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Abstract: Singly- and multiply-protonated ubiquitin molecules are found to react with iodide anions, and certain
other anions, by attachment of the anion, in competition with proton transfer to the anion. The resulting adduct ions
are relatively weakly bound and dissociate upon collisional activation by loss of the neutral acid derived from the
anion. Adduct ions that behave similarly can also be formed via ion/molecule reactions involving the neutral acid.
The ion/molecule reaction phenomenology, however, stands in contrast with that expected based on the reaction
site(s) being charged. Reaction rates increase inversely with charge state and the total number of neutral molecules
that add to the protein cations increases inversely with cation charge. These observations are inconsistent with the
formation of proton-bound clusters but are fully consistent with the formation of ion pairs or dipole/dipole bonding
involving the neutral acid and neutral basic sites in the protein. The ion/ion reactions can be interpreted on the basis
of conjugate acid/base chemistry in which the anion, which is a strong gaseous base, reacts with a protonated site,
which is a strong gaseous acid. Adduct ions can also be formed via ion/molecule reaction which, on the basis of
microscopic reversibility, implies that the neutral acid interacts with neutral basic sites on the protein cation. These
results suggest that acid adduction to gaseous protein cations can be complementary in nature to chemical reactions,
such as proton transfer and hydrogen/deuterium exchange, that are strongly mediated by the charge site(s).

Introduction (anions) with singly-charged ions of opposite polarity have
. . recently been reportéd. lon/ion reactions proceed over an

The advent of electrosprayfES) and matrix-assisted laser  energy hypersurface very different from those associated with

desorption ionizatichhas made possible studies of the chemistry jon/mglecule reactions involving charge transfer. lon/ion reac-

of gaseous ions derived from biopolymers. In the case of ES, {jons have been shown to be more effective in manipulating

ions derived from biopolymers, such as proteins, are frequently biopolymer charge states as a result of the highly exothermic
multiply charged. For multiply-charged biopolymers, most

attention has been placed on unimolecular dissociation chemlstryIoolyloeloti de cations are as follows: (a) Smith. R. D.: Barinaga, C. J.: Udseth,

for the purpose of deriving primary sequence informaioh. 'R J. Phys. Chem1989 93, 5019. (b) Beu, S. C.; Senko, M. W.; Quinn,
Studies of the ion/molecule and ion/ion chemistry of multiply- J. P.; Wampler, F. M., Ill; McLafferty, F. WJ. Am. Soc. Mass Spectrom.
charged biopolymers have also been performed, however.1993 4, 557. (c) Smith, R. D.; Barinaga, C. Rapid Commun. Mass

Examples of ion/molecule chemistry studies include exposure g%ﬁfﬁ%@ggﬁ;f’ébgzﬂ%ﬂr"Rﬂazf:s’ gbggtigg'gs’lgb_(;(;)ﬂ%et?j X' R

of gaseous protein polycations to strong gaseous bases for th&dmonds, C. G.; Smith, R. Bciencel99Q 248 201. (f) Feng, R.; Konishi,
study of proton transfer reactiofsind to QO for the study of Y. Anal. Chem1993 65, 645. (g) Loo, J. A} Edmonds, C. G.; Smith, R.

: : _ D. Anal. Chem1993 65, 425. (h) Hunt, D. F.; Zhu, N.-Z.; Shabanowitz,
hydrogen/deuterium exchange reactiénBroton transfer reac J. Rapid Commun. Mass Spectrob989 3, 122. (i) Loo. J. A. Edmonds,

tions have been used to manipulate charge states, to probe highet. G.: Smith, R. DAnal. Chem1991, 63, 2488. (j) Edmonds, C. G.; Loo,
order gas-phase structure, and to evaluate the dielectric associd. A,; Fields, S. M.; Barinaga, C. J.; Udseth, H. R.; Smith, R. DBibiogical

; in i ; ass SpectrometnyBurlingame, A. L., McCloskey, J. A., Eds.; Elsevier:
ated Wlth ﬁase%us prOteIQ Ions. dH)r/]Qrﬁgen/geuterlum EXChange'XImsterdam, 1990; pp #7100. (k) Alexander, A. J.; Thibault, P.; Boyd, R.
reactions have been used to study higher order protein structurek . curtis, J. M.; Rinehart, K. Lint. J. Mass Spectrom. lon Processes

in the gas phase. 199Q 98, 107. (l) Senko, M. W.; Beu, S. C.; McLafferty, F. \&nal. Chem.
; ; v ; 1994 66, 415.

The reactions  of ISOlat.ed mulltlply Charged. blopolymers (4) Examples of studies focussed on the unimolecular dissociation of
derived from ES of proteins (cations) and oligonucleotides ojigonucleotide anions are as follows: (a) McLuckey, S. A.; Van Berkel,
G. J.; Glish, G. LJ. Am. Soc. Mass Spectrof®92 3, 60. (b) McLuckey,

® Abstract published i\dvance ACS Abstract$ebruary 1, 1997. S. A,; Habibi-Goudarzi, SJ. Am. Chem. S0d993 115 12085. (c) Little,

(1) (a) Yamashita, M.; Fenn, J. B. Phys. Chem1984 88, 4451. (b) D. P.; McLafferty, F. W.J. Am. Chem. So&995 117, 6783. (d) McLuckey,
Yamashita, M.; Fenn, J. B. Phys. Chenil984 88, 4671. (c) Aleksandrov, S. A,; Habibi-Goudarzi, SJ. Am. Soc. Mass Spectrod994 5, 740. (e)

M. L,; Gall, L. N.; Krasnov, N. V.; Nikolaev, V. I.; Paulenko, V. A; Little, D. P.; Chorush, R. A.; Speir, J. P.; Senko, M. W.; Kelleher, N. L,;
Shkurov, V. A.Dokl. Phys. Chem. (Engl3984 277, 572. (d) Wong, S. McLafferty, F. W.J. Am. Chem. S0d.994 116, 4893. (f) McLuckey, S.

