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The extension of mass spectrometry to high molecu- 
lar weight biopolymers based upon electrospray ioniza- 
tion and the on-line combination with capillary electro- 
phoresis is described. Electrospray ionization produces 
gas-phase intact multiply charged molecular ions of 
biomolecules from highly charged liquid droplets by a 
high electric field. For high molecular weight sub- 
stances electrospray ionization results in a characteris- 
tic bell-shaped distribution of multiply charged ions, 
with each adjacent major peak in the spectrum differing 
by one charge. Multiply charged molecular ions of pro- 
teins with molecular weights greater than 130,000 
have been observed with a quadrupole mass spectrome- 
ter of limited mass-to-charge range (m/z 1700). Molec- 
ular weights can be readily determined for large pro- 
teins with accuracies in the range of +O.Ol to 0.06%; at 
least an order of magnitude further improvement ap- 
pears feasible with improved techniques and instru- 
mentation. The electrospray ionization method is sensi- 
tive, presently requiring samples in the 100 fmol to 10 
pmol range for proteins. Initial results combining rapid 
separations by capillary zone electrophoresis with on- 
line mass spectrometric detection via the electrospray 
ionization source are demonstrated for myoglobin and 
other proteins and polypeptides. The potential for ex- 
tension of these methods to molecular weights on the or- 
der of 10’ is discussed. o 1999 Academic Press, IS 

Mass spectrometry (MS) is probably the most broadly 
applicable analytical tool in the chemical sciences and is 
becoming increasingly important in biological research 
as capabilities to address large molecules advance. The 
molecular weight range amenable to MS has increased 

’ To whom correspondence should be ad&essed. 

404 

at an explosive rate in the past decade. Before 1980 it 
was difficult to analyze nonvolatile biomolecules with 
molecular weights in excess of 1000 by MS. Desorption- 
ionization techniques such as fast atom bombardment 
(1) and californium-252 plasma desorption (PD)’ (2,3) 
extended the mass range in the early 198Os, with singly 
and multiply charged molecular ions being observed by 
PD-MS for porcine pepsin (A& - 33,633) (4,5). Multi- 
channel array detectors on magnetic sector instruments 
together with irradiation by higher energy ions have im- 
proved detection sensitivities and allowed proteins as 
large as trypsinogen (M, - 24,000) to be analyzed using 
liquid secondary ion MS (6). Laser desorption (266-nm 
photons) with the use of a special organic sample matrix 
has recently allowed ionization of a 170-kDa protein 
(7,8). Despite these successes, the further extension of 
mass spectrometry depends on the development of 
methods with improved sensitivity, broader applicabil- 
ity, the ability to obtain both accurate molecular weights 
and (ideally) structural information, and, perhaps most 
importantly, the on-line combination with microscale 
separation methods. 

Electrospray ionization (ESI), pioneered by Dole et al. 
(9), and recently rejuvenated by Fenn and co-workers 
(lO,ll), is a “soft” ionization method capable of produc- 
ing multiply charged molecular ions. ES1 involves an 
electrically induced nebulization process producing 
highly charged droplets in a dry nitrogen atmosphere 
that causes the droplets to shrink to their charge limit, 
resulting in ion desorption or evaporation of intact mo- 
lecular ions. Dole and co-workers reported tentative in- 
dications that small proteins such as lysozyme (M, 
- 14,300) and organic polymers as large as 800,000 Da 

2 Abbreviations used: PD, plasma desorption; ESI, electronspray 
ionization; CZE, capillary zone electrophoresis; CID, collision-induced 
dissociation; FWHH, full width at half the peak height. 
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could be addressed by ESI-MS. Fenn and co-workers 
observed polyethylene glycol, with a nominal molecular 
weight of 17,500, to have up to 23+ charges due to multi- 
ple sodium cation attachment (12). Recently, they re- 
ported mass spectra for proteins as large as alcohol dehy- 
drogenase (subunit, from equine liver), M, - 40,000, 
having as many as 46+ charges per molecule (13), subse- 
quently supported by similar results from our laboratory 
(14,15). 

