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Abstract
The decrease in the sensitivity of electrospray ionization mass spectrometry caused by the presence
of metal salts, such as sodium chloride, in the sample matrix is well known and is particularly
problematic for biological samples. We report here that addition of high levels of ammonium acetate
can improve analyte signal in aqueous electrospray solutions and counteracts the signal suppression
caused by sodium chloride. A ~3-fold improvement in S/N is obtained by adding 8 M ammonium
acetate to aqueous solutions of cytochrome c without added sodium chloride. No organic solvents
or acids are added into the electrospray solutions. The signal-to-noise ratios of cytochrome c and
ubiquitin (10−5 M) ions formed from aqueous solutions containing 2.0 × 10−2 M sodium chloride
are improved by factors of ~7 and 11, respectively, by adding 7 M ammonium acetate to the solution.
We propose that this effect is a result of the precipitation of Na+ and Cl− from solution within the
evaporating electrospray droplets prior to the formation of gas-phase protein ions. This method is
potentially useful for improving the abundance of protein ions formed from solutions in which the
molecules have a nativelike conformation and is particularly advantageous for such solutions that
have high levels of sodium.

Electrospray ionization (ESI)1 is invaluable for generating multiply charged molecular ions of
large molecules, such as proteins and oligonucleotides, for molecular weight measurement by
mass spectrometry (MS)2,3 and identification or structural characterization by tandem mass
spectrometry (MS/MS).4–11 The multiple charging of analyte ions increases the effective mass
range of mass spectrometers and promotes the formation of
structurallyinformativefragmentionsduringMS/MSexperiments.4–11 Molecular weight
measurements of proteins have been made using as little as ~10−18 mol of sample.12 However,
the sensitivity of ESI-MS is typically lowered by the presence of salts, detergents, acids, and
other species in the sample matrix.13–21 For example, Wang and Cole reported that the
addition of 10−2 M cesium chloride to electrospray solutions of lysozyme (10−6 M) resulted
in a 330-fold reduction in analyte ion abundance.15 Addition of 10−2 M ammonium acetate
produced a 30-fold reduction in analyte ion abundance.15 The signal suppression caused by
salts is particularly problematic for the analysis of biological samples where the physiological
ionic strength is ~0.15 M.22

Several methods have been developed to counteract matrix effects in ESI-MS. The offending
species can be removed from solution prior to ESI-MS using a variety of techniques, including
liquid chromatography,23,24 ion exchange,25,26 solid-phase extraction,27,28 and dialysis.
23,29 These sample cleanup methods can be automated and performed on-line, reducing the
labor and time required for an analysis.23–29 The use of nanoelectrospray (na-noES)30
provides a substantial improvement in sensitivity for salt-containing solutions over that
obtained with conventional ESI. For example, Karas and co-workers reported that the signal-
to-noise ratios (S/Ns) of insulin (10−5 M) ions formed by nanoES from solutions containing
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10−2 M sodium chloride were comparable to those of insulin ions formed by conventional ESI
from solutions containing 10−3 M sodium chloride.31 Thus, nanoES improves the tolerance
for salt-containing samples by 1 order of magnitude.31

It also has been demonstrated that signal suppression can be counteracted by the addition of
certain organic solvents to electrospray solutions. For example, Apffel et al. reported that a
10–50-fold improvement in the abundance of peptide ions formed from solutions containing
trifluoroacetic acid (TFA) is obtained by addition of a 3:1 mixture of propionic acid and 2-
propanol.32 The authors proposed that “the process primarily responsible for signal
suppression by strong acids such as TFA” is “ion-pair formation between analyte ions...and
TFA anions,” and that propionic acid counteracts signal suppression by driving the equilibrium
in solution toward neutral TFA, which then evaporates to some extent from the droplets prior
to the formation of gas-phase analyte ions.32 The role of 2-propanol is as a “carrier solvent”
that may also aid in generating a stable signal (the addition of 2-propanol alone and 3:1
propionic acid/2-propanol produced a 1.8- and 30-fold improvement in signal, respectively).
32 Similarly, Yamaguchi et al. reported a 100-fold improvement in sensitivity for ions formed
from solutions containing ammonium acetate and acetic acid, by addition of the low vapor
pressure solvent 2-(2-methoxyethoxy)ethanol (2-MEE; bp 193 °C).33 The authors speculated
that “the ion-suppression effect of acetate ion” is responsible in part for the poor ESI response
obtained from ammonium acetate/acetic acid-containing solutions and that 2-MEE counteracts
signal suppression by allowing acetic acid and water to preferentially evaporate from the
electrospray droplets prior to ion formation.33