F.; Meng, C. K.; Fenn, J. Bl. Phys. Chem1988 92, 546. (e) Meng, C. A.; Vaidyanathan, G.; Habibi-Goudarzi, 3. Mass Spectroni995 30,

K.; Mann, M.; Fenn, J. BZ. Phys. D: At. Mol. Cluster4988 10, 361. (f) 1222. (g) Barry, J. P.; Vouros, P.; Schepdael, A. V.; Law, SJYMass
Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Spectrom1995 30, 993. (h) Crain, P. F.; Gregson, J. M.; McCloskey, J.
Sciencel99Q 246, 64. (g) Smith, R. D.; Loo, J. A.; Edmonds, C. G.;  A.; Nelson, C. C.; Peltier, J. M.; Philips, D. R.; Pomerantz, S. C.; Reddy,
Barinaga, C. J.; Udseth, H. Rnal. Chem199Q 62, 882. (h) Fenn, J. B.; D. M. In Mass Spectrometry in the Biological SciencBsrlingame, A.
Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. Mass Spectrom. L., Carr, S. A.,, Eds.; Humana Press: Totowa, NJ, 1996; p 497. (i)
Rev. 199Q 9, 37. (i) Smith, R. D.; Loo, J. A.; Ogorzalek Loo, R. R.; Busman,  Boschenok, J.; Sheil, M. MRapid Commun. Mass Spectrob896 10 144.

(3) Examples of studies focussed on the unimolecular dissociation of

M.; Udseth, H. RMass Spectrom. Re1991, 10, 359. (j) Mann, M.Org. () Gentil, E.; Banoub, JJ. Mass Spectrom1996 31, 83. (k) Ni, J.;
Mass Spectroml99Q 25, 575. (k) Huang, E. C.; Wachs, T.; Conboy, J. J.; Pomerantz, S. C.; Rozenski, J.; Zhang, Y.; McCloskey, JAral. Chem.
Henion, J. D.Anal. Chem199Q 62, 713A. 1996 68, 1989. (I) Wolter, M. A.; Engels, J. WEur. Mass Spectron1995

(2) (@) Karas, M.; Hillenkamp, FAnal. Chem.1988 60, 2299. (b) 1, 507. (m) McLuckey, S. A.; Vaidyanathan, @&t. J. Mass Spectrom. lon
Overberg, A.; Karas, M.; Hillenkamp, Rapid Commun. Mass Spectrom.  ProcessesIn Press.

1991, 5, 128. (c) Nordhoff, E.; Ingedoh, A.; Cramer, R.; Overberg, A.; (5) A recent discussion of the dissociation reactions of carbohydrate
Stahl, B.; Karas, M.; Hillenkamp, F.; Crain, P. Rapid Commun. Mass cations is given by: Reinhold, V. N.; Reinhold, B. B.; Costello, CABRal.
Spectrom1992 6, 771. Chem.1995 67, 1772.
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nature of the reactiorf§. Anion attachment to gaseous multiply- trap through an end-cap glectro‘deF_urther Improvemgnts to the
charged proteins has also been noted and that the attachmerglectrospray interface design and ion trap electronics have been
reaction is highly dependent upon the identity of the affon. ~incorporated to improve sensitivity and reproducibility associated with

. _ . . high mass-to-charge analysis. Details of these changes have been
This report relates both ion/ion and ion/molecule reaction reported elsewher.

studies deS|gnec_i to |r_1terrog_l?1r:§ the E?‘ture zf anlc()jn hattachment The singly charged anions used in the ion/ion reaction experiments
to ga:_seous. protein catlpns. IS VYOI' as Indicated t at,gaseou%/ere generated by an atmospheric sampling glow discharge (ASGDI)
protein cations react differently with strong gaseous acids than soyrce mounted 9ao the aforementioned electrospray source. The

they do with strong gaseous bases. Proteins, of course, haveon trap is situated such that there is a line of sight from the exit aperture
both acidic and basic functionalities and their amphoteric nature of the ASGDI source to a 3-mm hole drilled in the ring electréti

is clearly apparent in their condensed-phase behaviors. WhileA detailed description of the sample introduction system and control
the importance of the most acidic functionalities in gaseous electronics for the ASGDI source have been published previgasly.
protein cations, viz., protonated residues, in unimolecular and The compou_nds used to generate t@e anionic reactantsCOCY,
ion/molecule chemistry is recognized, the role of basic func- CRCOO", 17, and CHCH,CH,CH,O" were trichloroacetic acid,
tionalities in gaseous protein cations has not be intentionally trifluoroacetic acid, 2-iodopropane, amdbutyl nitrite, respectively
probed. The significance of the results described herein is thatt(ChemservIce Inc., West Chester, PA). The anions Bf, GgF1s,

- . and GFi3~ were generated from methylene chloride, 1,2-dibromo-
they lead to the expectation that use of strong gaseous acids Afetrafluoroethane, and perfluoro 1,3-dimethylcyclohexane (PDCH),

chemical probes of gaseous protein ions is complementary t0regpectively (Aldrich Chemical Co., Milwaukee, WI). A nitrated
both proton transfer and hydrogen/deuterium exchange chem-gynamite sample was used as a source oN&hd NG~ anions.
istries involving gaseous bases, which, unlike the protein/acid Samples of gFy, obtained from John McCall of the K-25 Site in Oak

interaction, are charge-site mediated. Ridge, TN, were used as a source ofsCBnions. The inlet pressure
for the ASGDI source was set to 950 mTorr for all experiments.
Experimental Section For the case of ion/molecule attachment reactions involving cations

of ubiquitin, the gaseous acid HI (Aldrich) was admitted into the
Bovine ubiquitin was obtained from Sigma Chemical Co., St. Louis, unheated vacuum system to a pressure ef6to 2.1 x 1075 Torr.
MO. Stock solutions for electrospray were prepared by dissolving 1 Helium bath gas was added to the vacuum system to a total pressure
mg of ubiquitin in a 50:50 methanelater mixture containing 1% of 1 mTorr. These experiments consisted of a cation accumulation
doubly distilled acetic acid (Aldrich Chemical Co., Milwaukee, WI).  period, followed by a delay of 5 to 2000 ms prior to mass analysis. In
Working standards at 10M were prepared by a 1:20 dilution of stock  the case of iofrmolecule reaction kinetic measurements involving
solution in 100% methanol containing 1% doubly distilled acetic acid. individual charge sites of ubiquitin, a mass selection step was used

The solution was infused at rates between 1.0 and:R/Min through (see below) to select the charge state of interest. This was followed
a 120um i.d. stainless steel capillary held at a potentiab&500 to by a variable reaction period (up to 2000 ms) for the formation of
+4000 V. ubiquitin—adduct ions. lormolecule adduction rates were determined

All experiments were carried out with a home-made electrospray by measuring the loss rate of the parent ion of the selected charge state.
source coupled with a Finnigan-MAT (San Jose, CA) lon Trap Mass The rate was obtained from the slope of the plot of the negative
Spectrometer modified for injection of ions formed external to the ion logarithm of theli/lo intensity ratio versus time. Pseudo-first-order
kinetics prevail due to the great excess of neutral gaseous acid over

