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Abstract

Multiply charged ions are ideally suited to tandem mass spectrometry, where fragmentation efficiency and pathways a
typically a strong function of charge. Addition of either of two compoumdsiitrobenzyl alcohol if+NBA) or glycerol, to
electrospray solutions results in an increase in the number of charges that can be added to gas-phase protein cations. Ov
electrospray ionization (ESI) signal is not adversely affected by adding these compounds. Thus, these charge enhancers v
by increasing the absolute number of higher charge state ions. This ability to enhance charge appears to be related to the |
surface tensions of these compounds. Electrospray droplets consisting of solvents with higher surface tension require additic
charging at the droplet surface in order to undergo Rayleigh fission. During the ion formation process, the higher density
charge at the droplet surface translates into higher charge states of the gas-phase analyte ion. Addit®A afso enhances
formation of high charge states of negative ions. For the synthetic polymer, poly(ethylene glycol) (PEG), additiBAf
results in an increase in the charge states by increasing the cationization of the polymer. In contrast, addition of glycerol rest
in a decrease in the charge states, presumably because it competes for sodium ions due to its high sodium affinity. Additior
1-20%m-NBA to electrospray solutions can enhance the formation of higher charge state ions with no reduction in overa
electrospray signal for a wide variety of analyte ions. This appears to be an ideal compound for enhancing high charge sta
for MS/MS and other experiments for which high charge states are desired. (Int J Mass Spectrom 219 (2002) 63-72)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction information about the starting and end group identity
[9], and can be used to differentiate between linear
Mass spectrometry is an indispensable method for and cyclic structure$10]. For these types of mea-
making high accuracy molecular weight measure- surements, electrospray ionization (ESI) has the ad-
ments of biological macromolecul§l, non-covalent  vantage that multiply charged ions of large molecules
complexes[2], and synthetic polymerf3]. Tandem are typically produced. This enables virtually any
mass spectrometry (MS/MS) of biomolecules can pro- type of mass spectrometer to be used for measur-
vide information about location and identification of ing the molecular weight of large molecules. The
post-translational modificationgl—7], and sequence  multiply charged ions produced by ESI can be more
[8]. For synthetic polymers, MS/MS can provide readily dissociated than singly charged ions, making
them ideal for MS/MS experimen{d 1]. The phys-
* Corresponding author. E-mail: williams@cchem.berkeley.edu ical properties of ions are often strongly dependent
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on charge state. This includes the proton trangfe}
and ion—ion reactivity{13], and fragmentation path-
ways and efficiencyf14-16] For example, electron
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using solvents that are minimally competitive for
charge, and minimizing the number and energy of
collisions experienced by analyte ions as they are

capture cross-sections in electron capture dissociationtransferred into the low-pressure region of the mass

(ECD) increase quadratically with charff5], mak-
ing ECD much more efficient with increasing charge
state. ECD of more highly charged ions typically pro-
vides more extensive fragmentation from which more
sequence information can be obtairj&d].

spectrometer. Although there are several methods
for reducing the charge of ions formed by ESI
[16,24-31] few methods for further promoting the
formation of highly charged analyte ions have been
developed. Multiply protonated even-electron ions

The number of charges on gas-phase ions formed (MH”*) of peptides and proteins can be further ion-
by ESI depends on several factors, including analyte ized in the gas-phase to radical cations (MH**)

conformation in solution[17-23] competition for
charge between the analyte and other spd2its27]
instrumental factor$28,29], etc. For example, large

via electron impac{32] and high-energy collisions
with molecular oxygeri33]. We recently reported on
several solventf26,34]that when added into electro-

biomolecules that are denatured in solution carry Spray solutions, cause the charge state distributions
away more charges in ESI than when they have more Of proteins and peptides to dramatically shift towards
compact solution-phase conformations. Because of higher charge, with the most dramatic enhancement

this, ESI can be used to monitor the pt#,18], heat-
[19], and solvent-induced20,21] denaturation of

