interactionghaother residues. Thus, when these last
protons are removed, some weak interactions oprttein surface are lost, the structure is

then more flexible and less compact.

Conformation of lons Made by lon/lon Reaction Compaed to Those Produced
Directly by ESI. To generate ions in lower original charge statgmahromec is sprayed
from either of two solvents: a) water without aceicid or buffer, or b) water buffered with
ammonium acetate (2 mM, pH ~ 7). These cytochroimes are then measured without
ion/ion reaction, and the results are comparetded obtained by charge reduction reactions
of more highly charged ions from water/acetic aotutions.

Figure 5 compares cross section distributionsdos iin various charge states,
prepared either by ion/ion reaction or by ESI disecFirst, consider the results for the 7+
and 6+ charge states. For 7+ ions made by ioméaction, two broad mobility peaks are

seen with about the same average cross sectiorekatide abundances, regardless of
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whether the ions started as 9+ or 8+. For theoris made directly by ESI, two mobility
peaks are also seen, but the cross sections &eedif the ions from water are more
elongated, the ions from ammonium acetate buffenare compact, compared to the 7+
ions made by ion/ion reaction. A similar trendéen for the 6+ ions; here the elongated
conformers are more abundant when the 6+ ions adery ion/ion reaction than directly
by ESI.

For cytochrome 5+, the ions made by ion/ion reaction have a singbbility peak at
lower cross section than the ions from water diydmit a little higher cross section than the
5+ ions from ammonium acetate buffer. This simgtability peak gets narrower for the 4+
ions and approaches values ~ 9G¢dk the ions from ammonium acetate, a value gélyera
considered to be typical of compact forms. Forhend 4+ ions made from water, the
cross section of the main mobility peak is larget100 &.

There is also some interesting information from-alwundance mobility peaks. For
the 4+ ions made directly by ESI, from either wateammonium acetate, small but
measurable amounts of conformers at even smaties @ection are observed, in broad
agreement with some previous measurements on cgtoelt, e. g., Figure 6 of reference
[45] The 5+ ions from water also have a smallrhgasurable amount of larger conformer(s)
at ~1400 &; these conformer(s) are not seen when the 5+amnmade either by ion/ion
reaction of from ammonium acetate.

Thus, the mobility spectra can differ dependingtmnorigin of the ions, particularly
for intermediate charge states like those studed that have various accessible conformers.
This observation is relevant to several importasties. How much of the original solution
structure is retained in the gas-phase ions obdemvihese and other ESI experiments? [10,
11, 47] If ions made by ESI in moderate or highrge states are trapped and reacted down
to lower charge states, do they go back into cométions like those in the original solution?
The apparatus and methodology described here beulded to help address these matters.

“Stepwise” Proton Transfer Reactions. For the ion/ion reactions described above,
a single instrument step is used, and the fill mattion times are varied to produce ions in
particular charge states. For example, a reatitims of ~50 ms converts the 8+ ions mainly

to 6+ and 5+, while making 2+ and 1+ ions requieggction for ~100 ms.
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These reactions can also be done in successivarmettal steps. The reaction can
be stopped at a desired pair of charge stateshamdcontinued as desired. For example,
positive ions in the 8+ and 9+ charge states aredtn the ion trap, and much smaller
amounts of negative PDCH ions are injected, PBCH ions are added for fill times of only
~10 ms. The ion/ion reaction is allowed to procEed-60 ms; cytochrome ¢ 7+ and 8+ ions
result. Another 10 ms batch of PDCH ions are adtherlreaction is continued for another
50 ms, and the cytochronsgons 7+ and 8+ ions are converted to 6+ and 7+.