(6) (a) McLuckey, S. A.; Van Berkel, G. J.; Glish, G. I. Am. Chem. ubiquitin cations present in the ion trap during the reaction period.
So0c.199Q 112 5668. (b) Ogorzalek-Loo, R. R.; Loo, J. A,; Udseth, H. R.;  Values for the rate constant were obtained by dividing the relative rate

Fulton, J. L.; Smith, R. DRapid Commun. Mass Spectroi@92 6, 159. by the calculated number density of the gaseous acid present in the
(c) Winger, B. E.; Light-Wahl, K. J.; Smith, R. DJ. Am. Soc. Mass vacuum system

Spectrom1992 3, 624. (d) Suckau, D.; Shi, Y.; Beu, S. C.; Senko, M. W_;

Quinn, J. P.; Wampler, F. M.; McLafferty, F. WProc. Natl. Acad. Sci. ~ lon Manipulation and Mass-to-Charge Analysis Cations were
U.S.A. 1993 90, 790. (e) Ikonomou, M. G.; Kebarle, Pnt. J. Mass injected axially into the trap for periods ranging from 0.05 to 0.15 s.
Spectrom. lon Proc1992117, 283. (f) Cassady, C. J.; Wronka, J.; Kruppa,  The radio frequency sine-wave amplitude applied to the ring electrode
G. H.; Laukien, F. HRapid Commun. Mass Spectroh®94 8, 394. (g) during ion injection ranged from 700 to 1200 V zero-to-peak. Anions

Ogorzalek Loo, R. R.; Smith, R. D). Am. Soc. Mass Spectrod994 5, ; : i
207. (h) McLuckey, S. A.; Glish, G. L.; Van Berkel, G. Anal. Chem. were formed by sampling the head space vapors of the various anionic

1991 63, 1971. (i) Hunter, A. P.; Severs, J. C.; Harris, F. M.; Games, D. "€2gents in the glow discharge.

E. Rapid Commun. Mass Spectrot®94 8, 417. (j) Smith, R. D.; Cheng, Details of ion isolation for high-mass multiply-charged ions have
X.; Bruce, J. E.; Hofstadler, S. A.; Anderson, G. Nature 1994 369, been given previouslit A single resonance ejection scan was used
137. (k) Schnier, P. D.; Gross, D. S.; Williams, E. R.Am. Chem. Soc.  for jsolation of parent ions. Lown/zions were ejected by passing the

1995 117, 6747. (I) Cassady, C. J.; Carr, S. R.Mass Spectronl996 ; ; ; :
31, 247. (m) McLuckey, S. A Van Berkel, G. J.. Glish, G, L.; Schwartz, ions through aj, value of 0.908 by scanning the amplitude of the ring

J. C. InModern Mass Spectrometry: Practical Aspects of lon Trap Mass €l€ctrode radio frequency sine-wave. Higlzions were ejected by a
SpectrometryMarch, R. E., Todd, J. F. J., Eds.; CRC Press: Boca Raton, dipolar resonance ejection scan using a 8-V peak-to-peak sine-wave
1995; Vol. 2, Chapter 3, pp 89141. (n) Gross, D. S.; Rodriguez-Cruz, S.  signal applied to the end caps at a frequency selected to eject ions at
E.; Williams, E. RJ. Phys. Chentl995 99, 4034. (o) Schnier, P. D.; Gross,  anmvz value slightly greater than that of the parent ion. Parent ions

B' z.ivv\\//i_lllli_ams, EE T?JJ ,:m. Sgﬁ' Masss ds_gg%”ff?%%g 1085’\-/,#?) GrolsEs, were isolated prior to the anion accumulation period at less than unit
+ 9n WHIAMS, £ K. AM. LNem. 5o ' - (a) Williams, E. resolution to avoid parent ion loss, due either to dissociation or to
R. J. Mass Spectronl996 31, 831. o
(7) () Winger, B. E.; Light-Wahl, K. J.; Rockwood, A. L.; Smith, R.  €jection from off-resonance power absorptfon.
D.J. Am. Chem. S0d992 114, 5897. (b) Suckau, D.; Shi, Y.; Beu, S. C.; Mass-to-charge analysis was effected after the completion of all ion
Senko, M. W.; Quinn, J. P.; Wampler, F. M., lll; McLafferty, F. \Rroc. isolation and reaction periods using resonance ejéétioryield a mass/

\’;‘V?L-f;g?d'-: Sl\;l:l'lllﬁ'l?iiﬁéggDa F?o 07,?:%”(:()”\’\;0%’1 &'cEé}fngorgsr\}#’EﬁcA" charge range (for ubiquitin) as high as 12 000 using resonance ejection
Natl. g\ca'd. 'Sci. U'.S.A1é95. 92 o451, Y, . Viroc. amplitudes of 3.55.0 Ve—p. The mass-to-charge scale was initially
(8) (a) Herron,W. J.; Goeringer, D. E.; McLuckey, S. &.Am. Soc. calibrated using the electrospray mass spectrum of ubiquitin. In this

Mass Spectrom1995 6, 529. (b) Herron, W. J.; Goeringer, D. E.;  Work, the mass-to-charge ratios of the various charge states of the parent
McLuckey, S. A.J. Am. Chem. S0d.995 117, 11555. (c) Herron, W. J.;
Goeringer, D. E.; McLuckey, S. AAnal. Chem.1996 68, 257. (d) (9) Van Berkel, G. J.; Glish, G. L.; McLuckey, S. Anal. Chem199Q
McLuckey, S. A.; Herron, W. J.; Stephenson, J. L., Jr.; Goeringer, D. E. 62, 1284.

Mass Spectroml996 31, 1093. (e) Stephenson, J. L., Jr.; McLuckey, S. (10) Stephenson, J. L., Jr.; McLuckey, S.Axal. Chem1996 68, 4026.

A. J. Am. Chem. S0d.996 118 7390. (f) McLuckey, S. A.; Stephenson, (11) McLuckey, S. A.; Goeringer, D. E.; Glish, G. . Am. Soc. Mass
J. L, Jr.; O’Hair, R. A. J.J. Am. Soc. Mass Spectrorin press. (g) Spectrom199], 2, 11.
Stephenson, J. L., Jr.; McLuckey, S.lAt. J. Mass Spectrom lon Processes (12) Kaiser, R. E., Jr.; Cooks, R. G.; Stafford, G. C., Jr.; Syka, J. E. P.;

In Press. Hemberger, P. Hint. J. Mass Spectrom. lon ProcessE391, 106, 79.