The ES1 phenomenon provides the basis for impor- 
tant new methods for the characterization of macromol- 
ecules, as well as the basis for the combination with high 
resolution capillary electrophoresis separation methods. 
We have now obtained ES1 mass spectra for multiply 
charged proteins with molecular weights above 130,000 
using a quadrupole mass spectrometer with a maximum 
mass-to-charge (m/z) limit of only 1700. The ESI-MS 
method offers significant advantages due to the combi- 
nation of sensitivity, extended molecular weight range 
with conventional mass spectrometers, and the poten- 
tial for obtaining structural information on large highly 
charged ions (14). In addition, the series of multiply 
charged molecular ion peaks from ES1 allows for accu- 
rate molecular weight measurements. The potential util- 
ity of these methods is further augmented by their 
on-line combination with high resolution capillary elec- 
trophoresis separation methods. We have previously 
demonstrated that both capillary zone electrophoresis 
(CZE) (16-18) and capillary isotachophoresis (19) can 
be successfully interfaced to mass spectrometry via an 
ES1 interface. Below we describe initial studies of ESI- 
MS and CZE-MS for polypeptides and large proteins, 
discuss methods for their applications, and speculate on 
the ultimate limitations of the technique. 

MATERIALS AND METHODS 

Instrumentation for ESI-MS. The ESI-MS inter- 
face for the quadrupole mass spectrometer developed at 
our laboratory is shown in Fig. 1(17,18). The ES1 source 
consists of a 100-pm-i.d. fused silica capillary which pro- 
trudes -0.2 mm from a stainless-steel tube. A liquid 
sheath, typically methanol or acetonitrile, establishes 
electrical contact to the analyte solution eluting from 
the fused silica capillary (18). A voltage of between +5.0 
and +6.0 kV (for positive ions) is applied to the stain- 
less-steel tube, establishing the electrospray. For direct 
ESI-MS studies, syringe pumps controlled flow of an- 
alyte solutions and the liquid sheath at 1 and 3 pl/min, 
respectively. A 3 to 6 liter/min countercurrent flow of 
warm (SO’C) nitrogen between the nozzle and the ES1 
source is used to aid desolvation and eliminate solvent 
cluster formation. The CZE-MS studies utilized elec- 
troosmotic flow in untreated fused silica capillaries; de- 
tails of the methods and instrumentation are given else- 
where (17,18). 

Materials. All peptides and protein samples were 
purchased from Sigma Chemical Co., except bovine apo- 
transferrin and creatine amidinohydrolase (Calbiochem 
Biochemicals), and were used without further purifica- 
tion. Sample solutions (100 pM) were typically prepared 
in distilled water with glacial acetic acid added at a con- 
centration of l-5 %. 

RESULTS AND DISCUSSION 

General Characteristics of ESI Mass Spectra for Peptides 
and Proteins 

In contrast with conventional mass spectrometric ion- 
ization methods negligible fragmentation of molecular 
ions is observed using ESI. For example, vitamin Blz (cy- 
anocobalamine, M, 1355), a labile biomolecule, yields no 
observable fragment ions due to corrin ring fragmenta- 
tion or loss of the axial cyano group, as typically ob- 
served with other desorption-ionization techniques 
(20). Only protonated or sodiated singly and doubly 
charged molecular ions are detected. Peptides such as 
bradykinin (M, 1060), gramicidin S (M, 1141), gramici- 
din D (M, 1881)) melittin (M, 2845)) glucagon (M, 3480)) 
bovine insulin (M, 5734), and porcine insulin (M, 5778) 
exhibit only multiply protonated, and in some cases mul- 
tiply sodiated (depending upon solution buffer) molecu- 
lar ion species by ES1 (14,15), with a general absence of 
the typical fragment ions produced with other sources 
(21,22). 

