J. Phys. Chem. B006,110,70177021 7017
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Ubiquitin lons
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A new two-dimensional ion mobility spectrometry approach combined with mass spectrometry has been
used to examine ubiquitin ions in the gas phase. In this approach ions are separated in an initial drift tube into
conformation types (defined by their collision cross sections) and then a gate is used to introduce a narrow
distribution of mobility-separated ions into a second drift tube for subsequent separation. The results show
that upon selection a narrow peak shape is retained through the second drift tube. This requires that at 300
K the selected distribution does not interconvert substantially within the broader range of structures associated
with the conformation type within the 10—20 ms time scale of these experiments. For thefMH]"* ion,

it appears that many~5—10) narrow selections can be made across each of the compact, partially-folded,
and elongated conformer types, defined previoubly. . Mass Spectronl999 187, 37—47).

Introduction energy injection into a drift tube) compact conformations of
the [M + 7H]”* ion will convert into partially-folded and
elongated state’d:2°Remarkably, at 300 K, partially-folded and
elongated structures of the [M 8H]2" ions do not intercon-
vert?23teven when stored for 30?8 Other studies of ions stored
in an ion cyclotron resonance cell suggest that conformation
types may be stable over much longer times (as much as an
. . - hour)31733.35 Qverall, at 300 K, these general structural types
relating to sampling such a large system as well as force field L

do not appear to reach equilibrium; rather, structures evolve to

limitations. Studies of conformations for isolated proteins in . .
. . favored gas-phase conformations from the states that existed
the gas phase can help to delineate contributions to structure

red a5t
that are intrinsic to the polypeptide chdirt® Comparison of earlier in solutior?. . ) .
gas-phase results with structural information from solution _‘Although general conformation types have been defined, little

provides insight about how solvenmolecule (and solvent is known 390“‘ the .”aF‘!fe of states v\(ithip a gonformer typg.
solvent) interactions influence structure. Practically, ion structure Recent stu_dles of l_J_b'qu'tm using a hybrid h'g.h'f'eld. asymmetric
in the gas phase has become an important factor in the Waveform ion mobility spectrometry (FAIMS)/isotopic exchange

development of new analytical techniques for studying mixtures approacf? and_ a FAIMS/ion mobility spectrometry (l.M.S)
of proteinst4-18 approact? provide evidence for resolvable structures within a

During the last 10 years, evidence from several types conformer family (as defined from the original IMS studies of
of measurements (ion mob,ility separatiéngili9-2s iso- this system). The shapes of peaks from ion mobility measure-
topic exchange measuremehfs 14,2732 the’rmodynamic ments are too broad to correspond to a single structure. This
studies 19123334404 electron captur,e dissociation stuthés ) introduces two possible explanatiof%44 (1) multiple stable

suggests that within an individual charge state there are typically conformations W'th s_|m|lar cross sections are present but not
a few dominant conformation types that can be resolved. For “?50_"’6‘_’ (resulting in a broad peak co_rre_spondlng to _the
example, electrospray ionization (E3Bf ubiquitin? 202229363942 dlstrlputlon of structureg), or (2) structures Wlthln.a conformatllon
(a small protein comprised of 76 amino acids, studied exten- typellnterconvert on time scales that are similar to thg .t|me
sively in the gas phase) appears to exist in the gas phase aéequlréeglz 420 make measurements (usually a few millisec-
three dominant structural typ€%2°:31.353 compact form (identi- onds):== . _
fied in mobility studies as those ions with cross sections less N the present paper we examine the conformations of
than 1120 A& observed for thet4 to +7 charge states); ubiquitin ions using a new two-dlmenspna! ion mpblllty
elongated states (having cross sections larger than 1300 A Spectrometry method (IMSIMS coupled with time-of-flight
observed for thet+6 to +13 states); and, partially-folded (TOF) mass spectrometr§f.In this approach it is possible to
structures (having cross sections between these values, observetgParate ions within a charge state into the structural types
for the +7 to +10 charge state@):22.2° (ch.aracten.ze'd previouskA)?2:35and then select a narrow range
In addition to different physical dimensions that allow them ©f ions (within the broader peak) for further separation in a

to be separated, some conformation types appear to convert intgs€cond drift tube. The results show that the narrow range of
others. For example, when stored in a Paul trap (or upon high- Structures that is selected is retained through the second
separation, requiring that these ions do not interconvert signifi-

* Author to whom correspondence should be addressed. E-mail: cantly within the broader range of conformations associated with
clemmer@indiana.edu. the structural type.