1690 J. Am. Chem. Soc., Vol. 119, No. 7, 1997

] [M+nH]™" lons
+9
® miz9s2

a
o
=4
=3
|

10 48 +8
m/z 1072

+7
@ miz1224

J +6
® mz1428

-
2
=
=]
z
I
£
2 4000
<
-y
5
=
2
=
=

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
m/z
Figure 1. Product ion spectrum resulting from the interaction of the

9+ charge state of bovine ubiquitin with a population of iodide anions
for 25 ms.

compound were known and could be used to determine a correction
for the mass scale provided by the ion trap data system. Proton transfe
reactions between multiply-charged ubiquitin cations and PDCH anions
were used to calibrate the mass scale at higher mass-to-charge value

The spectra shown here were typically the average flB0 individual
scans’®

Results and Discussion

In recent gas-phase bio-ion/ion studre&!Oit has been noted
that the anions (MF)~ and (M—CF;")~ derived from perfluoro-
1,3-dimethylcyclohexane (PDCH) react exclusively via proton

transfer with multiply-protonated peptides and proteins, e.g.:

(M + nH)™ + CF; — (M + (n — HHY" D" + HCF,,
@

However, we have observed that a number of even-electron

anions, A, can, in addition to react by proton transfer, react
by attachmengé9viz.,

M+nH)"™ +A" = M+nH+A)"D" (2

So far, the anion found to show the greatest extent of attachment
to a variety of multiply-protonated peptides and proteins, relative

to proton transfer, is the iodide anion, | Bovine ubiquitin is
used to illustrate a variety of observations made withds

well as other anions, involving anion attachment to protein

cations.
Figure 1 shows the results of an experiment in which e 9

charge state of ubiquitin was isolated and allowed to react with

a population of T anions for 25 ms. Note that the products
from proton transfer, such as the (M8H)8" cation, and anion
attachment, such as the (M 9H + 17)8" cation, both appear

r
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Figure 2. Product ion spectrum resulting from a rapid resonance
excitation sweep across the cation population reflected in Figure 1.

amplitude of the trapping voltage applied to the ring electrode
such that each ion is swept through resonance with the applied

dipolar field. In effect, this procedure subjects each ion to a

brief collisional activation period and is often used to desolvate
ions formed via electrospréy. Figure 2 shows that molecules
of HI are readily removed from the (M nH + xI7)™+ jons,

ie.

(M + nH + x17)"™" — (M + (n — )H)"™" + xHI (3)

This effect is most apparent for thet%o 5+ charge states.
The ions of the 4 and 3t charge states are of higher mass-
to-charge and are less strongly trapped than the more highly
charged ions. The latter ions therefore tend to be ejected from
the ion trap under the conditions that are most effective at
removing molecules of HI from the higher charge states. In
separate experiments in which ions within each charge state
were isolated and subsequently subjected to collisional activation
via a rapid sweep of resonance excitation, as described above,
reaction 3 was the exclusive reaction path. Proton transfer to
HI was not observed, e.g.,

(M +nH+ 1) (M + (n=2)H) " 2"+ H,IT (4)
and loss of T was not observed, e.g.,
M+nH+ 1) s M+ nH)™ +17 (5)

Fragmentation of protein covalent bonds was not observed, e.g.,

M +nH+ 1) mH O+ mH I (6)

but that anion attachment dominates. For example, very little Where m and m represent protein fragments. This set of
of the (M+ 6H)5* product ion expected from three consecutive observations suggests that the attached species are loosely bound

proton transfer reactions appears in Figure 1 while an abundant(Probably not covalently attached). Moreover, the anion at-

(M + 9H + 317)% product appears resulting from the tachment product is probably an intermediate in the proton

consecutive attachment of three hnions. For multiply- transfer reaction since collisional activation of the adduct species

protonated ubiquitin cations, proton transfer and attachment arel€@ds to the expected proton transfer products. _

competitive processes in reactions with the anions used in this Figure 3 shows a general energy diagram consistent with these

study. In the case of lanions, reaction by anion attachment observations indicating the relevant reactlor) the_rmo_chem|stry.

clearly dominates. The enthalpy of the proton tran.sf.e.r reaction is simply the
Figure 2 shows the results of an experiment in which the difference between the proton affinities of &nd (M + (n —

product cation population shown in Figure 1 was subjected to DH)YDY e,

a rapid sweep of resonance excitation across the various charge N (1)t 3

states. This is effected by applying an oscillating dipolar electric AHpn(H™ transfer)= PA((M + (n — 1)H)™ ") — PA(I")

field across the ion trap end-cap electrodes and scanning the (7
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Figure 3. Energy diagram associated with ion/ion proton transfer from
a multiply-protonated protein, (M- nH)"*", to I-.
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The well-depthd, associated with the adduct ion is the enthalpy
associated with the attachment of HI to @(n — 1)H)"1+,
That is,

=

500 600 700 800 900 1000 1100 1200 1300 1400 1500
d=AH,(M + (n = HH)" " + HI — me
M+ @n—DHHYTD) 8) b 1

The likelihood that the initially formed (M- (n — 1)H-HI)®=D+
species survives in the ion trap environment is a function of
AHnn(HT transfer) d, the number of degrees of freedom in the
adduct ion, and the rate at which the initial ion/ion condensation
energy can be removed from the addtict.

If the hypothesis that the anion attachment product is an
intermediate in the proton transfer reaction

T 10 g

B M+nH™
® (M+nH+HD™
A (M+nH+2HD™

& (M-+nH+3HI™

Intensity (Arbitrary Units)

(M +nH)™ + 17— (M + (n — )H-H) D —
M+ (n—=1)H)" D"+ HI (9)

is correct, the adduct should also be formed via the reverse

reaction, 1.e. 500 600 700 SO0 900 1000 1100 1200 1300 1400 1500
m/z
(M =+ (n — DH)"™" + HI — (M + (n— 1)H-H)" l()IO) Figure 4. (a) ES mass spectrum of ubiquitin. (b) Product ion spectrum
resulting from the exposure of the cation population shown in part a to

Figure 4b shows the results obtained by exposing the ubiquitin H! at an estimated pressure of 3<7107° Torr for 250 ms.
cation population shown in Figure 4a to HI at an estimated
pressure of 3.% 107 Torr for 250 ms. Indeed, adduct ions
are readily formed. These adduct ions exhibit behavior identical
to those formed via ionf/ion reactions when subjected to
collisional activation in that they react exclusively by loss of
one or more molecules of HI. While these results do not prove
that the structures of (M- (n — 1)H-HI)™D+ jons formed via
ion/molecule reactions are equivalent to those formed via ion
ion reactions, they cannot be distinguished on the basis of their
behavior under collisional activation conditions. Furthermore,
it seems reasonable that once proton transfer toccurs in
the ion/ion reactions with (M- nH)"*, an ion/neutral complex
is formed that can rearrange to form whatever complex is formed
from the ion/molecule collision involving (M- (n — 1)H)M1+
and HI.