These sequential reactions can be continued to maken any pair of adjacent
charge states down to 3+ and 2+.[38] For eachum&ntal step, careful control of the
reaction time and reagent amount in the trap resultemoval of only one charge. This
method is an alternative to ion parking [48] to @mte the yield of ions in a particular charge
state. The advantage is that it can avoid thésgmtlal heating that could accompany the
excitation step in ion parking, which may inducafoomation changes in the protein ions.
The mobility spectra of these ions made by thispatise” scheme are similar to those
obtained from ions made “all at once”. [39]

Effect of Methanol on Charge State and Conformatiorof lons Made by lon/lon
Reaction. Even if the ions generated by ESI are solvent-fileey may still retain some
aspects of their conformation(s) in the originduson. For example, Breuker and co-
workers [31, 32] report simulations that indicdtattcytochrome unfolds partially soon
after the solvent is removed, but that the gas-@ass still have some of the structural
components of the original folded protein. Theficharge states of the ions, and
presumably their eventual gas-phase conformatarspe manipulated to some extent by
changing solvent conditions. For ubiquitin fromteravith 1% acetic acid, the more
compact conformations observed are more abundantfén ubiquitin ions formed from
50/50 water/methanol solution with 1% acetic adid]]

To study the effect of initial solution conditiona the folding process induced by
ion/ion reaction, cytochromein 50/50 water/methanol solution with 1% aceticas
sprayed. This solvent produces ions in higherah@harge states (16+ to 9+), as expected
(Figure 6a) [39]. These highly charged ions ywltgle mobility peaks, again as expected if
electrostatic repulsion keeps the ions unfoldexh/ibn reaction with PDCH negative ions
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for various times converts these ions to charges@t+ to 2+, with cross section
distributions shown in Figure 6b. The same tremthaigure 4 is found; the cytochrorme
ions fold to more compact conformations as chaagesemoved.

For these results, a lower injection voltage (-500Wds used on the entrance to the
drift tube to prevent fragmentation of the cytoeheoc ions in high charge states. Therefore,
cross section plots for the 9+ to 2+ charge staliésgined at -50 V from $D/acetic acid are
also shown (Figure 6¢). Comparison of Figuresrb&c shows that, as charge state is
reduced, the ions generally fold to similar confatimns even when they start in very high
charge states. For example, the 4+ ions in Fighreegjan as 9+ to 16+ but have a similar
distribution of cross section as the 4+ ions iruFgg6c, which began as 8+ and 9+. Open
conformers are moderately more abundant for th&¥-and 9+ ions made from the more
highly charged reactants (compare Figures 6b apdAso, the cross section distribution
plots obtained for 8+, 9+ ions and their produttarainjection voltage of -50 V (Figure 6c)

are not greatly different from those obtained &0-Y (Figure 4).

Folding Transitions of Cytochromec lons Induced by Gas-Phase lon/lon
Reaction. From all the results discussed above, some gecenalusions are:
a) reduction of the charge state via ion/ion reactian induce folding of the ions, b) changes
in folding of the elongated ions follow a similaathway as that of the ions with partially
folded structures,
c) ions in low charge states made by ion/ion reastiold to similar conformations
independent of their initial charge state,
d) for product ions in intermediate charge stabast6 8+), the distribution of conformers
observed after ion/ion reaction depends somewhé#t@®nharge state of the reactant
cytochrome c ions.
e) the ions expand slightly as charge state isaedl from 5+ to 1+, and
f) some partially unfolded conformers survive evéren the ions are injected into the drift
tube with high kinetic energies.

Starting with ions in high charge states that axf@lded in the trap, then reducing

charge state via ion/ion reaction, is one way tluge and study folding changes in the ions.
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The observation that folding in the gas phase gietthformers of similar abundance and
cross section regardless of the initial confornratiad charge state of the ions indicates these
various ions fold via similar pathways. Dill [S@¢scribes protein folding mechanisms
pictorially by “folding funnels” of several possékhapes; different conformers funnel into
the native state finally. Our observations fit tiisgged energy landscape” model [50], which
is a bumpy funnel with kinetic traps, energy basj@and some narrow pathways through to
the native state. Our research [26] and alsoftbat Clemmer’s lab [12] shows that the
observed abundances of some conformers can beeathaagily by increasing the injection
energy, but some conformations remain very staédpite this heating process. The stable
conformations represent the valleys in the bumidirig funnel.

Our observations are also consistent with otheictieps of protein folding, i.e.,
Englander’'s mechanism of folding through predetaadipathways with optional folding
errors [34]. Specifically, Englander [51] find$raisfolded” intermediate state in H/D
exchange studies of cytochrome c that could beognak to a “bump” in the funnel in the

viewpoint described by Dill [50].