Understanding the structures of proteins in the absence of
solvent is important for a number of reasons. Fundamentally,
the relationship of amino acid sequence to structure and function
is only partially understood; although statistical algorithms for
predicting structure have emerged, calculations of structure for
such large systems are still challengirig part because of issues
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Figure 1. Schematic diagram of the IMSMS-TOF instrument used to measure high-resolutiBr< 80—120) ion mobility distributions. The
drift tube assembly consists of three ion funnels<FB) and two drift regions (D1 and D2). Two-dimensional ion mobility experiments are
performed by mobility selecting (at the ion gate) a narrow pulse of ions from the D1 separation into the second drift tube (D2). See text for details.

main chamber

Experimental Section distribution can be isolated. To isolate a select group of ions, a
. . o ) repulsive field of 20 V (biased with respect to the drift tube
Two-Dimensional lon Mobility Measurements.lon mobil- voltage at this point) is applied to a gating electrode, preventing

ity spectrometry techniques and methods for obtaining structural jyns from entering the second drift region. This repulsive field
information from cross section measurements are reviewed g dropped to the drift voltage for 5@s to introduce a short
elsewheré 1 1%1747Here we focus the discussion on the two- ise of jons. The selected ion pulse is delayed with respect to
dimensional IMS measurement. A schematic of the instrument e injtial introduction pulse such that an ion having any mobility
used to make measurements is shown in Figure 1. Briefly, can pe selected and transmitted into the second drift tube. The
positively charged ubiquitin ions were produced by electro- jon gate timing is controlled by a pulse delay generator (model

spraying a 3x 10°° M protein solution and 49/49/2 (% vol)  pG535, Stanford Research Systems, Inc.) triggered by the initial
water/acetonitrile/acetic acid, into the source region of an ion pulse in the first ion funnel.

mobility/mass spectrometer. The continuous beam of ions is " |on grift times in the first drift tube range from6 to 15 ms

guided undgr the influence of a weak field into an initial ion  ¢5r jon distributions presented here. A systematic study of

funnel (designated as F1 and operated at 17 V'¢i0 Vp-—p, voltages used to trap and focus ions (as well as for gating of
475 kHz) where it is accumulated into a concentrated packet jons) suggests that structures are not influenced significantly
(for ~35 ms). The packet of ions is then released as aB00  nder the conditions used in these experiments. By varying the
pulse into the first drift region+87-cm-long), and different  fig|gs it is possible to change structures such that noticeable
charge states and structures separate under the influence of gjfferences in mobilities are observed; in the extreme case, the
uniform electric field (12 V cm*) according to differences in  ygjtages can be increased to the point where substantial
mobilities. As moblllty-dlspgrsed ions exit the first drift region  yissociation is observed. In the present studies, low voltage
(D1), they pass through an ion gate region that can be operatedcongitions, in which there is no evidence for structural changes,
in a mode in which all ions are transmitted into a second region g, employed.

or in a mode where only a narrow distribution of ions having  petermination of Collision Cross SectionsFor comparison

a specified mobility are transmitted. Selection of ions having a ity previous results, it is useful to plot data on a cross section

specified mobility is described in more detail below. Those ions gcale. For an individual charge state, drift time distributions can
that are transmitted enter a second ion funnel (F2, operated alye converted to cross section scale using the reftion

14 V cnrl, 100 V,—p, and 480 kHz) after the ion gate where

they are focused through the0.5 cm ion funnel exit aperture 12 ot -E
and into the second drift region. The selected ions are separated Q= M zem 1 + i]l oE760_T 1 1)
again under the influence of a uniform electric field (12 V&n 16 (keD¥AM mg] L P 273.2N

and focused through a third ion funnel (F3) operated at 18 V

cm1, 90 V-, and 480 kHz. The entire drift tube assembly is wherez, e, kg, m, andmg correspond to the charge state, electron
181-cm-long and was operated using 3.1 Torr of helium buffer charge, Boltzmann’'s constant, and masses of the ion and buffer
gas at 300 K. gas, respectively, antll is the neutral number density. The

lons exit the drift tube and are focused into a reflectron time- Parameterg, L, P, andtp can be measured precisely such that
of-flight mass spectrometer where flight times, which can be collision cross sections from any two measurements will
used to derive mass-to-charge/#) values, are measured. As typically agree to withint1% (relative uncertainty). The total
described previousl§# flight times are recorded in a nested drift ime of an ion is the sum of the time the ion spends in

fashion such that mobility distributions for all ions are recorded €ach region of the instrument. The accuracy of the cross section
in a single experimental sequence. scale is influenced by how well each parameter is known

experimentally. In this case, the scale is accurate to witt#ifio

Isolation of Narrow Distributions within Protein lon ] > .
(compared with measurements in other instrumeiit¥)0