obtained with glycerol andm-nitrobenzyl alcohol
(m-NBA) [34]. Here, we evaluate the effect of these

proteins, and to assess the relative conformational sta-tWo charge-enhancing compounds on overall ESI sig-

bility of homologous proteinf22,23] There are many
methods that can remove charge from ions formed
by electrospray. For example, addition of compounds

with high gas-phase basicities, either as liquids added

into electrospray solution@4—26] or as gases intro-
duced into the electrospray interfaf26,27] shifts
the charge state distribution of protonated peptide
and protein ions towards lower charge (higma'z)
due to proton transfer, with the degree of charge
reduction correlating with the gas-phase basicity of
the additive[24—26] lon—ion reactions, pioneered by
McLuckey and his co-workef80], can reduce highly
charged ions down to a single (or even no) charge.
Similarly, ion—electron interactions reduce overall
charge[16,31] Analyte charge reduction can also
be promoted by increasing the energy of collisions
in the electrospray interfad@8], and by prolonging

nal and their applicability to enhancing charge on a
synthetic polymer and on negative ions.

2. Experimental

Experiments are performed on a quadrupole mass
spectrometer with an in-house built electrospray
source. This instrument is described elsewH8Eg.
lons are generated by nanoelectrospray using 1.0 mm
0.d./0.78 mm i.d. borosilicate capillaries that are
pulled to a tip with an i.d. o~4um using a Flam-
ing/Brown micropipette puller (Model P-87, Sutter
Instruments, Novato, CA). The electrospray is initi-
ated by applying a potential 61000V to a Pt wire
(0.127 mm diameter, Aldrich, Milwaukee, WI) which
is inserted into the nanoelectrospray needle to within

the time ions spend in high-pressure regions of the ~2mm of the tip. The wire and nanoelectrospray
electrospray interface/mass spectrometer, e.g., an ocheedle are held in place with a patch clamp holder
tupole or hexapole used for external ion accumulation (WPI Instruments, Sarasota, FL). The solution flow
prior to injection into a FT-ICR cel[29]. rates are between 60 and 200 nL/min. The ions gen-
The production of highly charged gas-phase ana- erated by electrospray are sampled from atmospheric
lyte ions is promoted by using conditions in which the pressure through a 12cm long stainless steel capil-
analyte is in an elongated conformation in solution, lary (0.50 mm i.d.) which is heated to 196. This
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temperature is higher than that of the gas which passesthe ith charge state. For the case of PEGs, which are
through the capillary. The voltages on the heated polydispersew; is the sum of the intensities of the
metal capillary, the first and second skimmers are 12, various PEG oligomers of thigh charge state. The
15, and 7V, respectively. average molecular weight of PEG was calculated as a
Equine cytochromes (>95%), and insulin chain  weighted average, with the molecular weight of each
A (oxidized) were purchased from Sigma (St. Louis, oligomer weighted by its mass spectral abundance.
MO) and were used without further purification. So-
lutions of cytochromec were prepared with analyte
concentrations of~10uM. The reported solution 3 Results and discussion
compositions are on a v/v basis. All cytochrome
c-containing electrospray solutions used in this study 3.1. ES signal and charge enhancement
contain 3% acetic acid. Addition of small amounts
of acid to water/methanol solutions results in higher  The addition of either glycerol om-NBA, even
charge states due to denaturation of proteins in so-at small levels for the latter, to “denaturing” so-
lution [17]. Insulin chain A (oxidized)-containing lutions containing cytochrome (47% water/50%
electrospray solutions contained 3% diethylamine to methanol/3% acetic acid) results in large shifts in the
improve the electrospray signal for negative i§38]. ESI mass spectral charge state distributions to higher
Electrospray solutions of PEG 1500 were prepared charge state. For example, adding B4\BA to this
with analyte concentrations 6f0.1% w/v, and con-  solution results in an increase in the maximum charge
tained 28 mM sodium acetate to aid cationization of state from 2% to 24+ and an increase in the average
PEG. Methanol (99.99%) was obtained from EM Sci- charge state from 1743to 20.8+ (Fig. 19. Similarly,
ence (Gibbstown, NJ). Sodium acetate monohydrate addition of 43% glycerol to water/acetic acid solu-
and poly(ethylene glycol) (PEG) with an average tions produces a maximum and average charge state
molecular weight of 1500 Da were obtained from of 224 and 18.3, respectively Fig. 1b. To deter-
Aldrich (Milwaukee, WI). mine how these charge-enhancing compounds effect
Surface tension measurements were performed us-overall ESI signal, replicate measurements were done
ing a Kruss (Hamburg, Germany) Drop Shape Analy- both with and without these compounds added. For
sis System, Model DSA10, with 30 mL glass sample each measurement, a new nanoelectrospray tip was
tubes. The instrument was controlled using Droplm- used. This was done to avoid any contamination of
age software (Finn Knut Hansen, University of Oslo, the electrospray tips and to avoid any damage to the
Norway), using sessile droplet mode. Water was used needles upon changing solutions. Although both of
for surface tension calibration. these problems are eliminated, the use of a new tip
The abundances of the charge states are reportedor each measurement adds to the variability of signal
relative to the most abundant charge state in the masswith each tip, and this introduces some error.
spectrum. One parameter used to describe a given To evaluate the effects aftNBA on analyte sig-
charge state distribution is the average charge statenal, 10 spectra were collected for each of two solu-