Here, we report that both the abundance and the reproducibility of ion signal of cytochrome
c and ubiquitin ions formed by nanoES from aqueous solutions containing 0 or 2.0 × 10−2 M
sodium chloride are significantly improved by adding 7 or 8 M ammonium acetate to
electrospray solutions. We propose that this effect is due to the removal of Na+ and Cl− from
solution by precipitation within the evaporating electrospray droplets prior to the formation of
gas-phase protein ions. To the best of our knowledge, this is the first demonstration of an
additive for counteracting signal suppression in ESI that is compatible with aqueous, nativelike
electrospray solutions, i.e., solutions without added organic solvents or acids.

EXPERIMENTAL SECTION
Experiments are performed on a Fourier transform mass spectrometer equipped with a 9.4-T
superconducting magnet and an external ESI source. This instrument is described elsewhere.
34 Ions are generated by nanoelectrospray30 using needles that are made from 1.0-mm-o.d.,
0.78-mm-i.d. borosilicate capillaries. These capillaries are pulled to a tip with an inner diameter
of ~4 μm using a Flaming/Brown micropipet puller (model P-87, Sutter Instruments, Novato,
CA). The electrospray is initiated by applying a potential of ~800–1400 V to a Pt wire (0.127-
mm diameter, Aldrich, Milwaukee, WI) inserted into the nanoelectrospray needle to within ~2
mm of the tip. The wire and nanoelectrospray needle are held in place with a patch clamp holder
(WPI Instruments, Sarasota, FL). The flow rates are between 20 and 100 nL/min. No pneumatic
assistance or back pressure is used. A new nanoelectrospray tip is used for each measurement
to eliminate the possibility of cross-contamination. The electrospray voltage is carefully
adjusted to optimize the abundance of analyte ions prior to recording a mass spectrum. The
electrospray voltages for solutions containing 10−5 M cytochrome c and 0, 1.0 × 10−3, 1.0 ×
10−1, or 8 M ammonium acetate are 1460 ± 70, 1300 ± 100, 920 ± 30, and 880 ± 60 V,
respectively. The electrospray voltages for solutions containing 10−5 M cytochrome c, 2.0 ×
10−2 M sodium chloride, and 0 or 7 M ammonium acetate are 1040 ± 180 and 860 ± 80 V,
respectively. The electrospray voltages for solutions containing 10−5 M ubiquitin, 2.0 × 10−2

M sodium chloride, and 0, 1.0 × 10−1, or 7 M ammonium acetate are 1120± 120, 1060 ± 200,
and 750 ± 70 V, respectively. The ions and droplets generated by nanoelectrospray are sampled
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from atmospheric pressure through a glass capillary. A countercurrent flow of heated nitrogen
(120 °C) is used to promote evaporation of the electrospray droplets. Ions are accumulated in
an external hexapole ion trap and gated into the cell. Ions are dynamically trapped in the cell
using pulses of nitrogen (peak pressure ~(1–5) × 10−7 Torr). Cell pressures are monitored using
an uncalibrated ion gauge located above one of the turbomolecular pumps.

Ammonium acetate (98.5%), sodium chloride (99.9%), and sodium acetate (99.5%) were
obtained from Fisher Scientific (Fair Lawn, NJ). Ammonium chloride (99.5+%) was obtained
from Aldrich. Equine cytochrome c (96%; 12 kDa) and bovine ubiquitin (>90%; 8.6 kDa) were
obtained from Sigma (St. Louis, MO) and used without further purification. Eight replicate
measurements were taken of aqueous electrospray solutions containing 10−5 M cytochrome
c, 2.0 × 10−2 M sodium chloride, and 0 or 7 M ammonium acetate. Five replicate measurements
were taken of aqueous electrospray solutions containing 10−5 M ubiquitin, 2.0 × 10−2 M sodium
chloride, and 0, 1.0 × 10−1, or 7 M ammonium acetate. Three replicate measurements were
taken of aqueous electrospray solutions containing 10−5 M cytochrome c, 0 M sodium chloride,
and 0, 1.0 × 10−3, 1.0 × 10−1, or 8 M ammonium acetate. The pH of the 8 M ammonium acetate
stock solution is ~7. The densities of saturated aqueous solutions of ammonium acetate, sodium
acetate, and ammonium chloride were each measured in triplicate by weighing aliquots
dispensed from a 2-mL volumetric pipet on an analytical balance. Water was used to calibrate
the pipet. Experimental errors are reported as ± one standard deviation from the mean.