Structural Types. As mentioned above, we and others have
previously recorded IMS data for individual charge states of
ubiquitin. The instrument in Figure 1 is designed such that there
is a good separation of conformation types near the midpoint  Figure 2 shows two nested drift(flight) time data sets for
of the drift tube. At this point, a narrow region within the IMS  ubiquitin ions. The first of these data sets is obtained when all

Results and Discussion
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Figure 2. Nested drift(flight) time distributions showing the total distribution of electrosprayed ubiquitin ions (left) and a narrow distribution of
mobility-selected ions that were gated into D2 at 7.8 ms (right). Also shown are the summed mass spectra (sides) and summed drift time distributions
(top) obtained by integrating the two-dimensional data across all drift times andzalblues, respectively. The drift time represents the total time
required for the ions to travel through D1 to the TOF source.

ions are transmitted through both drift regions and is essentially well as charge states for two other systems that we have
indistinguishable from data measured previously for this examined so far, cytochrome ¢ and bradykinin). That is, at most

systen?%22 We observe evidence for the5 to +13 charge
states of ubiquitin, and the range of compat¢t(to +7),
partially-folded (7 to +10), and elongated+H9 to +13)
conformations is consistent with previous measurenérifs2®
It is worthwhile to note that in this instrument the original ion

selection times, most ions appear as a single sharp peak. In a
few cases, some ions appear as broader peaks, even when
selected using a narrow pulse. This type of behavior is still under
investigation and will be presented elsewhere.

Figure 3 illustrates the shape of the IMS and IM®IS peaks

packet is gated rather than injected into the drift region. From on a cross section scale for the7 charge state. The single

a series of studies in which the gating conditions are varied, it dimension IMS measurement shows evidence for the three

appears that the conditions that are emp loyed here are .rel_at'vfelyconformer types that we have discussed previously: a compact
gentle. Therefore the present distributions are most similar in

appearance to those data that we have recorded at our Iowes%tate’ a partially-folded state, and elongated state. A selection

UL L - i . of a narrow region of mobilities in the compact region leads to
injection energies (in previous studi€=s well as data obtained . .
from our high-pressure drift tube (where no injection is a single sharp peak that is much narrower than the range of

employedy° compact structures associated with the peak in the single
The sec.ond data set shows the two-dimensional nesteddimension experiment. When all ions are transmitted through

drift(flight) time distribution that is obtained when a narrow bﬁth drift tubes (a_ smglg d|rgen3|on olf:lé\g%gseparat|on),:_ﬂe

range of ions at a specified mobility is transmitted into the ©13'9€ state maximum is observe (corresponding

second drift region. These ions are selected in the gate regiont® Compact ions) and a broad feature that peaks 50 K
7.8 ms after release of the initial ion packet. Within this and extends to~1500 & (corresponding to partially-folded

selection, thet-7 to +13 charge states are observed, and each ions). The cross section distribution for this charge state is
of these charge states has a total drift ime of 16.57 ms and iséssentially indistinguishable from data published previously from
observed as a single sharp feature (along the drift time @ high-pressure, high-resolution drift tube measurertfevite
dimension) in the distribution. To have the same mobilities, these estimate the full width at half-maximum (fwhm) for the peak
different charge states must have different conformations. The associated with the compact conformer type in Figure 3 to be
+5 and+6 charge states are not observed in the selected ion~100 A2 When a narrow range of structures, having cross
data set because none of the conformations of these charge stategections that are near the maximum of the distribution for this
has mobilities within the range of the selection. charge state, is selected, the peak is much narrower, having a
The most striking feature of the selected-mobility distribution fwhm of ~9 A2, near the 8 A distribution that is calculated
recorded in Figure 2 is that each of the charge states (andfrom the transport equation for transmission of a single
conformations) displays a single very sharp peak in the drift structure?® This result requires that these ions exist as a much
time distribution. As shown in more detail below, this peak narrower range of cross sections than what is observed within
shape appears to be typical for ubiquitin ion charge states (asthe range of the compact conformer type. Additionally, these
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c and during electrospray ionization. In this case, such structures
. could be stabilized if they are effectively “frozen out” during

the evaporative cooling process associated with ion formation

from the charged electrospray droplets?? It is intriguing to

P consider that, to the extent that this is true, the number of isolable
I E gas-phase structures may reflect the nature of the local equi-
librium of states that exists in solution prior to formation of the
b i i 1-53
— theory isolated ior®
o o measured The present results may also cause us to reexamine our
. previous definitions of conformation types. Had it been the case

that a narrow selection led to a broad peak that reflected the
larger distribution of a previously defined conformer type, then
a we would have concluded that peaks within a conformer family
sampled many related conformations across the family. The
narrow peaks observed in the present studies appear to be stable