For larger molecules, a bell-shaped distribution of 
multiply charged molecular ions dominates the ES1 
mass spectrum, as first reported by Fenn and co-workers 
(13). The multiple charging phenomenon extends the 
effective molecular weight range of any mass spectrome- 
ter by a factor equal to the number of charges. For pro- 
teins (prepared in aqueous solution, pH < 4), an approxi- 
mate linear correlation is observed between the 
maximum number of charges and the number of basic 
amino acid residues (e.g., arginine, lysine, histidine, 
etc.), i.e., the probable but not necessarily actual proton- 
ation sites. For example, angiotensin I (M, 1296) con- 
tains one arginine and two histidine residues in its se- 
quence (along with an N-terminal amino group), 
consistent with the (M + 4H)4’ ion being the maxi- 
mum charged species observed experimentally. The (M 
+ 5H)5’ and (M + 6H)6+ are the most abundant and 
most highly charged species, respectively, produced by 
ES1 for melittin from bee venom, a peptide with 5 basic 
amino acids and an N-terminal NH2 group. Similarly, 
horse heart cytochrome c (M, 12,360) has 24 basic amino 
acids while charge states up to the (M + 21H)‘l+ species 
is observed. The role of other contributing moieties, such 
as the iron-porphyrin complex bound to the cytochrome 
c molecule, is uncertain. Certainly other amino acid resi- 
dues may be possible sites for protonation; Bojesen has 
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FIG. 1. Detail of the electrospray ionization interface tip and nozzle region to the quadrupole mass spectrometer (not to scale). Ions are 
sampled though the focusing lens and nozzle-skimmer openings to the radio frequency (rf) ion focusing quadrupole lens. Typically, +450 V is 
applied to the focusing lens and +200 V to the nozzle (V,,), while the skimmer is at ground potential. The analysis quadrupole mass spectrometer 
has a range of m/z 1700. 

recently measured the relative gas-phase proton affini- 
ties of the 20 common amino acids (23). 

The fact that all positive ion spectra of polypeptides 
and proteins with A& > 3,000 studied to date (with aceto- 
nitrile or methanol sheath liquids) also yield maxima in 
their charge distributions below m/z 1500 suggests that 
in addition to proton affinities, the substances’ surface 
activity, solvent composition, and electrostatic interac- 
tions may be important in determining the distribution 
of charge states. The Coulombic repulsion of charge sites 
was previously invoked to explain the ESI-MS data for 
various molecular weight polyethylene glycol oligomers 
(12). Figure 2 shows the relationship between the most 
abundant charge state and the molecular weight. For a 
protein with a globular structure, and charges evenly dis- 
tributed over the surface, one would expect a maximum 
charge state proportional to Mf’” . For a “spherical” 60- 
kDa protein with a diameter of -6 nm, we estimate a 
maximum charge state of 620 based upon the Rayleigh 
stability limit for maintaining a spherical structure by 
hydrogen bonding interactions. The maximum charge 
state due to field emission is likely even smaller (610). 
We hypothesize that these large charge states can be sta- 
bilized for gas-phase proteins only by the breaking of hy- 
drogen bonds and loss of a higher order (secondary and 
tertiary) structure to an “extended” form. Such struc- 
tural change would be consistent with the observed ES1 
separations of protein subunits (discussed later) and the 
nearly linear relationship between charge state and mo- 
lecular weight. 

Some “tailing” on the high m/z side of each multiply 
charged molecular ion peak often occurs, as shown in the 
mass spectrum of sperm whale (skeletal muscle) myoglo- 
bin (Fig. 3A). Myoglobin is composed of a 153 amino acid 
residue chain (globin) bound to an iron-protoporphyrin 
IX molecule. A PD mass spectrum of myoglobin (24) 

RAYLEIGH LIMIT 

0 100000 200000 

MOLECULAR WEIGHT 

FIG. 2. Graph of most probable charge state observed by ESI-MS 
vs molecular weight for proteins studied to date. The Rayleigh limit is 
calculated for a spherical molecule having a surface tension of 7.2 
X lo-’ N/m. The results suggest a loss of secondary and tertiary struc- 
ture to form an extended structure able to accommodate the high 
charge states. 
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FIG. 3. ES1 mass spectra of (A) sperm whale myoglobin and (B) 
bovine carbonic anhydrase. 