RESULTS AND DISCUSSION
Cytochrome c without Added Sodium Chloride.

The S/Ns of the most intense charge states of cytochrome c (10−5 M) formed from aqueous
solutions containing 0, 1.0 × 10−3, and 1.0 × 10−1 M ammonium acetate (NH4Ac), the 8+, 8+,
and 7+, respectively, do not significantly differ at the 95% confidence level (CL; Table 1).
However, the S/N of the most intense charge state formed from 8 M NH4Ac, the 7+, is 2.7
times greater than that of the most intense charge state, the 8+, formed from 0 M NH4Ac. Thus,
addition of 8 M NH4Ac results in a significant improvement in the sensitivity for cytochrome
c ions formed from aqueous solutions. The increased analyte S/N reported here appears to be
contrary to the results reported by Wang and Cole, who reported a 10–30-fold decrease in
protein ion signal with the addition of up to 10−1 M NH4Ac.15 This discrepancy presumably
stems from the use of nanoelectrospray in our experiments (flow rates of (2–10) × 10−8 L/min)
versus the use of conventional electrospray (1.6 × 10−6 L/min)15 in the experiments of Wang
and Cole (nanoelectrospray has a superior tolerance for solutions of high ionic strength).31

Representative mass spectra are shown in Figure 1. In the spectrum formed from 0 M NH4Ac,
the maximum charge state, zMax, the charge state of highest abundance, zMain, and the minimum
charge state, zMin, are 9+, 8+, and 7+, respectively (Figure 1a). Up to three adducted Na+ are
observed for both the 9+ and 8+, and up to ~six adducted Na+ are observed for the 7+ (insets,
Figure 1a). Sodium adducts account for 35 ± 5% of the total cytochrome c ion abundance, and
the most intense peak in each charge state cluster is the nonadducted, protonated molecular
ion, i.e., the (M + nH)n+. The spectrum obtained from 1.0 × 10−3 M NH4Ac exhibits the same
zMax, zMain, and zMin (Figure 1b). With 1.0 × 10−1 M NH4Ac, the charge distribution is shifted
to lower charge. The zMax, zMain, and zMin are 8+, 7+, and 6+, respectively, and the most intense
peaks in the 6+ and 7+ peak groups correspond to adduction of one Na+ (Figure 1c). The lower
charge could be due to competition for charge between the protein and ammonium/acetate or
due to conformational effects at high ionic strength. Sodiated ions account for 71 ± 12% of the
total analyte ion abundance in the spectrum, although the maximum extents of sodiation of the
8+ and 7+ charge states are essentially the same as those observed from 0 M NH4Ac. The
higher abundance of sodium adducts observed with 1.0 × 10−1 M NH4-Ac presumably results
from sodium impurities in the NH4Ac used in these experiments (the purity stated by the
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manufacturer is 98.5%). With 8 M NH4Ac, zMax, zMain, and zMin are the same as those obtained
from 1.0 × 10−1 M NH4Ac; however, the abundance and maximum extent of adduction
observed for all charge states are lower than those observed from the other solutions (Figure
1d). The most intense peak in each charge-state cluster is the protonated, nonadducted
molecular ion. Remarkably, the abundances of sodium adducted ions are dramatically reduced.
Some adducts of ammonia (17 Da) and acetic acid (60 Da) are observed, and these adducts
account for 23 ± 4% of the analyte ion abundance (insets, Figure 1d), a percentage even lower
than that of the sodium adducts formed from 0 M NH4Ac (35%; Figure 1a). Spectra obtained
from 1 M NH4Ac are virtually identical to those obtained from 8 M NH4Ac, except that the
former exhibit less acetic acid adduction than the latter (data not shown).