P on the time frame of these experiments. It is possible that

E although the cross sections are similar (to the extent that

L L B B B | conformations cannot be resolved without selection) the struc-
1000 1500 2000 tures associated with these narrow distributions correspond to
very different types of folded structures. Further experiments
are underway to test these ideas.

cross section (A2)

Figure 3. Drift time distributions of the [M+ 7H]"* of ubiquitin.

Mobility distributions were obtained by integrating drift time inte%sities Acknowledgment. This work is supported in part by grants

over a narrow range afvz values corresponding to the [M 7H]"". : . h

(a) The total mobility distribution shows that tH€7 charge state exists from the Ngtlonal Science Foundation (CHE-0078737), the

mostly as compact structures (C), some partially-folded structures (P), National Institutes of Health (AG-024547-01 and P41-RR018942),

and minimal elongated structures (E). (b) A single peak is observed and Indiana University METACyt initiative funded from the

when a narrow distribution (5@s) of the compact structure is isolated  Lilly Endowment, and the 21st Century Fund.

with mobility selection at 7.8 ms. The inset compares the theoretical

to the experimentally measured peak shape (see text). (c) The totalReferences and Notes

mobility distribution for the+7 is reconstructed with 28 mobility-

selected distributions acquired everp.125 ms. (1) (a) Suckau, D.; Shi, Y.; Beu, S. C.; Senko, M. W.; Quinn, J. P.;

Wampler, F. M.; McLafferty, F. WProc. Natl. Acad. Sci. U.S.A993

Lo .90, 790-793. (b) Wood, T. D.; Chorush, R. A.; Wampler, F. M., lll.; Little,

structures do not appear to change structure significantly duringp "p - o'Connor, P. B.; McLafferty, F. WProc. Natl. Acad. Sci. U.S.A.

the time scale of the measurement. 1995 92, 2451. (c) McLafferty, F. W.; Guan, Z. Q.; Haupts, U.; Wood, T.
By variation of the selection time associated with the ion gate, D-: Kelleher, N. L.J. Am. Chem. S0d.998 120 4732-4740.

it is possible to select regions of each conformer type. Figure 3 616(2) Covey, T.; Douglas, D. JI. Am. Soc. Mass Spectrotf93 4,

illustrates this by sho_wing a distributi_on of mobility-selected '(3) von Helden, G.; Wyttenbach, T.; Bowers, M.Sciencel 995 267,

data sets corresponding to transmission of different structures1483-1485.

within the compact and partially-folded conformer types of the (4) Schnier, P. D.; Gross, D. S.; Williams, E. R. Am. Chem. Soc.

total ion distribution (elongated structures have been examined 993 117 6747*675_7' . . . ) .

. . (5) Gross, D. S.; Schnier, P. D.; Rodriguez-Cruz, S. E.; Fagerquist, C.

in other charge states). When superimposed, the narrow peaks : williams, E. R. Proc. Natl. Acad. Sci. U.S.A996 93, 3143-3148.

that are observed take on the appearance of the broader (6) Clemmer, D. E.; Hudgins, R. R.; Jarrold, M.J.Am. Chem. Soc.

distributions that are observed from the total ion distribution. 1995 117 10141-10142.

This distribution shows that it is possible to isolate narrow ranges (7) Clemmer, D. E.; Jarrold, M. K. Mass Spectronl.997 32, 577~

of cross sections (and presumably conformations) within the " (g) (a) Hudgins, R.; Woenckhaus, J.; Jarrold, M. IRt. J. Mass

broader conformer types. Spectrom1997, 165166, 497-507. (b) Shelimov, K. B.; Clemmer, D. E.;
Within each of the broader conformation types associated with Hudgins, R. R.; Jarrold, M. K. Am. Chem. S0d.997 119, 2240-2248.

the +7 charge state we have been able to easily sel6et10 (9) Green, M. K.; Lebrilla, C. BMass Spectrom. Re1997, 16, 53~

narrow regions that do not appear to interconvert substantially. (10) (a) Peschke, M. Blades, A.; Kebarle, > Am. Chem. S0d999

Clearly, many conformers may still exist, even within the 124 11519-11530. (b) Peschke, M.; Verkerk, U. H.; Kebarle,BRr. J.

narrower range of selected ions. Mass Spectrom2004 10, 993-1002.
(11) Jarrold, M. FAcc. Chem. Red.999 32, 360-367.