shows the highest mass peaks to be due to the globin 
portion of the molecule. Similarly, the most intense 
peaks in the ES1 mass spectrum of myoglobin are due 
to multiple charging of the globin chain (M, - 17,199). 
Peaks of low relative abundance (~1%) due to the intact 
protein molecule are also present. The tailing to higher 
m/z may be due to incomplete desolvation and/or possi- 
ble cation (e.g., Na+, K+, etc.) adduct formation, but 
spectra for pure substances (e.g., cytochrome c in Fig. 
4A) suggest that such contributions are minimal. An- 
other contribution to the tailing may be the chemical 
heterogeneity of the protein sample. 

Solvent clustering with the analyte is substantially 
eliminated by a countercurrent flow of nitrogen and the 
high nozzle potential (a200 V) relative to the skimmer, 
which leads to collisions in the nozzle-skimmer region 
that effectively detach weakly bound solvent molecules. 
As an example, with the nozzle at +235 V, over 40+ 
charges are clearly resolved in the ES1 mass spectrum of 
bovine carbonic anhydrase (M, - 29,022), shown in Fig. 
3B. Decreasing the potential to +lOO V yields peaks that 
are significantly broader and less intense while the total 
ion current remains nearly constant; such changes can 
be attributed to incomplete desolvation of molecular 
ions. 

Significantly higher nozzle voltages than required for 
desolvation lead to lower ion abundances due to collisi- 
on-induced dissociation (CID) of the large multiply 
charged molecular ions in the nozzle-skimmer region of 
our instrument (14). CID processes are more efficient as 
the parent size or m/z decreases (14,25,26). More highly 
charged species (at lower m/z values) from ES1 are 
readily dissociated, as demonstrated by their disappear- 
ance upon increasing the nozzle potential. For example, 
mass spectra of bovine hemoglobin (M, - 65,000) with 
V,, = +200 V are dominated by multiply charged ions (up 
to 25+) due to the two cy chains (M, - 15,050) and the 
two @ polypeptide chains (M, - 15,970) along with a 
peak due to the iron-heme unit. At V, = +300 V, ions 
with charges 21+ to 25+ disappear. In Figure 4A, a typi- 
cal electrospray ionization mass spectrum is shown for 
horse heart cytochrome c (V, = +200 V). Raising the 
nozzle potential above +400 V results in a substantial 
loss of the more highly charged species along with the 
appearance of a peak due to the iron-porphyrin complex 
(m/z 617) associated with the protein (Fig. 4B). Prelimi- 
nary tandem mass spectrometry (i.e., MS-MS) results 

(A) 17+ 
V” = +200 v 

V” = c430 v 

600 800 
m/z ‘Ooo 

1200 1400 

FIG. 4. ES1 mass spectra obtained from 30 pmol of horse heart cyto- 
chrome c with the nozzle voltage at (A) +200 V and (B) +430 V. The 
inset shows an expansion of the 17t peak; the peak profile is defined 
by the isotopic distribution and the resolution of the mass spectrome- 
ter and shows no significant solvent association. 
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from a triple quadrupole MS with ES1 for cytochrome c 
has also yielded the m/z 617 ion under high collision en- 
ergy conditions (27). For smaller peptides, singly and 
multiply charged sequence ions can be readily identified 
in ES1 mass spectra obtained with higher (2 +200 V) 
nozzle potentials. This possibility of CID of preselected 
large multiply charged molecules by tandem mass spec- 
trometry, not obtained for large molecules in low charge 
states (25,28), suggests that direct structural studies 
(e.g., sequencing) of large molecules may at last be prac- 
tical using sequential fragmentation steps (i.e., MS”, n 
2 2). Recent results support this suggestion (27). 