CONCLUSION

Gas-phase ion-ion reactions combined with IM measents provide a new way to
study conformation changes in protein ions. Exatie processes like these multiple proton
transfer reactions might be expected to simply treatons and unfold them [52]. However
the collisions with the bath gas in the 3-D trapldbe ions, [53] so folded protein ions stay
folded after proton transfer reaction. Thus, iomieactions can be performed while the ions

remain in, or perhaps re-fold into, biologicallyteéresting conformations.

The ion conformations formed via charge reductearctions at relatively low
pressure inside the ion trap could also be compardtbse formed from ion/molecule
reactions with neutral base gases in the ESI ionceg using reactions described by Zenobi
[54, 55]. This experiment could probe the timaaie over which ions liberated by ESI
assume their final conformations, which is impotrtarthe key issue of whether the

conformations of the ions produced by ESI resertiidee in the solution [10, 31, 32, 47].
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In addition to the charge reduction reactions dbedrhere, this three source-ion
trap-IM-TOFMS should facilitate other ion/ion reiact studies pertinent to bioanalysis. The
identity and amount of reagent ion and the readtior can be controlled over wide ranges.
Other reactions such as ETD [17, 18], metal addlift®], and some sequential reactions
(e.g., ETD followed by charge reduction to simplifgsignment of the ETD fragments)
should be possible.

The time progression of kinetic processes that ghaither the m/z value or the
conformation of the ions should be measurablesatifor processes that occur on time
scales long compared to the duration of the measne(~ 1 s). The possibility of
deliberately inducing unfolding and measuringiitset duration with resolution of a few pus
[26] is intriguing. It should also be possiblenduce folding processes with some time
resolution by starting with unfolded ions in a higiarge state and reducing the charge, then
terminating the ion/ion reaction quickly, with selgsient measurement of conformation by

IMS. These and other studies are underway inahorhtory.
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TABLE

Table 1) Average cross-sections for cytochranans in different charge states

Cross Sectionsif)
Charge Measured in Present Work Literature Values
State From 9+ From 8+ Shelimov [45] Badman [23]
9+ 1975 1964
2215
8+ 1468 1709 1250 1260
1715 1900 1702, 1845 1477, 1709
2061 1854, 2071
7+ 1493 1488 1247, 1620, 1257, 1426, 1629
1708 1704 1785, 2007 1792, 2018
6+ 1179 1085 1244, 1254
1364 1359 1393, 1602 1400, 1611
5+ 974 970 1196, 1205
1340 1352
4+ 1015 1069 1153 1160
3+ 1073 1071 1139 1150
2+ 1055 1134
1+ 1138 1135

www.manaraa.com




159

FIGURES

~0V

-0V

20V 1

-30V |

-40V 1

50V 1

-60V g

-T0V

-80V 1

-90V |

100V :

150V

SENSSSSE SN

500 1000 150D 2000 2500

Cross-section (A2)

Figure 1) Cross-section distributions for cytochean8+ ions at different injection voltage
into the drift tube.
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Figure 4) Distribution of cross sections for cytaminec ions in each charge state. For the

plots at the left, the cytochronegons were initially in the 8+ state; ion/ion reacattime was

50 ms to go to 4+ and 110 ms to go to 1+. The qibis are for charge reduction of 9+

cytochrome c ions for 40 ms to go to 4+ and 80argotto 1+.

Figure 5) Distribution of cross sections for cytomiec ions in charge states 7+ to 4+. The

ions are either made by ion/ion reaction from theo®8+ species in the ion trap, or observed

directly by ESI from either water or aqueous amraonacetate buffer.

For the 5+ ions, the

asterisks denote an unusual “open” conformer sabmhen these ions are made directly

by ESI, not by ion/ion reaction. (see next page)
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ABSTRACT

Colloidal graphite is a promising matrix for atmbspic pressure laser
desorption/ionization mass spectrometry. Intactfyf and [M-HJ ions are readily produced
from a wide range of small molecule plant metabslparticularly anthocyanins, fatty acids,
lipids, glycerides, and ceramides. Compared t@eertraditional organic acid matrix,
colloidal graphite provides more efficient ionizatifor small hydrophobic molecules and has
a much cleaner background spectrum, especiallggative ion mode. Some important
metabolites, e.qg., fatty acids and glycosylatedditeoids, can be observed frodmabidopsis

thaliana leaf and flower petal tissu@ssitu.