Interestingly, sodium adduction often increases with decreasing charge state (insets, Figure
1a–c). For example, the proportion of analyte ion abundance due to sodium adducts of the 7+
exceeds that of the 8+ for ions formed from 0, 1.0 × 10−3, and 1.0 × 10−1 M NH4Ac by 83,
148, and 58% (relative), respectively (Table 2). For 0 M NH4Ac, the relative sodium adduct
abundance for the 9+ is slightly higher than that of the 8+ (36 vs 29%); however; these values
are not significantly different at the 95% confidence level. Karas and co-workers also noted a
trend of increasing sodiation with decreasing charge state of protein ions formed by ESI, which
they attributed to the different charge states being formed from droplets that have undergone
different extents of evaporation.31 According to this mechanism, the observed degree of
sodium adduction correlates with the sodium concentration within the droplets at the time of
ion formation. For example, high charge states originate from the early stages of the chain of
droplet evaporation/fission and thus are formed from droplets with sodium concentrations
similar to that of the bulk electrospray solution. Low charge states are formed from droplets
that have undergone more extensive evaporation and, consequently, have an increased sodium
concentration.31

Cytochrome c with Added Sodium Chloride.
The S/Ns of charge states of cytochrome c formed from aqueous solutions containing 2.0 ×
10−2 M NaCl and 0 or 7 M NH4Ac are listed in Table 3. The S/N of the most intense charge
state formed from 7 M NH4Ac, the 7+, is greater than that of the most intense charge state
formed from 0 M NH4Ac, the 8+, by a factor of 6.7. Cytochrome c ions are below detection
limits in three of the eight spectra collected from 0 M NH4Ac; however, these ions are present
at S/N > 48 in all eight of the spectra obtained from 7 M NH4Ac (data not shown). Thus,
addition of very high concentrations of NH4Ac to solutions containing NaCl can improve both
the abundance and the reproducibility of analyte signal.

Representative mass spectra are shown in Figure 2. The spectrum obtained from 0 M NH4Ac
(Figure 2a) is dominated by a series of cluster ions, Na(NaCl)n+ (n = 3–28), with an average
mass, weighted by ion abundance, of 827 ± 94 Da. The peaks at m/z 257, 783, and 1309, which
are markedly more intense than their immediate neighbors, correspond to magic numbers n =
4, 13, and 22, respectively, of Na(NaCl)n+. Magic numbers of sodium chloride cluster ions
have been observed previously and correspond to clusters with special structural stability.35–
38 Other series of cluster ions are interposed among Na(NaCl)n+ at lower abundance, including
Na2(NaCl)m2+. In addition to sodium chloride cluster ions, cytochrome c charge states 8+ and
7+ are observed in five of the eight spectra obtained from this solution, at <3% of the total ion
abundance (TIA). Peaks corresponding to the adduction of up to ~9 and up to ~14 Na+ to the
8+ and 7+ charge states of cytochrome c, respectively, are observed (Figure 2a). These extents
of adduction are 3 and 2.3 times, respectively, as high as those observed from the corresponding
solution without added NaCl (insets, Figure 1a). Interestingly, the maximum number of
adducted Na+ observed for the 7+ is approximately equal to the number of acidic groups in the
protein (13). In addition to the series of peaks corresponding to sodiated molecular ions, the 7
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+ also has a series of approximately five “haystacks” spaced 210–350 Da apart (7+ inset, Figure
2a). The spacing between the haystacks roughly corresponds to the mass of the magic number
cluster Na(NaCl)4+ (257 Da), indicating that these haystacks represent cytochrome c ions with
different numbers of attached sodium chloride clusters. These protein/sodium chloride clusters
may be a result of sodium chloride crystallizing on the protein during desolvation.