(Qaveragg- This parameter is computed as follows: tions of cytochromec (10~°M), the first of which
contained 47% water/50% methanol/3% acetic acid,
vaqi w; and the second of which contained 46.5% water/49.5%
daverage= >V, methanol/1%m-NBA/3% acetic acid (one representa-

tive spectrum of each shown Fig. 1a and gcrespec-
where N is the number of observed analyte charge tively). Similarly, to evaluate the effects of glycerol, 10
states in a given mass spectrugp.the net charge of  spectra were collected for each of two solutions of cy-
theith charge state, and; is the signal intensity of  tochromec (10~° M), the first of which contained 47%
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100+ 17+ Table 2
L (a) Effects of adding glycerol to electrospray solutions of cytochrome
7 ¢ (1075M™m)

7 19+ 0% Glycerol 43% Glycerol

Maximum charge state 23) 22(+)

4 Average charge state 164 0.1(+) 18.34+ 0.3(+)
1 21+ 1M+ Total analyte abundance 750029000 38800+ 13000
Q- e e e Analyte base peak 15000+ 5000 10000+ 4000
1004 21+ abundance

(b) For “0% glycerol,” the solution matrix is 47% water/50%
4 methanol/3% acetic acid, and for “43% glycerol” the solution ma-
trix is 43% glycerol/54% water/3% acetic acid. Errors correspond
to one standard deviation from 10 replicate measurements.

Normalized Abundance

standard deviations for the signal intensity resulting
from these replicate measurements. For botNBA
{12321+ (c) and glycerol, a clear and reproducible enhancement
i in both the maximum and average charge is obtained.
50 19+ However, there are clearly large fluctuations in over-
all analyte signal. Addition of 1%n-NBA does not
15+ change the base peak abundance or total analyte signal
at the 95% confidence level. Addition of 43% glycerol
does appear to reduce the analyte signal at the 95%
miz confidence level. However, the large fluctuation in sig-
Fig. 1. Representative mass spectra from 10 replicate measurementsnal “kely includes factors that are not random, com-

of cytochromec (10-5 M) from (a) 47% water/50% methanol/3%  plicating the comparison of signals. For example, both
acetic acid; (b) 43% glycerol/54% water/3% acetic acid; and (c) the signal and standard deviation for the same solution

46.5% water/49.5% methanol/1#6-NBA/3% acetic acid. (0% glycel’ol Table 2 and 0%m-NBA. Table ]) mea-
sured on two different days, are significantly different.
We attribute this primarily to subtle changes in the
pulled electrospray tips. Over the course of many such