Conclusion (12) Jarrold, M. FAnnu. Re. Phys. Chem200Q 51, 179-207.
(13) Wyttenbach, T.; Bowers, M. Top. Curr. Chem2003 225, 207~

We have shown that the broad peaks that are typically 23@4) Zhang, . 0. Smith, D. LProtein Sci.1693 2, 522531
_observed in ion mobility separations can be comprised of many (15) Breukér’ K. ,’wcl_aﬁérty’ F. WANgew. Chem." Int, E2005 44,
isolable structures that are not fully resolved rather than a systemgg11-4914.

of structures that interconvert during separation. For theHM (16) Hoaglund-Hyzer, C. S.; Lee, Y. J.; Counterman, A. E.; Clemmer,
7H]™ at the resolution of the present system, it is possible to D- E. Anal. Chem2002, 74, 992-1006.

. o . (17) McLean, J. A.; Ruotolo, B. T.; Gillig, K. J.; Russell, D. Ht. J.
isolate from 5 to 10 narrower distributions within the broader \,c ‘spectrom2005 240, 301-315.

conformation types. (18) Guevremont, R.; Purves, RASEB J.2005 19, A767—A767.

An important issue involves the origin of the many closely (19) Valentine, S. J.; Anderson, J. G.; Ellington, A. D.; Clemmer, D. E.
related structures within a conformer type. Because conforma-J- Phys. Chem. B997 101, 3891-3900.
tions do not interconvert significantly within the range of ,fﬂzggs"g;éé’t\:;nzgggzlkgi33'7A_';4$°”merma”'A' E.; Clemmer, QInE.
conformer types at 300 K, one might imagine that it is possible " (21) purves, R. W.; Barnett, D. A.; Guevremont, Rt. J. Mass

that the structures may reflect those present in solution prior to Spectrom200Q 197, 163-177.



Structures within Electrosprayed Ubiquitin lons

(22) Myung, S.; Badman, E.; Lee, Y. J.; Clemmer, DJEPhys. Chem.
A 2002 106, 9976-9982.

(23) Badman, E. R.; Myung, S.; Clemmer, D. E. Am. Soc. Mass
Spectrom2005 16, 1493-1497.

(24) Thalassinos, K.; Slade, S. E.; Jennings, K. R.; Scrivens, J. H.; Giles,

K.; Wildgoose, J.; Hoyes, J.; Bateman, R. H.; Bowers, MIriE. J. Mass
Spectrom2004 236, 55—63.

(25) Bernstein, S. L.; Liu, D. F.; Wyttenbach, T.; Bowers, M. T.; Lee,
J. C,; Gray, H. B.; Winkler, J. RJ. Am. Soc. Mass Spectro2004 15,
1435-1443.

(26) Borysik, A.J. H.; Read, P.; Little, D. R.; Bateman, R. H.; Radford,
S. E.; Ashcroft, A. ERapid Commun. Mass Spectrog@04 18, 2229~
2234.

(27) Winger, B. E.; Light-Wahl, J. J.; Rockwood, A. L.; Smith, R. D.
J. Am. Chem. S0d.992 114, 5897-5898.

(28) Cassady, C. J.; Carr, S. R.Mass Spectronl996 31, 247—254.

(29) Valentine, S. J.; Counterman, A. E.; Clemmer, DJEAmM. Soc.
Mass Spectronil997, 8, 954-961.

(30) (a) Valentine, S. J.; Clemmer, D. E.Am. Chem. S0d.997, 119
3558-3566. (b) Valentine, S. J.; Clemmer, D.EAm. Soc. Mass Spectrom.
2002 13, 506-517.

(31) Freitas, M. A.; Hendrickson, C. L.; Emmett, M. R.; Marshall, A.
G. Int. J. Mass Spectronl999 187, 565-575.

(32) Robinson, E. W.; Williams, E. R. Am. Soc. Mass Spectro205
16, 1427-1437.

(33) (a) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E. R.
J. Am. Chem. Sod996 118 7178-7189. (b) Price, W. D.; Schnier, P.
D.; Williams, E. R.Anal. Chem1996 68, 859-866.