With 7 M NH4Ac (Figure 2b), the distribution of Na(NaCl)n+ (n = 2–11) cluster ions is observed
at a dramatically lower average mass, 272 ± 13 Da, compared to that observed from 0 M
NH4Ac. Cytochrome c charge states are observed at ~10–50% TIA in all of the eight spectra
taken from this solution (data not shown). The maximum observed extents of Na+ adduction
of the 8+ and 7+ charge states of cytochrome c are approximately the same as those obtained
from 0 M NH4Ac (insets, Figure 2a, b); however, the 7+ peak group does not contain a series
of haystacks extending to m/z 2000. Instead, it has a shoulder that falls to the baseline by m/z
~1860 (7+ inset, Figure 2b), indicating a decreased extent of sodium chloride clustering on the
protein relative to that observed from 0 M NH4Ac. The observed decrease in the mass and
abundance of sodium chloride cluster ions and cytochrome c/sodium chloride cluster ions
observed with the addition of 7 M NH4Ac could be due to a reduction of clustering in solution
due to the high ionic strength or it could be due to incorporation of NH4

+ and Ac− into the
NaCl clusters at their early stages of formation. This could inhibit their subsequent growth or
may significantly reduce their stability due to the very high volatility of NH4Ac. This result is
also consistent with the partial removal of Na+ and Cl− by precipitation from solution prior to
ion formation. The mechanism for this process is discussed in a subsequent section.

Ubiquitin with Added Sodium Chloride.
The S/Ns of ubiquitin ions formed from aqueous solutions containing 2.0 × 10−2 M NaCl and
0, 1.0 × 10−1, or 7 M NH4Ac are listed in Table 4. The most intense ubiquitin charge state
formed from each solution is the 5+. The S/Ns of the 5+ formed from 0 and 1.0 × 10−1 M
NH4Ac are not significantly different (95% CL); however, the S/N of the 5+ formed from 7
M NH4Ac is 11 times greater than that formed from 0 M NH4Ac (Table 4). Thus, as also
demonstrated with cytochrome c, adding 7 M NH4Ac significantly improves the abundance
of ubiquitin ions formed from aqueous solutions with 2.0 × 10−2 M NaCl.

Representative mass spectra are shown in Figure 3. The spectrum obtained from 0 M NH4Ac
exhibits the 5+ charge state of ubiquitin with varying extents of adduction and cluster ions Na
(NaCl)n+ and Na2(NaCl)m2+  (Figure 3a). The most intense peak in the 5+ peak group
corresponds to an adduction of +1200 Da, and a maximum extent of adduction of ~+4030 Da
is observed (Figure 3a). The latter corresponds to ions that contain 32% adducting species by
mass. (In one of the five spectra taken from this solution, the most intense peak in the 5+ peak
group corresponds to the protein with five adducted Na+, and the abundances of the higher
mass adducts rapidly fall off to a maximum degree of adduction of +2400 Da; data not shown.)
A series of approximately five haystacks is observed in the 5+ peak cluster (Figure 3a), as also
observed with cytochrome c 7+ ions (inset, Figure 2a) and presumably represents NaCl
crystallites on the protein ions. With 1.0 × 10−1 M NH4Ac, the peak of highest abundance for
ubiquitin 5+ corresponds to the protein with eight adducted Na+ (+176 Da; adducting Na+

displaces constituent protons in the protein), and the maximum extent of adduction is roughly
+1350 Da (Figure 3b). With 7 M NH4Ac, the peak of highest abundance in the 5+ peak group
corresponds to an adduction of two Na+ (+44 Da), the maximum extent of adduction is ~+380
Da, and the nonadducted, protonated molecular ion is observed at 47% relative abundance
(Figure 3c). In addition to sodium adducts, the 5+ also exhibits mixed adducts that contain
Na+ and NCl (inset, Figure 3c). In the 6+ peak group of Figure 3c, the peak of highest abundance
corresponds to one adducted Na+, the protonated molecular ion is observed at 61% relative
abundance, and up to six adducted Na+ are observed (Figure 3c).
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Precipitation.
An ion in solution can be precipitated by addition of a counterion with which the ion forms an
insoluble compound. Whether or not a precipitate forms depends on the concentrations of the
different ions in solution and the solubilities of the different compounds that may be formed
between the cations and anions.39 The molar solubility of NH4Ac, 8.3 M (4 °C), is greater
than those of NaAc, NH4Cl, and NaCl, 5.9 (20 °C), 4.2 (15 °C), and 5.3 M (20 °C), respectively,
indicating that NH4 Ac can precipitate Na+ and Cl−.40 No precipitates form upon preparing an
aqueous solution containing 2.0 × 10−2 M NaCl and 7 M NH4-Ac. However, the solution
becomes saturated in NH4Ac after 15.9% of the solvent has evaporated under equilibrium
conditions (Figure 4). This corresponds to a spherical droplet that has evaporated to 94% of
its original diameter. At this stage of evaporation and beyond, [NH4