Table 1(m-NBA) and Table 2(glycerol) list both the experiments, it appears that the differences in analyte

) signal induced by glycerol are not very significant.
maximum and average charge states as well as the__®.
This shows that the charge enhancement comes about

due to more charges available to the ion, not solely

N 17+

600 800 1000 1200

water/50% methanol/3% acetic acid, and the second of
which contained 43% glycerol/54% water/3% acetic
acid (one representative spectrum showrrig. 15).

foble 1 by the reduction of | h hus, addi

Effects of addingn-NBA to electrospray solutions of cytochrome _y the r(:j' uction of lower charge statgs. Thus, addi-

c (1075 M) tion of either of these charge-enhancing compounds
0% m-NBA 1% M-NBA results in an increase in the absolute abundances of

higher charge states.

Maximum charge state 24 24(+) g L. 9 .

Average charge state 178 0.2(+) 20.8+ 0.5(+) It is interesting to note that the spectra qf oy-

Total analyte abundance 5808014000 68000+ 30000 tochrome ¢ generated from a glycerol-containing

Anagytedbase peak 16000+ 3000 15000+ 7800 solution Fig. 1B have a slight, but reproducible bi-

abunaance

—— — modal distribution of charge states. The dominant
Base solution is 47% water/50% methanol/3% acetic acid. Errors distribution i d he 21ch d
correspond to one standard deviation from 10 replicate measure- Istri l’!tlon '? Ce.me.re _Ont e Zlcharge state, and a
ments. very minor distribution is centered on thef4%harge
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state. Polyols, such as glycerol, are known to stabilize
folded conformations of proteirf87], which give rise

to charge state distributions centered at lower charge
(higher mz) than unfolded conformationgl7,38]
Thus, the occurrence of bimodal charge distributions
may be a consequence of glycerol stabilizing folded
states of the protein to some extent.

3.2. Anions

Negative ion ESI spectra of insulin chain A (oxi-
dized) (2.5kDa) from base solutions containing 47%
water/50% methanol/3% diethylamine with 0-4.5%
m-NBA and 0-10% glycerol are shown figs. 2 and
3, respectively. With no glycerol an-NBA, the base
peak is (M— 5H)°>~ (Figs. 2a and 3a With 4.5%
m-NBA, the base peak increases to (M6H)—,
and the average charge state increases from-5t03

(M- 5H)

12003 (@)
800-; (u-o7 (M - aH)"
4003

m :mﬁﬂmﬂﬂmﬂ
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S 4004 . M - 5H)”
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Fig. 2. Negative ion electrospray ionization mass spectra of insulin
chain A (oxidized), from 47% water/50% methanol/3% diethy-
lamine solutions with (a) 0%; (b) 2.5%; and (c) 4.5%NBA.
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Fig. 3. Negative ion electrospray ionization mass spectra of in-
sulin chain A (oxidized), from 47% water/50% methanol/3% di-
ethylamine solutions with (a) 0%; (b) 1%; and (c) 10% glycerol.

5.32- (the standard deviation in average charge state
for three replicate measurements of insulin chain A
(oxidized) electrosprayed from the solution with 0%
m-NBA is 0.07). Although the average charge state in-
creases wittm-NBA, the total analyte signal is lower.
The reason for this is under further investigation.
Unlike with m-NBA, addition of glycerol reduces the
average charge stat€i¢. 3). With 1% glycerol, the
average charge state decreases from-5.fa34.90-.

It is possible that glycerol stabilizes a more compact
structure of this peptide, causing the observed shift
towards lower charge.