Molecular Weight Determination 

A feature of ES1 mass spectra for macromolecules is 
that accurate molecular weight measurements can be 
readily obtained. The ultimate accuracy of molecular 
weight measurements is defined by the instrumental pa- 
rameters (resolution, m/z measurement accuracy, etc.) 
and any uncontrolled adduction of solvent molecules or 
ions (e.g., a sodium cation instead of a proton) which 
causes the mass of the ion to differ from the expected 
molecular species. For high molecular weight substances 
(>2000), the low resolution of a quadrupole mass spec- 
trometer does not allow resolution of each isotopic con- 
tribution to the molecular ion, and methods involving 
molecular weight determination from the most abun- 
dant ion or the average mass (based upon the centroid 
of the molecular ion envelope) must be used (29,30). Al- 
though the multiple charging process produces a mass 
spectrum of unconventional appearance, it is straight- 
forward to determine the charge state of each ion and 
the molecular weight since adjacent peaks differ by only 
one charge. For a pure compound three peaks serve to 
define the series and, any two peaks provide sufficient 
information to determine both the number of charges 
and the ion mass. Each additional molecular ion peak 
provides an independent measurement of the com- 
pound’s molecular weight and improved precision (13). 

Equation [l] describes the relationship between a 
multiply protonated ion at m/z p1 with charge z1 and the 
average molecular weight: 

plzl = molecular weight + 1.0079zi. PI 

The molecular weight of a second multiply protonated 
ion at m/z p2 (where ps > pJ that is j peaks away from 
p1 (e.g., j = 1 for two adjacent peaks) is given by 

pZ(zl -j) = molecular weight + l.O079(zi - j). [2] 

Equations [l] and [2] can be solved for the charge of p1 : 

z1 = jb2 - 1.0079)l(P2 -pd. ]31 

zi is taken as the nearest integer value allowing the 

TABLE 1 

Molecular Weight Determination of Small Proteins 
(up to 30,000) by ESI-MS 

Molecule 

Insulin (bovine pancreas) 
Cytochrome c (horse heart) 
Lysozyme (hen egg) 
Lysozyme (human milk) 
Myoglobir? (horse heart) 
Myoglobir? (sperm whale 

Average M, 
determined 

5,733.g + 0.5 
12,358.7 + 3.7 
14,304.6 f 4.1 
14,695.2 & 4.4 
16,949.0 & 4.4 

Calculated 
Average 

M, 

5,733.6 
12,360.l 
14,306.Z 
14,692.8 
16,950.7 

skeletal muscle) 
Trypsin inhibitor (soybean) 
Carbonic anhydrase (bovine 

17,197.0 f 5.5 17,199.l 
20,097.6 + 15.8 20,090.g 

erythrocytes) 29,021.6 f 13.7 29,000’ 

’ From sequence data, Ref. (31). 
* Protein portion, 
’ From Sigma Chemical. 

charge of each ion in the multiple charge distribution 
and the molecular weight to be obtained. 

Table 1 lists average molecular weight measurements 
for several proteins by ESI-MS. Although no special 
care was taken in mass spectrometer calibration, and the 
computer controlled data system limited measurements 
to +0.2 m/z precision at m/z 1000, agreement with val- 
ues from sequence information (31) was obtained with 
accuracies generally better than +0.05%. Since our mass 
spectral data system records peak abundances at integer 
mass values, the precision can be further increased with 
improvements in software that allow exact mass deter- 
mination and centroid analysis. Improved precision of 
?0.008% for bovine insulin (Table 1) was obtained by 
measuring the exact peak positions from an oscilloscopic 
recording. For larger proteins, even though the purity 
of most materials was doubtful, molecular weight was 
determined with a precision of better than +0.05% for 
the dominant component (see following section). As an 
example, the average molecular weight for bovine albu- 
min was determined to be 66,598 + 19 in close agreement 
with other methods (32). 