+] and [Ac−] are both 8.3
M, and further evaporation results in the precipitation of NH4Ac. NH4Cl begins to precipitate
after 99.0% of the solvent has evaporated, when [Cl−] reaches 2.1 M. NaAc then begins to
precipitate after 99.5% of the solvent has evaporated, when [Na+] reaches 4.2 M (Figure 4).
For comparison, a solution containing 2.0 × 10−2 M NaCl and 0 M NH4Ac becomes saturated
in NaCl once 99.6% of the solvent has evaporated, when [Na+] and [Cl−] reach 5.3 M. Thus,
the evaporation of >99.6% of the solvent from the solution containing 7 M NH4Ac results in
concentrations of Na+ and Cl− that are 79 and 40%, respectively, of those of the corresponding
solution with 0 M NH4Ac that has evaporated to the same extent. The greater reduction in
[Cl−] than in [Na+] is a consequence of NH4Cl having a lower solubility than NaAc.40

The precipitations described above are for a system at equilibrium; however, the evaporation
of electrospray droplets may be under kinetic control instead of thermodynamic control (the
time scale from droplet generation to ion formation is ~10−4–10−3 s).42 One possible
consequence of this is [NH4Ac] in the droplets may exceed 8.3 M due to supersaturation, which
in turn may decrease the extent of solvent evaporation required to precipitate NH4Cl and NaAc,
compared to that of a system at equilibrium.43 In addition, high concentrations of NH4Ac and
short evaporation times promote the inclusion of impurity ions, such as Na+ and Cl−, within
precipitating NH4Ac. As indicated by the calculations described in the preceding paragraph,
the coprecipitation of Na+ and Cl− with NH4Ac is expected to require less solvent evaporation
than precipitation of pure NH4Cl and NaAc due to the high concentration (84% of saturation)
of NH4Ac in the bulk electrospray solution.

CONCLUSIONS
The sensitivity and reproducibility of ESI-MS is significantly compromised by the presence
of metal salts in electrospray solutions. Until now, no means to counteract this problem has
been available for use with aqueous, nativelike electrospray solutions except to remove the
offending species from solution prior to ESI-MS, using dialysis, ion exchange, or other sample
cleanup methods. We have demonstrated a convenient, inexpensive method to improve the
ESI-MS abundance of protein ions formed from aqueous solutions, namely, by addition of 7–
8 M ammonium acetate. Addition of 8 M ammonium acetate to cytochrome c solutions that
do not contain added sodium chloride produces a ~3-fold improvement in S/N and dramatically
reduces the extent of sodiated adduct ions observed in the spectra. The addition of 7 M
ammonium acetate to aqueous cytochrome c and ubiquitin solutions containing 2.0 × 10−2 M
sodium chloride results in a ~7- and 11-fold improvement, respectively, in analyte S/N and a
decrease in the mass and relative abundance of sodium chloride and protein/sodium chloride
cluster ions. We propose that this effect is due to the precipitation of Na+ and Cl− within the
evaporating electrospray droplets, as sodium acetate and ammonium chloride and/or as a
coprecipitate with ammonium acetate prior to the formation of gas-phase analyte ions. This
process essentially amounts to performing preparative wet chemistry in electrospray droplets
instead of at the laboratory bench. This method appears to be a simple solution to overcoming
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one of the major limitations of electrospray ionization and should be particularly advantageous
for the analysis of cell extracts or other biological samples that have high levels of salt.
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Figure 1.
ESI mass spectra of cytochrome c (10−5 M) ions formed from aqueous solutions containing
(a) 0, (b) 1.0 × 10−3, (c) 1.0 × 10−1, and (d) 8 M ammonium acetate. In the analyte ions that
have sodium adducts, each sodium cation replaces a proton; i.e., the net increase in mass is 22
Da per sodium ion adducted.
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Figure 2.
ESI mass spectra of cytochrome c (10−5 M) ions formed from aqueous solutions containing
2.0 × 10−2 M sodium chloride and (a) 0 or (b) 7 M ammonium acetate. Cluster ions Na
(NaCl)n+ and Na2(NaCl)m2+ are indicated by closed circles and open circles, respectively.