The results of Figure 4b, which show extensive clustering of
HI to ubiquitin cations, are a suprising result when viewed from
the context of protein ion solvation in the gas phase. Adduct
ions are commonly observed when gaseous protein ions are (14) Lias S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin R.

i i D., W. G. MallardJ. Phys. Chem. Ref. Date088 17, Suppl. 1
exposed to strong bas%si.—llghly charged proteins react largely (15) There is evidence that suggests that the solvent molecules in ES

by proton transfer, whereas clustering becomes important ascap strip protons from multiply-protonated molecules in the desolvation
the charge state of the protein decreds@hese observations  process. See, for example, (a) Chait, B. T.; Chowdhury, S. K.; Katta, V.
have been interpreted on the basis of the formation of proton- Proceedings of the 39th Conference on Mass Spectrometry and Allied
: : - : Topics Nashville, TN, 1991; p 447. (b) Schnier, P. D.; Gross, D. S;
bound clusters involving the charge sites on the protein and Williams, E. R.J. Am. Soc. Mass Spectroft295 6, 1086. (¢) Winger, B.

the neutral basé8! The relative degrees to which products from  E.: Light-wahl, K. J.; Smith, R. DJ. Am. Soc. Mass Spectro992 3,
proton transfer versus adduct formation are observed are strong24. (d) Chillier, X. F. D.; Monnier, A.; Bill, H.; Gulacar, F. O.; Buchs,
A.; McLuckey, S. A.; Van Berkel, G. Rapid Commun. Mass Spectrom.

(13) Under the conditions used here, in which a helium bath gas pressure1996 10, 299. However, protein ions that have survived the drying process
of 1 mtorr is employed, modeling studies have suggested that large bio- do not undergo proton transfer or clustering with either water or methanol
ions can be internally thermalized in on the order of a few hundred under the conditions in which HI has been observed to attach to ubiquitin
microseconds. See ref 8d. cations.

functions of the proton affinity of the base. Weak bases, such
as water (PA= 166.5 kcaimol~%)4 and methanol (PA= 181.9
kcakmol~1),4 are not observed to undergo either proton transfer
or clustering with the protein ions in the dilute gas phtsEhe
proton affinity of HI (PA= 147 kcatmol~1)*is much lower
than that of water and is therefore not expected to solvate a
/ protonated site as well as water. In the ion/ion reaction case,
it is clear that T must attack a protonated site initially forming
either an ion pair of the form RNHs*+1~ or a dipole/dipole
complex written nominally as RNH,-HI. For this species to
form an ion/dipole interaction (i.e., a proton-bound dimer of
the form R-NHz*-HI), the HI molecule must transfer to a
charged residue elsewhere on the protein.

The observations just discussed suggest that the adduct ions
formed either by ion/ion or ion/molecule reaction involving |
or HI, respectively, may not be charge-centered clusters like
those formed with strong gaseous neutral bases. Rather, they
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Figure 5. ES mass spectrum of a bovine ubiquitin solution containing
10 pmoliL protein in 50/50 methanelwater and 3 mM potassium
iodide.
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Figure 6. Product ion spectrum resulting from the reaction of all ES
charge states derived from bovine ubiquitin with a populationof |
for 125 ms.

may involve either ion pair or dipole/dipole formation. lon pair  the jodide anion of HI might interact with a protonated site while
formation in solution involving protein cations and anions of the proton of HI interacts with a nearby neutral amine group in
strong acids has been proposed as leading to reduction of chargg, “salt bridge” type of interactiot® Such an interaction might
states in electrospray mass spetemd for the observation of  account for the unexpected stability of the HI adducts. How-
relatively weakly-bound adduct ions in ES mass spectra ever, both the “solvated proton” and “salt bridge” pictures
involving acidic species, such as sulfuric atidChait et al. -~ require the presence of one or more charge sites while the ion
have proposed a mechanism in which gas-phase dissociatioryair (or dipole/dipole) picture does not. Several experiments
of adduct species formed initially in solution can lead to charge haye therefore been performed to probe the behavior of ubiquitin
state reduction in ES mass spectra of protéinThe ion/ion ions of low charge state. Figure 6, for example, shows the
reaction experiment leading to the results of Figure 2 is a purely resyits of an experiment in which all of the charge states of
gas phase analog in which the adduct ions are both formed andpiquitin were exposed to lanions for a sufficient period (125
dissociated in the gas phase. While the nature of the binding ms) to observe the-B, 2+, and H charge states. A broad

in the gas phase of the clusters reported by Chait et al. was nofgistribution of adduct ions is observed for each charge state
discussed? it was shown that significantly higher tempera- qye both to the initial distribution of parent ion charge states
tures were necessary to remove the acid adducts than wagng the competition between proton transfer and attachment.
necessary for removal of the electrospray solvent. This indicatesPerhaps the most noteworthy observation with respect to the
that the adducts formed in solution were more strongly bound guestion of the nature of binding in the adducts is that there
in the gas phase than the electrospray solvent, which is consistenge a5 many as nine molecules of HI (or ninehions) attached
with the gas-phase ion/molecule reaction results described hereiq the 1.- charge state of ubiquitin. It seems unlikely that all
That is, HI is observed to attach to the ubiquitin cations when pine molecules of HI can solvate the charge site in the room

water and/or methanol under similar conditions do not. If thg temperature helium bath gas storage conditions of the ion trap.
parallels between the condensed-phase and the gas-phase iofyrthermore, it seems unlikely that nine “salt bridges” to a single
ion reactions just discussed are consistent, adducts compriseghroton could account for this observation. Such a situation
of HI should also be formed in solution. Figure 5 shows the \ould be entropically disfavored and would afford decreasing
mass spectrum derived from a 104 solution of ubiquitin energetic benefit with each additional HI molecule.
containing 3 mM KI. Indeed, adducts of HI are observed for  The data of Figure 6 cannot be used to determine the number
the 6+ and 5+ charge states. While the relative abundances of H| molecules that might have been lost as a result of charge
of the adduct species formed in the gas phase versus thestate reduction. An ion/ion reaction experiment employing two
condensed phase cannot be compared dirétthe experiment  gifferent anion reagents used in turn was performed to determine
leading to Figure 5 provides further support for the similarity the extent to which removal of protons affects the binding of
of the clusters formed with strong acids via gas phase and H| molecules in the adduct ions. Figure 7a shows thecBarge
solution chemistries. state products formed from the ubiquitin parent ion charge state