INTRODUCTION

Since its development? matrix-assisted laser desorption/ionization (MA).Bas
become an invaluable tool for the analysis of gdarumber of biological molecules
including proteins;” peptides’, ® oligonucleotideSand oligosaccharidds’ MALDI-MS
techniques have been applied to study numerousgdiall functions including protein-
protein interactiond® and bio-marker discovery. MALDI has also become a popular
method for imaging mass spectrometry (INSY of biological tissues. For spatial imaging
analysis a MALDI matrix can be sprayed onto theues a series of micro-droplets can be

applied to the sample, or both methods can be graglon the same sampfe.

The most popular matrices for MALDI experiments é&een organic acid
compounds, such ascyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzaetd (DHB), as
well as other organic acid$.!” Organic acid matrices readily generate intaoglgicharged
protein and peptide ions, but like any analytieghinique have some limitations for other
analytes. Generally, ionization of the analyte iAINDI is best if the analyte and matrix co-
crystallize. The amount of co-crystallization eariwith the hydrophobicity of the analyte
molecules; more hydrophilic analyte molecules ugual-crystallize better. A variety of
sample preparation methods have been developedrease the successfulness of MALDI

methods for hydrophobic proteins, such as varyemgperature during the co-crystallization
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steg® and using organic solvent mixtures to facilitdte analyte/matrix co-crystallizatidf.

29" The crystalline structure of the organic acidmstimes causes spatial inhomogeneities in
the resulting layer of solid matrft. For imaging experiments, spatial homogeneity is
extremely important for quality mass spectral ineagée use of organic acids as matrices
also generates many background ions atrtézwalues, which often overlap with analyte

ions from small analyte moleculé&s.

A variety of methods have been developed to oveecthrase limitations. Room
temperature molten salts, or ionic liquids, haverbesed as matrices and provide more
homogeneous signal compared to traditional MALDtrinas?® lonic liquids have also been
used to improve the ionization efficiencies of sam@ecules, such as glycosaminoglycan
disaccharide$’ Atmospheric pressure infrared MALDI using concanttwater as a matrix
has been used to image plant metaboffté§The native water matrix produces a cleaner
background spectrum, as no additional matrix isireg. Using this technique, Vertes and
coworkers were able to image sucrose, glucosetosacand citric acid from strawberry skin
sample€® They were also able to identify over 50 plantabetites from a variety of plant
tissues, including potato tubers, onion storagk eaite lily flower petal, and a section of an
almond kernel. Several metabolites in a white (lilijfium candidum) flower petal were also

imaged spatially’

Various nanomaterials have been used as alterredteods for MALDI experiments.
Silver nanopatrticles were used as a matrix in taserassisted laser desorption/ionization
experiments to ionize estrogen molecydfeSolloidal Ag was used as a matrix for LDI-IMS
experiments which monitored the spatial distributad metabolites ifrabidopsis thaliana
plant tissué® Gold nanoparticles have been used to analyze $ioatiolecules using visible

lasers?®

Graphite has been used in various forms as a nfatrixDI-MS experiments>®°
Sunner et al. used graphite for surface-assissasnt esorption ionization of peptides and
proteins from liquid solution¥. Zenobi et al. used graphite/liquid mixtures tocassfully
ionize several types of molecules including praepeptides, polysaccharides, and

polymers® Graphite was incorporated into a thin layer chrmgeaphy (TLC) plate and
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used as matrix for LD¥ Graphite-assisted laser desorption/ionization (GAlwas also
used to study light-induced aging in tri-terpenendgar and mastic varnish&s Low
molecular weight polymers were analyzed on a gtaegdlate by LDI-MS without an
additional matrix** GALDI also effectively ionized fatty acid molecslé&om triglycerides,

food, and phospholipid sampl&s.