3.3. Synthetic polymer

To determine if the charge-enhancing properties of
the additives are also observed for polymers that are
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Fig. 4. Electrospray mass spectra of PEG 1500 (0.1%) from
methanol solutions with 28 mM sodium acetate containing (a) 0%;
(b) 1%; (c) 5%; and (d) 20%n-NBA: (M +Na)t (1), (M +2Nay+

(I, and (M+ 3Nap+ (ll).

typically cationized with alkali metal ions, a methanol
solution of PEG 1500 (0.1% w/v) containing 28 mM
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Table 3
Effects of addingm-NBA to methanol solutions of PEG 1500
(0.1%) on the absolute ion abundances of PEG charge states

0% m-NBA 20% m-NBA
(M + Nay* 5700+ 1900 <50
(M + 2Naf+ 39700+ 5800 20800+ 5400
(M + 3Nap+ 38700+ 10800 80500+ 21300

Total analyte abundance 8418015000 101300t 25000

For “0% m-NBA,” the solution matrix is methanol, and for “20%
m-NBA,” the solution matrix is 80% methanol/20%-NBA. Both
solutions contain 28 mM sodium acetate. Errors correspond to one
standard deviation from three replicate measurements.

produce further enhancements in charge or analyte
signal.

To evaluate the effects ai+NBA on the abso-
lute abundances of the different charge states, three
replicate measurements were performed for each of
two of the above PEG 1500 solutions: 0 and 20%
m-NBA. With 20% m-NBA, the absolute abundance of
(M + 3Nay* is more than doubled, the abundance of
(M +2NaY™ is reduced almost by half, and the abun-
dance of (M4 Na)*t is reduced to a value below our
detection limit Table 3. The total analyte ion signal
is slightly higher, but not significantly. Because the to-
tal analyte abundance is approximately the same with
20%m-NBA added, the decrease in the abundances of
the lower charge states (M2Nay* and (M+ Na)*,
is translated into an increase in the abundance of the
highest observed charge state {MBNap+.

Another effect of addingn-NBA is that the mass

sodium acetate was prepared. The resulting ESI massspectral molecular weight distributions calculated for

spectrum contains three charge states:4{NNa)",

(M + 2Nay*, and (M+ 3Nap+ (Fig. 49. Adding

up to 20%m-NBA results in a clear shift in the ESI
signal towards higher charge statéd. 4b—g. With
20% m-NBA, the relative abundance of (M Na)*
decreases from 7% without-NBA to <1% (below
the detection limit). Similarly, the relative abundance
of (M + 2Naft decreases from 100 to 43%. The
highest charge state (M 3Naf+, increases from 93
to 100%. In addition to charge enhancement, the ad-
dition of m-NBA at levels as high as 20% also re-
sults in an increase in overall analyte signal. Adding
m-NBA at levels above 20% (50 and 90%) did not

these spectra shift slightly, but reproducibly, towards
lower molecular weight Table 4. Without m-NBA,

Table 4

Effects of addingm-NBA to electrospray solutions of PEG 1500
(0.1%) from methanol solutions with 28 mM sodium acetate on
the average molecular weights of PEG calculated from different
charge states

0% m-NBA (Da) 20% m-NBA (Da)

(M + Na)y* 1106 + 10 N/A
(M + 2Nay* 1433+ 38 1263+ 3
(M + 3Nap+ 1594+ 3 1498+ 10

Errors correspond to one standard deviation from three replicate
measurements.
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the calculated average molecular weight depends
on charge state, with the value calculated from the
abundance of (M+ 3Naf+ greater than that for
(M + 2NayY™. This is presumably due to the greater
ability of the larger polymer ions to solvate and stabi-
lize charge. The same is true for the 2084\NBA so-
lutions, but the calculated average molecular weight,
averaged over both the+3and 2t ions, is shifted

to lower mass. This indicates that the lower molec-
ular weight species can be preferentially detected
with the increased charging provided gNBA.

The dependence of the observed average molecular
weight of fluorinated polymers on electrospray sol-
vent composition has been noted previously by Cole
and co-workerg39]. This observation indicates that
solution composition, as well as instrumental factors
[40], need to be taken into account when developing
methods for characterizing polydisperse samples by
ESI-MS.