The formation of ion pairs involving protein cations and distribution following reaction with a population of Ifor 50
anions in solution, and the observation of adduct ions in the ms. Figure 7b shows the results of reactions of the ion
gas phase consistent in mass with the ion pairs, does notpopulation of Figure 7a with the €1~ and GFis~ anions
necessarily imply that the structures and nature of binding are derived from PDCH, which are known to react exclusively by
preserved in the gas phase. Rearrangement to proton-boungbroton transfer with ubiquitin catior$. If protons are necessary
species might occur upon removal of solvent. Furthermore, for binding, the loss of HI molecules in going from the-5
cooperative binding involving a protonated site and a neutral charge state to thetlcharge state might be expected to occur.
basic site might add to the stability of the adduct. For example, Within experimental uncertainly, however, the relative abun-

_ — dances of the (Mt nH)"" and adduct ions (M- nH-(HI),)"™*

8% L\:"Hé\f‘vaﬁu SSChfg't KBét;‘%&_‘;"Eg;g?/?;fl%?“cisbii?f'B_ T.AM. do not change as the charge state is reduced. The stability of

Soc. Mass Spectrart99Q 1, 382. the 1+ charge state adducts would be significantly reduced

(18) It is not possible to create equivalent reaction conditions in solution relative to the 5 charge state adducts for either the proton-
and in the ion trap. Furthermore, the cluster ions formed in solution are
highly dependent upon the electric fields present in the atmosphere/vacuum  (19) Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp. J. L.
interface. J. Am. Chem. S0d.995 117, 12840.
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m/z Figure 8. Plot of the rate constants for HI attachment for thel@+
charge states of ubiquitin. An open triangle is used to represent the
b s rate for the 12 parent ion and is represented thusly due to the fact
+3 that the rate of proton transfer to background gases was significantly

greater than that of HI attachment such that a precise rate measurement
could not be made. The rate constant for this charge state must be less
than 4 x 1072 cmP-molecule’t-s™%,

] “hard-sphere” collision rate, based on protein size, is larger for
most proteins than the point-charge/(induced) dipole associated
with a single charge and is not expected to change with charge
state unless the higher order structure of the protein is charge
dependent? Remarkably, the rate constants for HI attachment
shown in Figure 8 increase inversely with ubiquitin charge state.
Such behavior is inconsistent with that expected for charge-
site mediated reactions but is at least qualitatively consistent
2000 3000 4000 5000 6000 7000 8000 9000 with the picture that the HI molecule is reacting with a neutral
m/z basic site, insofar as the number of neutral basic sites is inversely
Figure 7. (a) Product ion distribution of the isolated-5charge state  related to charge state. The rate constant behavior of Figure 8
resulting from the reaction of the ES ;harge ;tatc_e distribut_ion with a does not strictly follow an inverse linear relationship, as would
population of I for 50 ms. (b) Product ion distribution resulting from o, o hected if each neutral basic site reacted with the same rate
the reaction of @F17~ and GFi5~ anions derived from PDCH with the . . . . . .
cation population shown in part a. ponstant. .ThIS qbservatlon_mlght arise from pgs&ble gllffgrences
in three-dimensional protein structure associated with ions of

bound or salt bridge structures but such a loss in stability is not different charge and/or the degree of intramolecular proton

reflected in the data of Figure 7b. The formation of ion pairs - -

;i . . . . . . (20) Rate constants were determined by measuring the rate of loss of
or dipole/dipole interactions is more consistent with these results y,, (M -+ nH)™ ions as a function of time. The number density of HI was
because such interactions are independent of the locations andetermined from an ionization gauge measurement corrected for the

numbers of Charges elsewhere on the protein_ The data Suggegiifferential sensitivity of the gauge according to Bartmess and Georgiadis
. (Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149). For each charge
that the adducts are merely spectators in the proton tranSferstate, linear pseudo-first-order kinetics were observed over the entire reaction

reactions involving the g7~ and GFis~ anions. time range. Corrections were made for significant parent ion loss at the

The ion/ion reactions can be viewed within the context of Nhighest charge states due to proton transfer to residual pyridine vapor from
previous experiments. These corrections were made by determining the

conjugate acietbase Chem'Stry; The iodide anion IS & gaseous (inetics for proton transfer to residual pyridine prior to admitting HI vapors
base whereas a protonated residue of the protein is an acid. Upornd subtracting the rate associated with proton transfer from the total rate

proton transfer, the neutral protein residue is a neutral basemeasured when Hl was admitted. As expected, the rate for proton transfer
N . . . . increased with charge state. The correction was most important, therefore,
whereas Hl is an acid. By extension, the ion/molecule reaction ¢, o™ 61 through 12+ charge states whereas the rate of proton transfer

can be viewed within this context if the acid, HI, interacts with - was less than a few percent of the rates for HI attachment at the lower
the basic moieties of the protein, the neutral basic residues, rathelch?gglt)é (St)atLeS- NO_pyerIdI’\r;li addélﬁts W;:rr]e S(ig%egtsabéi 5m (tg)eée _stud:_e|s.