(34) Woenckhaus, J.; Mao, Y.; Jarrold, M. J.Phys. Chem. B997,
101, 847-851.

(35) (a) Breuker, K.; Oh, H. B.; Horn, D. M.; Cerda, B. A.; McLafferty,
F. W.J. Am. Chem. SoQ002 124, 6407-6420. (b) Oh, H.; Breuker, K.;
Sze, S. K.; Ge, Y. Carpenter, B. K.; McLafferty, F. \Rrtoc. Natl. Acad.
Sci. U.S.A2002 15863-15868.

(36) Zubarev, R. A.; Horn, D. M.; Fridriksson, E. K.; Kelleher, N. L.;
Kruger, N. A.; Lewis, M. A.; Carpenter, B. K.; McLafferty, F. WAnal.
Chem.200Q 72, 563-573.

(37) Adams, C. M.; Kjeldsen, F.; Zubarev, R. A.; Budnik, B. A;
Haselmann, K. FJ. Am. Soc. Mass Spectrog004 15, 1087-1098.

(38) Fenn J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C.

M. Sciencel989 246, 64—71.

J. Phys. Chem. B, Vol. 110, No. 13, 2008021

(39) Badman, E.; Myung, S.; Clemmer, D. Enal. Chem2002 74,
4889-4894.

(40) Reid, G. E.; Wu, J.; Chrisman, P. A.; Wells, J. M.; McLuckey, S.
A. Anal. Chem2001, 73, 3274-3281.

(41) Geller, O.; Lifshitz, CJ. Phys. Chem. R005 109, 2217-2222.

(42) Zhai, H.; Han, X. M.; Breuker, K.; McLafferty, F. WAnal. Chem.
2005 77, 57775784

(43) Shvartsburg, A. A.; Fumin, L.; Tang, K.; Smith, R.[D.Am. Chem
Soc, submitted for publication.

(44) Wyttenbach, T.; Kemper, P. R.; Bowers, M. Tht. J. Mass
Spectrom2001, 212, 13—23.

(45) Hudgins, R. R.; Mao, Y.; Ratner, M. A,; Jarrold, M.Biophys. J.
1999 76, 1591-1597.

(46) Koeniger, S. L.; Merenbloom, S. I.; Valentine, S. J.; Jarrold, M.
F.; Udseth, R. D.; Smith, R. D.; Clemmer, D. Enal. Chem. submitted
for publication.

(47) (a) Hill, H. H.; Siems, W. F.; St. Louis, R. H.; McMinn, D. G.
Anal. Chem199Q 62, A1201-A1209. (b) St. Louis, R. H.; Hill, H. H., Jr.
Crit. Rev. Anal. Chem199Q 21, 321. (c) Ewing, R. G.; Atkinson, D. A;
Eiceman, G. A.; Ewing, G. Jalanta2001, 54, 515-529. (d) Hilderbrand,

A. E.; Valentine, S. J.; Clemmer, D. E. Mobilities: Biological Systems
and Clusters IfEncyclopedia of Mass Spectromet@ross, M. L., Caprioli,
R., Armentrout, P., Eds.; Elsevier: Kidlington, Oxford, 2003; Vol. 1, pp
506—-520. (e) Collins, D. C.; Lee, M. LAnal. Bioanal. Chem2002 372,
66—73. (f) Creaser, C. S.; Griffiths, J. R.; Bramwell, C. J.; Noreen, S.;
Hill, C. A.; Thomas, C. L. PAnalyst2004 129, 984—994.

(48) Hoaglund, C. S.; Valentine, S. J.; Sporleder, C. R.; Reilly, J. P;
Clemmer, D. EAnal. Chem1998 70, 2236.

(49) Mason, E. A.; McDaniel; E. WTransport Properties of lons in
Gases Wiley: New York, 1988.

(50) Counterman, A. E.; Valentine, S. J.; Srebalus, C. A.; Henderson,
S. C.; Hoaglund, C. S.; Clemmer, D. E.Am. Soc. Mass Spectrof298
9, 743-759.

(51) Lee S. W.; Freivogel P.; Schindler T.; Beauchamp JJ.LAm.
Chem. Soc1998 120, 11758-11765.

(52) Loo, J. A;; He, J. X.; Cody, W. LJ. Am. Chem. S0d.998 120,
4542-4543.

(53) Rodriguez-Cruz S. E.; Klassen J. S.; Williams E.JJRAmM. Soc.
Mass Spectroml999 10, 958-968.