In contrast to the results obtained withNBA, ad-

dition of glycerol into methanol electrospray solutions
of PEG 1500 results in a reduction in chargég( 5).
The most likely explanation for this result is that glyc-
erol likely has a high sodium affinity and that glycerol
is competing with PEG for the sodium ions, resulting
in a reduction in cationization of PEG.

The ESI spectrum of PEG 1500 from aqueous
solutions results in even higher average charge than
obtained from methanol solution&i. 63. The ad-
dition of mNBA into aqueous solutions of PEG
results in a slight reduction in charggig. 6b. This
result provides some insight into the mechanism for
the charge enhancement typically observed for these
compounds.

3.4. Mechanism of supercharging

The results for PEG presented here, and other
results! strongly indicate that the charge-enhancing
ability of these compounds is directly related to their
high surface tensions. The surface tensions of water,
m-NBA, glycerol, acetic acid, and methanol are 72,

1 Unpublished results.
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Fig. 5. Electrospray mass spectra of PEG 1500 from methanol
solutions with 28 mM sodium acetate containing (a) 0%; (b) 1%;
and (c) 10% glycerol: (M+ Na)® (I), (M + 2Nay+ (1), and

(M + 3Nayt ().

50+ 5, 63, 27, and 22 mN/m, respectivéiDuring

the ESI process, droplets undergo Rayleigh fission
[41]. In order for this to occur, a higher surface charge
density is required for droplets consisting of higher
surface tension solvents. During ion formation, this
higher charge density translates into higher charge
state gas-phase analyte ions being formed. Water has
the highest surface tension of any of these solvents, so
one might expect that the highest charge states should
be produced out of pure aqueous solutions. This is
in fact what is observed for PEG 1500. Addition of

2The values for the surface tensions of water, glycerol, acetic
acid, and methanol are from T.E. Daubert, R.P. Danner, Physical
and Thermodynamic Properties of Pure Chemicals Data Compila-
tion, Hemisphere Publishing Group, New York, 1989. The value
reported form-NBA is for 98% pure material and was measured
by A.T.I. at the UC Berkeley Department of Chemical Engineering
as described in th&ection 2
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Fig. 6. Electrospray mass spectra of PEG 1500 from aqueous solutions with 28 mM sodium acetate containing (a) 0% amdNBA1%
(M + Na)t (1), (M + 2Na}* (I1), and (M+ 3Nayt ().

m-NBA to aqueous solutions actually reduces the over- these models, it is very difficult to make a meaningful

all charge Fig. 6). This does not occur, however, for quantitative comparison, due to the uncertainty in the

proteins. Proteins in pure aqueous solution typically solvent composition and temperature of the electro-

adopt compact conformations. These compact struc- spray droplet at the moment of ion formation. Both of

tures typically carry away fewer charges than elon- these factors affect the surface tension and hence the

gated structures due to their smaller cross-sections,charge density at the droplet surface. Another uncer-

which expose the protein to fewer charges for a given tainty is the analyte conformation. Future studies into

surface charge density#2,43] Acetic acid is typi- the mechanism of charge enhancement will utilize

cally added to electrospray solutions to denature a systems in which solution composition and analyte

protein. This results in more highly charged ions be- conformation are fixed. This should make possible

ing produced despite the fact that acetic acid has a quantitative evaluation of these models.

lower surface tension than water. AdditionmfNBA

or glycerol to these solutions can enhance the charg-

ing because they increase the surface tension of the4, Conclusions

droplet. Glycerol, acetic acid, ant-NBA all have

lower vapor pressures than water and methanol, so  Addition of eitherm-NBA or glycerol to electro-

the concentrations of these compounds are expectedspray solutions of proteins results in a significant

to be enhanced during solvent evaporation from the increase in the number of charges on the gas-phase

droplet. analyte ions. Addition of these compounds at levels
Models[42,43] have been proposed to account for necessary to significantly enhance charge does not

the charging of macromolecules based on the molecu- measurably affect the ESI signal. Thus, addition of

lar size and charge density on the electrospray dropletthese compounds produces an increase in the absolute

surface. Although our results agree qualitatively with number of ions with higher charge states.
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The charge-enhancing abilities of these two com- [5] E. Mirgorodskaya, P. Roepstorff, R.A. Zubarev, Anal. Chem.