Most of the above experiments with graphite weneedwith the sample stage at high
vacuum, 1d torr or less. Recently, Yeung and co-workers ws@ididal graphite to ionize
and image small molecules with the sample at inteliate pressures (100 to 200 mTd¥r).
37 with colloidal graphite, small hydrophobic analytwere analyzed with a greater
efficiency than traditional organic acid MALDI mates. It was shown previously that polar
phospatidyl choline and sphingomyelins suppredsedignal from other less-polar lipids
within a sample using MALDI-M$? This was not the case using colloidal graphite-LDI
MS.3® Colloidal graphite also provides a simple sanmpiparation procedure that provides
very homogeneous sample coverage. This GALDI metteslable to successfully ionize a
variety of compounds, including phospholipids, beosides, phospatidylcholines, and
sulfatides™ fatty acids, organic acids, flavonoids, and olagzharided’ Cha et al. also
used colloidal graphite to image plant metabolitestu from the tissue of various parts of

the Arabidopsis thaliana plant®®

This paper describes initial experiments showiregdtiectiveness of colloidal graphite LDI-
MS at atmospheric pressure. The advantages ane$igfi merit of this technique described
above are maintained at the elevated pressure. &enhpo reduced pressure LDI,
atmospheric pressure LDI-MS and IMS experimentsgisolloidal graphite should offer
higher sample throughput and could perhaps be dpedlto allow molecular imaging on

living tissues.

www.manaraa.com



169

EXPERIMENTAL

Samples- Standards, MALDI matrices, and solvents used \warehased from
Fisher Scientific (Fairlawn, NJ). Total brain bipéxtract was purchased by Avanti Polar
Lipids Inc. (Alabaster, AL) The colloidal graphite2-propanol (IPA) and heptane aerosol
spray (Aerodag G®) was purchased from Achesono@dll(Port Huron, MlI). The
Arabidopsis thaliana wild type plant samples were provided by Basil®gu, lowa State

University.

Sample Preparation— For the analysis of standards, 2 or 3 yuL ofddash solutions
were pipetted onto the stainless steel sample atateallowed to air dry. All sample loadings
were 20 to 50 ng, except stearic acid in which §@fithe sample was deposited.
Anthocyanin standards were dissolved in methadlobtlaer standards and extracts were
dissolved in chloroform. Spotting of 3 uL (methgramd 2 pL(chloroform) was more than
enough to cause the sample to spread out to doga@rtire sampling area (circular, ~3 mm
diameter) before drying. Taking into account theeading of the sample and the laser spot
size (200 um), the actual amount of analyte thaampled by the laser is much less than the
sample loading values. Colloidal graphite was thgrayed onto the sample plates over the
dried residues in three 5 second bursts from armlist of approximately 20 cm. The sprayed

samples were air dried for 5 minutes.

Plant tissue samples were attached to the staistiesssample plates via conducting
double sided tape. Colloidal graphite in IPA wasaged in the same manner as the standard

samples.

For comparison and setup purposes, a few convehtMALDI samples were
prepared by making a 1:1 by volume analyte-to-mawiution, pipetting 3 pL of the 1:1
mixture onto the sample plate, followed by air-dgyfor 30 minutes. The matrix solution was
a saturated solution of DHB in 50/50% (% v/vyQHacetonitrile with 0.1 % trifluoroacetic

acid.
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Laser —A solid state Nd:YAG laser (LSX-100, Cetac Techigi¢s, Omaha, NE)
guadrupled to a wavelength of 266 nm was usechfsd experiments. This laser was
originally designed for the high pulse energiesmally used for laser ablation - inductively
coupled plasma - mass spectrometry. Operatingittonsl of the laser were: repetition rate 20
Hz, initial pulse energy 800 uJ, spot size 200 pamdter. The pulse energy was attenuated
to approximately 200 pJ by placing neutral denfdlitgrs (ThorLabs, Newton, NJ) in the path
of the beam. The incident angle of the laser beato the sample was approximately 25°

from the sample surface.

Mass Spectrometer An LCQ Advantage 3D ion trap mass spectrométbefmo
Finnigan, Bremen, Germany) was used for these ewpats. The atmospheric pressure
chemical ionization (APCI) source designed for asghe LCQ advantage was modified to
hold a stainless steel sample plate. The samate plas placed orthogonal to the MS heated
capillary inlet at a distance of 4 mm. For postions the sample plate voltage was +250 to
+1000 volts for colloidal graphite or +2000 to +3@tlts for MALDI with DHB matrix.