The present results suggest that protein molecular 
weight should be routinely obtainable to better than 
0.01% with improvements in calibration and data acqui- 
sition software. Consideration of the precision and accu- 
racy of measurements reported obtainable using quadru- 
pole mass spectrometers suggests that mass accuracies 
of f0.0006% are feasible (33). Accuracies on the order of 
1 ppm (0.0001%) should be obtainable by combination 
of ES1 with conventional double focusing mass spec- 
trometers or Fourier transform mass spectrometers. 

This approach offers significant advantages over pre- 
vious mass spectrometric methods for molecular weight 
measurements. While on the order of 1 pmol of sample 
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FIG. 5. ES1 mass spectrum of a P-lactoglobulin B (bovine milk) 
sample showing evidence for a minimum of four components. 

is required at present, substantial improvements in sen- 
sitivity appear possible. Since complete spectra can be 
acquired in only a few seconds, molecular weight deter- 
mination by ESI-MS is much faster than PD-MS. The 
precision and accuracy of ESI-MS measurements are at 
least an order of magnitude better than PD-MS (3,30) 
and laser desorption-MS (7,8), which are based upon 
time-of-flight mass spectrometers. Compared to the 
most commonly employed technique, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, measure- 
ment times are considerably faster with at least two or- 
ders of magnitude better accuracy. 

ES1 Mass Spectra of Proteins and Ultimate Molecular 
Weight Limitations 

As shown in Fig. 4A for cytochrome c, pure protein 
samples yield high quality spectra with peak widths gov- 
erned by the isotopic distribution and the resolution of 
the mass spectrometer. Many commercially obtained 
proteins studied to date have shown evidence of hetero- 
geneity and other contributions that result in more com- 
plex spectra. Proteins consisting of noncovalently bound 
subunits yield ions indicative of the subunit molecular 
weight, such as described above for hemoglobin. For ex- 
ample, P-lactoglobulin is a protein of approximate M, 
36,000 and composed of two subunits. The ESI-MS 
spectrum of P-lactoglobulin B (bovine milk) shown in 
Fig. 5 indicates a mixture with at least four species hav- 
ing M, values of approximately 18,278, 18,372, 18,496, 
and 18,594. Lactate dehydrogenase from rabbit muscle 
is an isozyme made up of four subunits, each of M, ap- 
proximately 35,000. The molecular weight of the subunit 
obtained from its mass spectrum (Fig. 6A) is -35,700. 
Similarly, a spectrum of creatine amidinohydrolase 
(Pseudomonas sp.) shows an approximate M, 30,700, 
whereas the reported average molecular weight (Calbio- 
them Biochemicals) is 94,000. Also, creatine phosphoki- 

nase from rabbit muscle (a dimeric enzyme of 82 kDa) 
shows multiply charged ions from separate 42,160-Da 
species. We postulate that the production of high charge 
states during ES1 and the removal of the stabilizing 
effects of the solvent (with the loss of secondary and ter- 
nary structure) result in the mutual repulsion (separa- 
tion) of protein subunits. This loss of quaternary struc- 
ture is consistent with the loss of secondary and tertiary 
structure postulated earlier. 

100 A 
Lactate Dehydrogenase 

46+ I (rabbit muscle) 

MW - 35,700 (X4) 

Ovalbumin 
(chicken egg) 

MW -43,300 
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Conalbumin 
(turkey egg) 

MW .77,500 

600 600 1000 120 1400 1600 
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FIG. 6. ES1 mass spectra of (A) lactate dehydrogenase from rabbit 
muscle, (B) chicken egg albumin (ovalbumin), and (C) conalbumin 
from turkey egg white. 
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FIG. 7. ES1 mass spectra of (A) bovine albumin and (B) bovine al- 
bumin dimer. 