; ; ; a) Langevin, P. MAnn. Chim. Phy: \ . yring, H.;
than with the pr_otonated _reS|dues. SuchaS(_:enarlo runs countehirschfelder’ 3. 0. Taylor, H. SJ. Chem. Phys1936 4, 479. (c)
to the u;ual picture of |on/molecule. chemistry whereby the Gjoumousis, G.; Stevenson, D. &.Chem. Phys1958 29, 294. (d) Su,
neutral interacts with the charge site. We have therefore T.; Bowers, M. T. InGas Phase lon ChemistnBowers, M. T., Ed.;

examined the kinetics associated with the ion/molecule reactionsA¢ademic Press: New York, 1979; Vol. 1, Chapter 3. (e) Su, T.; Bowers,
M. T. Int. J. Mass Spectrom. lon Phyk973 12, 347. (f) Su, T.; Bowers,

of some of the ubiquitin cations with HI. Figure 8 shows a ;' 1’ nt 3. Mass Spectrom. lon Phyk975 17, 211. (g) Chesnavich, W.
plot of the measured rate constants for HI attachment for eachJ.; Su, T.; Bowers, M. TJ. Chem. Phys198Q 72, 2641. (h) Su, T.; Bowers,
of the ubiquitin charge states from#+6to 12+.29 The ion/ M-(;-Z)J-(C)fgm- Ph%/Slg82 7|6, 558?]- Am. Soc. Mass Spectrod893 4
- P . a) Covey, T.; Douglas, D. J. Am. Soc. Mass Spectro \
molecule poII|S|on rate, based on polarization, should increase ¢, ¢ (b) Cox, K. A Julian, R. K.. Cooks, R. G.. Kaiser, Jr., RJEAM.
linearly with charge stat. Experimentally measured proton  soc. Mass Spectrori994 5, 127. (c) von Helden, G.; Wyttenbach, T.;
transfer reaction rates involving strong gaseous bases haveBowers, M. T.Sciencel995 267, 1483. (d) von Helden, G.; Wyttenbach,

; i ; T.; Bowers, M. T.Int. J. Mass Spectrom. lon Processe395 146, 349.
consistently been observed to increase with charge state,(e) Clemmer, D. E.: Fudgins, R. R.: Jarrold, M.JEAm. Chem. So4995

although a linear dependence is frequently not observed due 0117 10141. (f) Collings, B. A.; Douglas, D. J. Am. Chem. Sod.996
a dependence of reaction efficiency upon ch&fgek! The 118 4488.
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bonding. We are currently examining this behavior further with a 10000 - [M+12H]2
a variety of multiply-charged proteins. ] wiz 715
It is also worthy of note that the values of the measured rate
constants, which are all less than~1®cm?molecule’l-s™1,
are significantly lower than rate constants associated with
efficient ion/molecule reactions (i.e., on the order of 40
cmi-moleculel-s1)21.23and low relative to the value predicted
for a point charge of mass 8500 Da colliding with HI at room
temperature (i.e., 5.% 1071° cm3-molecule’l:s71).23 Indeed,
these values are one-to-two orders of magnitude lower than those . [M+12HHI™
measured for highly exoergic proton transfer reactions. It could 2000 -1 e 7S
be concluded either that the reactions are inefficient or that the .
reaction rates are dependent upon the collision rate between Hl

Intensity (Arbitrary Units)
1

and the neutral basic sites of the protein, or both. In any case, 0

a decrease in reaction rate with increasing charge state is difficult 680 699 700 710 720 730 740 750 760 770 780 790 800
to rationalize based on the interaction of HI with protonated m/z

residues, whereas an explanation based on the interaction of . .

HI with neutral basic residues, at least in a qualitative sense, is b 1200 M SE ]

straightforward. . ~.
The rates of loss of the various (i nH)"* ions of ubiquitin 7
reflect the reactivity of the various charge states for the addition . IM+H-+SHI]™
of a single molecule of HI. These rates, however, do not reflect m/z9205
differences in the numbers of HI molecules that can attach to
the various charge states under a fixed set of conditions. We
have observed that ubiquitin ions of lower charge states not
only add the first HI molecule at higher rates than ions of higher
charge states but also add more HI molecules. Figure 9, for [M+H+HI
example, compares the results obtained for thé (FAgure 9a) m/z 8693
and - (Figure 9b) charge states of ubiquitin over comparable 1 M+Hp
periods of time (roughly 500 ms) and in the presence of the {8368
same number density of HI (estimated to be 2.80' cm~3). 0
Small peaks are evident in between those associated with 8400 3600 8300 9000 5200 9400 9600 9300 10000 10200
successive additions of HI. The peaks correspond to the addition m/z
of a molecule of nitric acid and presumably result from the
residual nitric acid present in the vacuum system from a previous 20007
ion/molecule reaction experiment. Nitric acid and the NO ) M+ H ST
anion have both been observed to attach to protein cations 1600 ]

[M+H+2HI]"!
m/z 8821

[M+H+6HI]"!
m/z 9333

Intensity (Arbitrary Units)
1

[M+H+7HIJ*!

m/z 9461 [M+H+8HI]"!
___—— m/z9589

including those of ubiquitin (data not shown). Thetl2harge g ] 'ani‘z*;é’z“
state clearly adds a single molecule of HI, but not significant ? . [VI+H+SHI

numbers in excess of one over this reaction time period. The g 1200 m/z 9589

1+ charge state, on the other hand, shows the addition of asE 4

many as eight molecules of HI over this time period. In fact, 500 -] R —

the (M + H)™ ion population is almost completely depleted as
a result of consecutive additions of HI, in contrast with the-12
charge state where most of the ubiquitin signal remains — 400 — [M+H+6HI]"!
associated with the (M- 12H)'2* parent ion after this reaction i [M+H+sHI 29333
period. This dramatic contrast is consistent with the argument . miz 9205~
that more neutral basic sites are available for ion pair or dipole/

dipole formation in the low charge state ion than in the high
charge state ion. Such behavior is inconsistent with the
formation of proton-bound adducts whereby greater numbers Figure 9. (a) Product ion distribution following the isolation of the

of HI molecules would be expected to bind with the higher (M * 12H)" cation and reaction with neutral H+@.5 x 10'* cm™)
charge state ion P 9 for 500 ms. (b) Product ion distribution following the formation of the

) . . (M + H)" ion via ion/ion reactions and reaction with neutral H2.5
Figure 9c shows the results obtained when the singly charged 10t cm-3) involving a total time available for ion/molecule reactions

ubiquitin ions were stored in the presence of the same numberof roughly 500 ms. (c) Product ion distribution following the formation

density of HI used to collect the data of Figures 9a and 9b for of the (M+ H)* ion via ion/ion reactions and reaction with neutral HI

roughly 2 s, rather than 500 ms. This spectrum shows the (~2.5 x 10" cm™) involving a total time available for ion/molecule

depletion of all of the signal associated with the ¢iVH)* ion reactions of roughly 2000 ms.

as well as with the (M+ H + nHI)* ions, wheren < 4, and

1 [M+H+7HI]™!
b m/z 9461

m/z 9973

Intensity (Ar

[M+H+12HI]"!
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also shows as many as twelve molecules of HI attached to the
(23) For a compendium of a wide variety of ion/molecule reaction rate singly charged ion. It W_as noted that the gppeargnce of the

constants for both efficient and inefficient reactions see: Ikezoe, Y.; Spectrum changed very little beyond a reaction period of about