These values were chosen to maximize signal; thgesacited represent the day-to-day
variation of the optimum values. Similar voltagé®pposite polarity were used for negative
ions. The automatic gain control of the mass spewtter was turned off; instead injection
times of 100 to 250 ms were used. The figurest@andards and extracts represent one mass
spectrum (one microscan) and are not averagechgldsiaser repetition rate of 20 Hz, the
spectra are produced from a maximum of 2-5 lasaissffhe mass spectra for the plant tissue
samples are the average of 10 mass spectra (16staers) with injection times of 250 ms

(maximum 50 laser shots). The ion trap functionsawmt synchronized to the laser pulses.
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RESULTS AND DISCUSSION

Analysis of Standards— Standards were analyzed for the initial detertroneof the
effectiveness of colloidal graphite for desorptéord ionization of typical plant metabolite
molecules at atmospheric pressure. The same dallgraphite coating can be used in either
positive or negative ion modes. The mass speatrpdrticular compounds from the general
classes ceramides (Fig 1a), phospatidylcholinegs 1B), and glycerols (Fig 1¢) show mainly
intact protonated ions in positive mode. The origi the [M+H] ions is interesting. There is
no proton donor added to the graphite, as in canwead MALDI. Perhaps there are such
impurities in the graphite, or proton donating re@gons like H(HO)," clusters in the air
through which the ions pass. The mass spectreofapounds from the anthocyanin (Fig. 2a
and 2b) and fatty acid (Fig. 2c) classes show malaprotonated [M-H]Jions in negative

mode.

The background spectra for colloidal graphite expents are relatively clean when an
appropriate laser energy is used. If the laserggnis too high, a variety of background ions
can be seen which are most likely carbon clustes @eated from the graphite its&lfThe
peaks at/z 675 (Fig. 1b) andvz 373 (Fig. 1c) are attributed to unknown contamigamthe

standard samples.

[M-H] " ions from the anthocyanin isomers morin (Fig.@a) quercetin (Fig. 2b) are
isobaric but can be distinguished using tandem msastrometric techniques (Fig. 3). The
diagnostic fragment ion for flavonoid molecuféis observed atvz 151 in both spectra. The
diagnostic fragment for morify nvz 149, and the diagnostic fragment ion for queré&tin/z
179, are both observed from the respective [Md][M-H] ions3° All spectra show

reasonable signal to noise ratios.

The most prominent peaks in all mass spectra aratact [M+H] or [M-H] ions,
providing evidence that the use of colloidal grapfior AP-LDI-MS experiments is a soft
ionization technique. The mass spectrum of 24r@ma&le (Fig. 1a) does show a peaknét
633, which corresponds to the loss eHragment from [M+H]. Other LDI-MS spectra of

24:0 ceramide taken with the source at intermegiegesure (170 mtorr) show mainly
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[M+Na-H,0]" and [M+Na], with little or no [M+H]" ion** Others have observed less
fragmentation for LDI at atmospheric pressure camgpao reduced pressure sourtes.

The advantages of using colloidal graphite ovetiti@nal MALDI matrices can be
seen by comparing the LDI mass spectra for a botah lipid extract coated with colloidal
graphite (Fig. 4a) or DHB (Fig. 4b). All of thegdes from this mixture are less abundant,
and some are barely seen, using DHB as a mathis i especially apparent in théz
range 400 to 550, where most of the ions detegtemblioidal graphite LDI-MS are not
observed in the MALDI mass spectrum. The specif@acentrations in the total brain lipid
extract are 16.7% phosphatidylethanolamine, 10.6&sphatidylserine, 9.6%
phosphatidylcholine, 2.8% phosphatidic acid, 1{@%sphatidylinositol, and 58.7% other
compounds.

Possible classes of compounds detected in Figureluble
phosphatidylethanolaminesyg ~400 to 900), phosphatidylserines’Z ~450 to 900),
phosphatidylcholines§z ~ 460 to 900), and phosphatidylinositaigd ~ 500 to 900).