ESI-MS results were readily obtained from higher 
molecular weight proteins; for example, intact molecular 
ions were obtained in good yield for ovalbumin from 
chicken egg (A!, - 43,300) (Fig. 6B), bovine albumin 
UK - 66,600) (Fig. 7A), bovine apotransferrin (M, 
- 77,013), and turkey egg conalbumin (M, - 77,500), 
(Fig. SC). A sample of human albumin yielded similar 
mass spectra to its bovine counterpart, indicating very 
similar molecular weights. The spectrum for apotrans- 
ferrin shows a series of doublets that indicates the pres- 
ence of another species with a molecular weight of 76,736 
+ 30. Bovine transferrin is known to be heterogeneous 
with two bands observed in electrophoresis (34). A sam- 
ple of conalbumin from chicken egg (ovotransferrin) 
yielded a mass spectrum identical to the turkey egg sam- 
ple, both indicating multiple charging up to the 73+ ion. 
The spectrum for the largest protein yet studied by ESI- 
MS is shown in Fig. 7B, a bovine albumin “native” dimer 
M - 133,000). The highest charged species clearly re- 
solved is the 120+ multiply protonated albumin dimer. 
The large width of the molecular ion envelopes suggests 
either that such large molecules can retain solvent in 
substantial quantity (unlike smaller proteins) or that 
substantial heterogeneity exists, which we consider most 

likely. Future studies with both higher purity materials 
and MS-MS studies across the ion envelope should re- 
solve this point. 

One can speculate on the ultimate molecular weight 
limitations of the ESI-MS method. Each charge state 
has a minimum peak width determined by the 13C and 
other isotopic contributions (29). Peak widths for multi- 
ply charged proteins actually decrease with increasing 
molecular weight because the increased isotopic enve- 
lope width (at half height) is less than the increase in 
charge state necessary for a constant m/z. The peak 
width, among other factors, defines how closely adjacent 
charge states can be located and still be resolved. For 
example, the polystyrene oligomer (C4H9 (C&H&H) at n 
= 100 (average M, - 10,470), has a calculated full width 
at half the peak height (FWHH) for the lO+ multiply 
protonated ion of -0.7 m/z units (29). For polystyrene 
of n = 1000, FWHH for the lOO+ ion is approximately 
0.22 m/z units. Molecular weight limitations will cer- 
tainly depend on instrument resolution, signal-to-noise, 
and compound purity and (when ions are formed in the 
m/z 1000 range) can be estimated to be on the order of a 
few million daltons due to insufficient peak resolution. 
While the capability to produce molecular ions in the 
million dalton range has not been demonstrated, other 
limitations may exist due to sensitivity (which drops lin- 
early with molecular weight due to the increased number 
of charge states through which the signal is dispersed) 
and even, perhaps, the physical dimensions of the ion 
(pm range for MDa molecules). 

Capillary Electrophoresis-Mass Spectrometry 

The combination of capillary electrophoresis (35) 
with on-line mass spectrometric detection via the ES1 
interface couples a potentially fast high resolution sepa- 
ration method with the potentially ideal detector (16- 
18). Capillary electrophoresis has the ability to handle 
very small volume samples (picoliter range) and atto- 
mole (lo-l8 mol) level detection limits with separation 
efficiencies on the order of lo6 theoretical plates (17,35). 
With the coupling of a micropipet to a CZE capillary, 
cytoplasmic material from single snail nerve cells has 
been analyzed (36). Previous attempts at CZE of small 
proteins (with uv detection) (35) have often resulted in 
broad, tailing peaks due to adsorption of proteins on ac- 
tive sites of the negatively charged capillary wall. How- 
ever, separations performed in buffered systems with the 
pH above the protein isoelectric point (pl) allow both 
the proteins and the capillary wall to be negatively 
charged and mutually repulsive and can greatly improve 
resolution (37). Initial studies of positive ion ESI-MS of 
peptides and proteins in buffer solutions above their pI 
resulted in over an order of magnitude loss in sensitivity 
relative to more acidic conditions, reflecting lower effi- 
ciencies for analyte protonation. However, by using a 



PROTEIN AND PEPTIDE SPECTROMETRIC ANALYSIS 411 

m/z 531 A 
1 I 

Bradykinin 
(MW 1060) 

m/z 649 
1 I 

Angiotensin I 
(MW 1296) 

(M+2H)*’ 

m/z 1157 

1 (M+5H)5* 

Porcine Insulin 
(MW 5778) 

0 10 20 

Time (min.) 