Iavarone et al. Page 10

Anal Chem. Author manuscript; available in PMC 2006 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
ESI mass spectra of ubiquitin (10−5 M) ions formed from aqueous solutions containing 2.0 ×
10−2 M sodium chloride and (a) 0, (b) 1.0 × 10−1, or (c) 7 M ammonium acetate. Cluster ions
Na(NaCl)n+ and Na2(NaCl)m2+ are indicated by closed circles and open circles, respectively.
In (a), the open and closed arrows denote ubiquitin 5+ ions with an adduction of +1200 and
4030 Da, respectively. In the insets of (c), the asterisks denote peaks that are +36 Da relative
to sodium adduct peaks and presumably represent sodium adducts that contain a single
adducted NCl. Noise peaks are denoted by the letter “N”.
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Figure 4.
Evolution of the solution-phase concentrations of NH4

+, Na+, acetate (Ac−), and Cl− during
the evaporation of an aqueous solution that initially contains 2.0 × 10−2 M NaCl and 7 M
NH4Ac. The inset shows detail for 96–100% of solvent evaporated. For comparison, the
solubility of sodium chloride, 5.3 M, is represented by a solid line, labeled “[NaCl] (saturated)”,
in the inset. The plot is based on equilibrium data from refs 40 and 41.
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Table 1
Average Signal-to-Noise Ratios of Charge States of Cytochrome c (10−5 M) Formed from Aqueous Solutions
Containing 0, 1.0 × 10−3, 1.0 × 10−1, and 8 M Ammonium Acetatea

[NH4Ac] (M) 9+ 8+ 7+ 6+

0 71 ± 25 446 ± 59 88 ± 7 < 2
1.0 × 10−3 51 ± 7 427 ± 82 71 ± 25 4 ± 6
1.0 × 10−1 < 2 155 ± 58 336 ± 33 58 ± 21
8 < 2 379 ± 88 1228 ± 272 50 ± 30

a
For each solution, the signal-to-noise ratio of the charge state of highest abundance is in boldface type. Reported errors are ±1 standard deviation from

the mean for three replicate measurements.
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Table 2
Percentages of Analyte Ion Abundance Due to Adduction for Charge States of Cytochrome c (10−5 M) Formed
from Aqueous Solutions Containing Different Concentrations of Ammonium Acetatea

[NH4Ac] (M) 9+ 8+ 7+ 6+

0 36 ± 8 29 ± 3 53 ± 8 <DL
1.0 × 10−3 25 ± 2 29 ± 6 72 ± 10 <DL
1.0 × 10−1 <DL 48 ± 15 76 ± 10 82 ± 5
8 <DL 20 ± 2 23 ± 5 26 ± 4

a
For 0, 1.0 × 10−3, and 1.0 × 10−1 M NH4Ac, the adducts are due to sodium (+22 Da; Na+ displaces H+). For 8 M NH4Ac, the adducts are due to

ammonia (17 Da) and acetic acid (60 Da). Reported errors are ±1 standard deviation from the mean for three replicate measurements. <DL indicates that
a given charge state is below detection limits.
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Table 3
Signal-to-Noise Ratios of Charge States of Cytochrome c (10−5 M) Formed from Aqueous Solutions Containing
2.0 × 10−2 M Sodium Chloride and 0 or 7 M Ammonium Acetatea

[NH4Ac] (M) 8+ 7+ 6+

0 22 ± 21 12 ± 10 < 2
7 24 ± 10 147 ± 84 5 ± 4

a
For each solution, the signal-to-noise ratio of the charge state of highest abundance is in boldface type. Reported errors are ±1 standard deviation from

the mean for eight replicate measurements.
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Table 4
Signal-to-Noise Ratios of Charge States of Ubiquitin (10−5 M) Formed from Aqueous Solutions Containing 2.0
× 10−2 M Sodium Chloride and 0, 1.0 × 10−1, or 7 M Ammonium Acetatea

[NH4Ac] (M) 6+ 5+

0 < 2 68 ± 131
1.0 × 10−1 3 ± 5 31 ± 50
7 28 ± 10 751 ± 167

a
For each solution, the signal-to-noise ratio of the charge state of highest abundance is in boldface type. Reported errors are ±1 standard deviation from

the mean for five replicate measurements.
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