pounds appear to be due to their high surface tensions. - Zﬁl 31999) ‘;43_}1-L ortet. M. Etzeradt 1 e
. . . . Jaquinod, T.L. Holtet, M. Etzerodt, |I. Clemmensen, H.C.
Droplets that have higher surface tensions require Thogersen, P. Roepstorff, Biol. Chem. 380 (1999) 1307.

more charges to undergo Rayleigh fission. During the [7] N.L. Kelleher, R.A. Zubarev, K. Bush, B. Furie, B.C. Furie,
process of ion formation, the higher charge density F.W. McLafferty, C.T. Walsh, Anal. Chem. 71 (1999) 4250.

on the surface of the droplet translates into higher [81 D-M. Hom, R.A. Zubarev, F.W. McLafferty, Proc. Natl. Acad.
Sci. U.S.A. 97 (2000) 10313.

charge states of the analyte being formed. [9] T. Yalcin, W. Gabryelski, L. Li, Anal. Chem. 72 (2000) 3847.
For the synthetic polymer, PEG, additionrofNBA [10] R. Arakawa, T. Watanabe, T. Fukuo, K. Endo, J. Polym. Sci.

also enhances the formation of higher charge states  Polym. Chem. 38 (2000) 4403.

. . [11] F.W. McLafferty, Acc. Chem. Res. 13 (1980) 33.
(except from aqueous solutions) corresponding to [12] ER. Wiliams, J. Mass Spectrom. 31 (1996) 831.

sodium cationized molecular ions. In contrast, addi- [13] J.L. Stephenson, S.A. McLuckey, J. Am. Chem. Soc. 118
tion of glycerol results in a decrease in cationization, (1996) 7390.

presumably due to its high sodium affinity, which [14] R.A. Jockusch, P.D. Schnier, W.D. Price, E.F. Strittmatter,
' P.A. Demirev, E.R. Williams, Anal. Chem. 69 (1997) 1119.

results in glycerol competing for the cations. [15] G.E. Reid, J. Wu, P.A. Chrisman, J.M. Wells, S.A. McLuckey,
Being able to generate higher charge state ions by Anal. Chem. 73 (2001) 3274.

ESI is important for MS/MS studies in which dis- [16] R.A. Zubarev, D.M. Horn, E.K. Fridriksson, N.L. Kelleher,

o - ; ; N.A. Kruger, M.A. Lewis, B.K. Carpenter, F.W. McLafferty,
iation efficien nd information from fragmenta-
socilation efficiency a d ormatio (0] agmenta Anal. Chem. (2000) 563.

tion often increases with increasing charge. For all the [17] S.K. Chowdhury, V. Katta, B.T. Chait, J. Am. Chem. Soc.
work done to date, it appears thatNBA is an ideal 112 (1990) 9012.

charge-enhancing compound. AdditionrafNBA to [18] L. Konermann, D.J. Douglas, Biochemistry 36 (1997) 12296.
. 19] J.C.Y. Le Blanc, D. Beuchemin, K.W.M. Siu, R. Guevremont
0 [ : , : ,
electrospray solutions at levels between 1 and 20% can™ ™ ¢ o Berman, Org. Mass Spectrom. (1991) 831

produce significant charge enhancement and it does[20] J.A. Loo, R.R.O. Loo, H.R. Udseth, C.G. Edmonds, R.D.

not adversely affect the overall electrospray signal. Smith, Rapid Commun. Mass Spectrom. 5 (1991) 101.
[21] K.R. Babu, D.J. Douglas, Biochemistry 39 (2000) 14702.
[22] R.L. Winston, M.C. Fitzgerald, Mass Spectrom. Rev. 16
(1997) 165 (and references cited therein).