I Bovine Insulin 

m/z 808 

I 

Horse Myoglobin 
(MW 16,950) 

RIE, I 

." I"' " 
I~~~.I~~.~,~~~~~~~~~I~~~~I~~~~I~~~~I~~~~I 
0 10 20 30 40 

Time (min.) 

FIG. 8. (A) Single ion electropherograms for separation of peptide mixture by CZE-MS consisting of approximately 5 pmol/component 
separated with use of 0.6 m X 100 pm id. fused silica capillary at 15 kV; (B) single ion electropherograms and a reconstructed ion electrophero- 

gram (RIE) for a peptide and protein mixture. Approximately 2 pmol/component in a pH 8.4 buffered system was electrokinetically injected. 
An untreated 1.1 m X 100 pm i.d. capillary was used for the separations at 25 kV. 

liquid sheath consisting of 8O:lO:lO methanol:water:gla- 
cial acetic acid, initial attempts at CZE-MS of peptides 
in a pH 11 sodium phosphate buffer (Fig. BA) show that 
bradykinin, angiotensin I, and porcine insulin were re- 
solved. Improved separations are still required, as evi- 
dent by the excessive tailing for the glucagon peak. For 
larger proteins with pI < 11, denaturation occurs under 
the high pH conditions (37). With a pH 8.4 Tris/HCl 
buffer, 2 pmol of bovine insulin, sperm whale myoglobin 
(skeletal muscle), and equine myoglobin (heart) were 
successfully separated by CZE-MS (Fig. 8B). Bovine in- 
sulin elutes at 22 min and is well separated from the 
myoglobins. While improved sensitivity and resolution 
is obviously desired, these initial CZE-MS results repre- 
sent the first on-line electrophoretic (or chromato- 
graphic) separation and mass spectrometric detection of 
proteins. Recent developments allowing high resolution 
CZE separations of proteins in low pH buffers using spe- 

cially modified capillaries (38) should offer a basis for 
improved separations and sensitivity. The related tech- 
nique of capillary isotachophoresis-MS also provides an 
attractive combination due to its ability to handle larger 
sample volumes with low analyte concentrations, allow- 
ing concentration of trace analyte bands (19). 

CONCLUSIONS 

The combination of high-performance capillary elec- 
trophoresis methods for separation of femtomole quan- 
tities with analysis by ESI-MS and MS-MS offers a 
powerful new method for biochemical research. Proteins 
with molecular weights in excess of 130,000 have been 
successfully analyzed by mass spectrometry based upon 
electrospray ionization, which produces multiply 
charged molecular ions allowing accurate molecular 
weight measurements of proteins with precisions and ac- 
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curacies easily less than &0.05% using a quadrupole in- 
strument of limited m/z range, Similar results for bio- 
molecules with molecular weights greater than 200,000 
(and perhaps as great as 106) should be feasible. The ulti- 
mate molecular weight limitations of the technique may 
be an order of magnitude greater mass. Consideration of 
instrumental limitations for quadrupole mass spectrom- 
eters suggests molecular weight accuracies at least an or- 

der of magnitude better are obtainable. Such rapid mo- 
lecular weight measurements have broad potential 
application due to the sensitivity of the method and the 
ability to resolve changes in a single amino acid residue, 
subtle protein modifications, and the evaluation of pro- 
tein purity. 

The lack of fragmentation by ESI-MS places premier 
importance on obtaining additional structural informa- 
tion using tandem mass spectrometry (25,27,28). The 
efficient dissociation of large multiply charged ions gen- 
erated by electrospray ionization offers exciting oppor- 
tunities, which may even include direct protein se- 
quencing through the use of multidimensional mass 
spectrometry (MF). Such applications will depend on 
the information content of MS-MS spectra for large 
molecules and further study is required to access the fea- 
sibility of such an approach. Preliminary results show 
substantial structural intermation may be obtainable in 
such studies (39). 
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