Matsuoka, S.; Takebe, M.; Viggiano, Sas Phase lortMolecule Reaction 1 s, indicating that the ions with large numbers of HI molecules

Rate Constants Through 198Klaruzen Company: Tokyo, 1987. Fora  gjready attached were reacting very slowly. We have not

point charge of mass 8500 reacting with HI, the collision rate constant is

predicted to be 5.7 10710 cm-*-molecules ! using the rate theory  Observed the attachment of more than twelve molecules of HI.

described in ref 21h. It is interesting to note that there are four arginine residues,
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Figure 10. (a) Product ion spectrum resulting the reaction of the {MBH)°* cation population derived from ES of bovine ubiquitin with a
population of I for 25 ms. (b) Product ion spectrum resulting from the same experiment as in part a except that a populationasf Bsed as
the anionic reactant. (c) Product ion spectrum resulting from the same experiment as in a) except that part a populatwatidd as the
anionic reactant. (d) Product ion spectrum resulting from the same experiment as in part a except that a populajionad @$ed as the anionic
reactant.

seven lysine residues, one histidine residue, and one N-terminusCF;~ comparison is particularly interesting in that the proton
in ubiquitin. There are, therefore, nominally thirteen highly affinities of HI and HCE are essentially equal, whereas the
basic sites in the neutral protein. The number of basic sites in gas-phase acidities are 314.3 and 376.9 -kwal !, respec-
the ions is 13- nor 12, in the case of (M- H)™, and 1, in the tively.14 The reaction involving C§, therefore, is significantly
case of (M+ 12H)2*. While it cannot be concluded from these more exothermic than the reaction involving. I In general,
results alone that the maximum number of acid molecules thatwe have not observed adduct formation for any anion with a
can attach to a singly-protonated protein is equal to the numberproton affinity greater than about 330 kaabl~1. The proton
of exposed basic residues, these results are consistent with suchffinity of the anion (or, equivalently, the gas-phase acidity of
a conclusion and further support the notion that the ion/molecule the conjugate acid), however, is not the sole parameter
chemistry associated with strong acids interacting with the determining whether or not adduct formation competes with
protein cations may very well be charge remote. That is, the proton transfer. Table 1 lists the conjugate acids of the anions
protonated site does not play a major role in the protein cation/ thus far studied with ubiquitin cations along with their proton
acid chemistry. affinities 1* gas-phase aciditiéd,qualitative degree of observed
The data acquired for the ion/ion reactions involving ubiquitin adduct formation via ion/ion reactions, and, where available,
cations and 1 and ion/molecule reactions involving ubiquitin ~ dipole moment¥ and polarizabilitie2®> Note that while the
cations and HI are more consistent with the formation of ion gas-phase acidity of trifluoroacetic acid is less than that of HBr,
pairs or dipole/dipole bonding than with binding around a charge Br~ shows a far greater tendency for adduct formation. Perhaps
site. Results with other anions are also consistent with this a better correlation for adduct survival could be found wvdth
observation. Figure 10 compares the results obtained from thethe well-depth associated with the adduct (see Figure 4), or,
reactions of T, Br—, CI~, and CR~ with the 9+ charge state of more likely, with some combination of gas-phase acidity and
ubiquitin under a common set of reaction conditions. While d. Values ford have not been measured but are expected to
the extent.of chqrge state reduction cannot be cpmpared directly; (24) (a)CRC Handbook of Chemistry and Physié8th ed.; Weast, R.
due to difficulty in forming equal numbers of anions, the extent ¢ Ed.; CRC Press: Boca Raton, 1988. (b) McClellan, A. L.Tables
of adduct formation relative to proton transfer can be seen for cln; Eg(perimental Dipole Moment&nd ed.; W. H. Freeman: San Francisco,
each anion type. The"land Br an.lons clearly show the (25) Molecular polarizabilities were calculated according to the method
greatest degree of adduct formation whereas ®hows o \iller and Savchik (Miller, K. J.; Savchik, J. Al. Am. Chem. Soc.
substantially less and GFshows almost none. The versus 1979 101, 7206).
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Table 1. Proton Affinities (PA), Polarizabilitieso(), Dipole
Moments f) and Gas Phase AciditiedHaciq) of the Conjugate
Acids of Anions Subjected to lon/lon Reactions with
Multiply-Protonated Ubiquitin Cations and the Relative Tendencies
for Adduct Formations

PA o u AHacid adduct

acid (kcal/mol}4 (A% (debye¥* (kcal/mol}4 tendency
HCI 128.6 2.64 1.08 3334 small
HBr 139 3.86 0.82 323.6 large
HI 147 6.18 0.44 314.3 large
HCFR; 147 2.65 1.65 376.9 very small
n-HOC,Ho 191 1.66 375 very small
HNO; 178 3.55 2.17 324.6 moderate
HNO; 187 2.72 339.6 very small
HO,CCH; 190.7 5.15 1.74 348.7 none
HO,CCRK; 176 322 small
HCgF15 15.41 >314.3° none
HC/Fi3 135 >314.3% none
reflect the avidity of the acid/base interaction. Therefore,

concepts associated with harsioft acid-base chemistry may
prove to be particularly relevant in this situation.

Conclusions

lodide anions and hydroiodic acid both attach to cations
derived from bovine ubiquitin cations in the gas phase. The
resulting adduct ions dissociate upon collisional activation via

Stephenson and McLuckey

species are observed with lower charge states than with higher
charge states and ion/molecule reaction rates are inversely
related to charge state, in contrast with rates of reaction for
ubiquitin cations with strong gaseous bases. No change in the
relative abundances of adduct species in an intermediate charge
state are observed in reducing the charge statettwid ion/

ion proton transfer chemistry, an unexpected result if the adduct
species are proton bound to the protein. All of the experimental
observations are consistent with adduct species being bound via
either ion pair or dipole/dipole interactions, as opposed to
charge-centered clustering. These results indicate that strong
gaseous acids interact with protein cations differently than do
strong gaseous bases. The results are consistent with interaction
of the acids with basic sites of the protein (i.e., neutral basic
residues) rather than with protonated sites. If so, the interaction
of gaseous neutral acids with gas-phase protein cations may be
a chemical probe complementary to other chemical probes, such
as interactions with strong gaseous bases and hydrogen/
deuterium exchange, the latter reactions being charge-site
mediated.
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