These all contain non-polar fatty-acid chains whasging length and degrees of
unsaturation cause the wide range in molecularhteignd subsequemiz values. These
hydrophobic molecules do not co-crystallize wite IHB matrix and therefore do not
desorb and/or ionize as efficiently as the molexdi@ when analyzed with colloidal graphite.
A similar effect was seen when usiegyano-4-hydroxycinnamic acid as the MALDI
matrix. It has been shown that a greater numbgpids from extracts could be identified

using colloidal graphite as a matrix rather thanBDéd intermediate pressure MALEA.

Analysis of Plant Tissue- Two different types of plant tissue were analyed
determine if using colloidal graphite for LDI-MS @ariments is sensitive enough for
measurement of plant metabolites at atmosphergspre. A leaf from aArabidopsis
thaliana wild type sample was analyzed and several peaks fatty acid molecules in the
cuticular wax are observed (Fig. 5). The analg§is flower petal from the same

Arabidopsis thaliana wild type sample displays several peaks that coatdespond to mono-
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glycoside flavonoid molecules (Fig. 6a) as welkageral diglycoside flavonoid molecules
(Fig. 6b). The compounds shown in the figuresi@eatified based on matches to mass
spectra from metabolites identified in this plaatnple by MS/MS methods in previous

work 2839

CONCLUSIONS

This paper shows that colloidal graphite is anatife matrix for LDI-MS at
atmospheric pressure. The method is sensitivegintmuidentify at least some plant
metabolitesn situ and raises the possibility of performing molecuhaaging mass spectral
analysis of plant tissues vivo. Better sensitivity would be welcome; possible ioyements
include pulsed dynamic focusing for ion extractfdm, counter-current Nlow,** and/or
addition of supplemental ionization techniques Bkectrospray. Sensitivity improvements
would extend the range of compounds that can besuned and would facilitate use of
smaller laser spots to improve spatial resolutidrsoftware controlled translational stage to

move the sample stage during mass analysis wiligeahe means for molecular imaging.
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FIGURES
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Figure 1) Positive ion mass spectra of standaa)24:0 ceramide, 50 ng, b) 1,2-diacyl-sn-

glycerol-3-phosphocholine, 20 ng, and c) 1-oleggdgtol, 20 ng.
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Figure 2
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Figure 2) Negative ion mass spectra of standaajlsnorin, 20 ng, b) quercetin, 20 ng, and

c) stearic acid, 18 pg.
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Figure 3
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Figure 3) MS/MS spectra from [M-Hions from standards of anthocyanin isomers a)mori
100 ng, and b) quercetin, 100 ng. The diagnostidysct ion for anthocyanin molecules is

m/z 151. See ref. 40 for structure of product ions.
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Figure 4) Mass spectra of total brain lipid extr@@ ng) using (a) colloidal graphite LDI and (bliB MALDI analysis. Note the

difference in the vertical scales of the two speectr
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Figure 5) Mass spectrum Afabidopsis thaliana leaf using colloidal graphite LDI-MS in negativanimode. Possible molecular
identifications for peaks are/z 367 [M-H] C24 fatty acid - tetracosanoic aaz 395 [M-H]JC26 fatty acid - octacosanoic acid,
m/z 423 [M-H] C28 fatty acid - hexacosanoic acid, and 451 [M-H]J C30 fatty acid tricosanoic acid.
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Figure 6
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Figure 6) Mass spectra Afabidopsis thaliana flower petal using colloidal graphite in

negative ion mode. Possible molecular identifaadifor assigned peaks for (a) ave 431
[M-H] Kaempferol-Rhamnosiday/z 461 [M-H] Isorhamnnetin-Rhamnosiaa'z 447 [M-

H]  Kaempferol-Hexoside, ant/z 463 [M-H] Quercertin-Hexoside. Possible molecular

identifications for assigned peaks for (b) ave 577 [M-H] Kaempferol-Rhamnoside-
Rhamnosidenvz 593 [M-H] Kaempferol-Rhamnoside-Hexoside/z 609 [M-H] Quercetin-

Rhamnoside-Hexoside, andz 623 [M-H] Isorhamnetin-Rhamnoside-Hexoside.
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