ACknOW|edgementS [23] D.R. Gumeroy, I.A. Kaltashov, Anal. Chem. 73 (2001) 2565.
[24] J.C.Y. Le Blanc, J. Wang, R. Guevremont, K.W.M. Siu, Org.
The authors thank Mr. Erik Freer and Professor Mass Spectrom. 29 (1994) 587.

: :_ [25] P.D. Schnier, D.S. Gross, E.R. Williams, J. Am. Soc. Mass
Clay Radke from the Department of Chemical Engi Spectrom. 6 (1095) 1086,

neering for use of, and assistance with, their surface [26] A.T. lavarone, J.C. Jurchen, E.R. Williams, J. Am. Soc. Mass
tension measurement apparatus. Generous financial  Spectrom. 11 (2000) 976.
support for this research was provided by the National [27] R.R.O. Loo, R.D. Smith, J. Mass Spectrom. 30 (1995) 339.

. . n0. [28] B.A. Thomson, J. Am. Soc. Mass Spectrom. 8 (1997) 1053.
Science Foundation (Grant No. CHE-00-98109). We [29] MW, Senko, C.L. Hendrickson, M.R. Emmett, S.D.H. Shi,

also acknowledge Hewlett-Packard for their contribu- A.G. Marshall, J. Am. Soc. Mass Spectrom. 8 (1997) 970.
tion of mass spectrometer components. [30] J.L. Stephenson, S.A. McLuckey, J. Mass Spectrom. 33 (1998)
664.
[31] M. Scalf, M.S. Westphall, L.M. Smith, Anal. Chem. 72 (2000)
References 52.

[32] B.A. Budnik, R.A. Zubarev, Chem. Phys. Lett. 316 (2000) 19.
[1] N.L. Kelleher, M.W. Senko, M.M. Siegel, F.W. McLafferty, [33] P. Hvelplund, S.B. Nielsen, M. Sorensen, J.U. Andersen,
J. Am. Soc. Mass Spectrom. 8 (1997) 380. T.J.D. Jorgensen, J. Am. Soc. Mass Spectrom. 12 (2001) 889.
[2] J.A. Loo, Int. J. Mass Spectrom. 200 (2000) 175 (and [34] A.T. lavarone, J.C. Jurchen, E.R. Williams, Anal. Chem. 73
references cited therein). (2001) 1455.

[3] E.P. Maziarz, G.A. Baker, T.D. Wood, Macromolecules 32 [35] S.E. Rodriguez-Cruz, J.S. Klassen, E.R. Williams, J. Am.
(1999) 4411. Soc. Mass Spectrom. 10 (1999) 958.

[4] A.S. Petersson, H. Steen, D.E. Kalume, K. Caidahl, P. [36] R.F. Straub, R.D. Voyksner, J. Am. Soc. Mass Spectrom. 4
Roepstorff, J. Mass Spectrom. 36 (2001) 616. (1993) 578.



72 AT. lavarone, E.R. Wiliams/ International Journal of Mass Spectrometry 219 (2002) 63—72

[37] J.F. Back, D. Oakenfull, M.B. Smith, Biochemistry 18 (1979) [40] S.M. Hunt, M.M. Sheil, M. Belov, P.J. Derrick, Anal. Chem.

5191. 70 (1998) 1812.
[38] R. Grandori, I. Matecko, P. Mayr, N. Miller, J. Mass [41] Lord Rayleigh, Philos. Mag. 14 (1882) 184.

Spectrom. 36 (2001) 918. [42] 3.B. Fenn, J. Am. Soc. Mass Spectrom. 4 (1993)
[39] L. Latourte, J.C. Blais, J.C. Tabet, R.B. Cole, Anal. Chem. 524.

69 (1997) 2742. [43] J.F. de la Mora, Anal. Chim. Acta 406 (2000) 93.



	Supercharging in electrospray ionization: effects on signal and charge
	Introduction
	Experimental
	Results and discussion
	ESI signal and charge enhancement
	Anions
	Synthetic polymer
	Mechanism of supercharging

	Conclusions
	Acknowledgements
	References


