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ABSTRACT We have developed a method for determining
the molecular masses of proteins in complex mixtures by mass
spectrometry. The method has the capacity to examine the
components of mixtures without using any chromatographic
separation steps and will tolerate relatively large amounts of
buffers and inorganic contaminants. It allows the simultaneous
determination of protein molecular masses from 1 to 40 kDa
with an accuracy of ±0.01% and above 40 kDa with reduced
accuracy. The lower limit for practical detection of a protein is
a concentration of =0.1 jmM, and <1 pul of such a solution is
consumed. The analysis is very fast: <15 min is necessary to
perform the complete analysis, including sample preparation,
introduction into the mass spectrometer, mass spectrum col-
lection, and data reduction. The mass spectrum that is obtained
does not require elaborate interpretation because there is no
fragmentation of the ionized protein (or protein subunit)
molecule. Therefore, there is a one-to-one correspondence
between the peaks in the mass spectrum and the proteins
present in the original mixture. The spectra assume the ap-
pearance of chromatograms, with the abscissa being mass-to-
charge ratio rather than chromatographic retention time.

Probably the most useful characterization technique cur-
rently available for identifying proteins in mixtures is SDS/
PAGE. This method will separate a complex mixture of
proteins into a series of bands on a polyacrylamide gel that
can be visualized and studied by a variety of techniques. A
characteristic ofSDS/PAGE is that the position of a band on
a gel can be correlated to the molecular mass of either a
protein or a protein subunit (1, 2). This correlation of migra-
tion distance with molecular mass has been very useful in
protein analysis, providing an estimate of the number of
amino acid residues in an unknown molecule. Although the
accuracy of the molecular mass measurement is commonly
assumed to be 5-10%, certain classes of proteins [e.g.,
glycoproteins (3)] are known to migrate differently than the
standard proteins used as mass calibration markers.
The introduction ofnew ionization techniques such as 212Cf

plasma desorption (4, 5), fast atom bombardment (6, 7),
electrospray ionization (8-11), and matrix-assisted laser de-
sorption (12-16) has raised the possibility of using mass
spectrometry as an alternative technique for determining the
molecular masses of proteins (or protein subunits) in complex
mixtures with a much higher accuracy than SDS/PAGE.
While mass spectrometry does not provide any separation of
components in a preparative sense, it does measure the
masses of isolated gas-phase protein ions directly by their
behavior in electromagnetic fields. The isolation of individual
protein molecules in the gas phase removes effects caused by
complex solution-phase behavior of proteins, such as aggre-
gation and changes in conformation, that can alter the mi-
gration of a band in SDS/PAGE. The application of mass
spectrometry to the analysis of protein mixtures has, so far,

been limited to electrospray ionization measurements of a
mixture of purified bovine and porcine insulin (17) and a
mixture of ubiquitin and thioredoxin (9).

This paper reports the development of a mass spectromet-
ric method for determining the molecular masses of proteins
in crude or semipurified mixtures. The type of mass spec-
trometric analysis used is based on the matrix-assisted laser
desorption technique, originally described by Karas and
Hillenkamp (12-15). This technique involves mixing a small
amount (-1 pmol) of a protein with a 104-fold molar excess
of a "matrix" material in solution and then drying the
solution to form a deposit on a metal substrate. This deposit
is then loaded into a time-of-flight mass spectrometer and
examined using a laser pulse (107 W/cm2, A = 266 nm, T = 10
nsec). The matrix material used by Karas and Hillenkamp is
nicotinic acid, which absorbs the laser radiation and volatil-
izes, taking the intact polypeptide chains with it into the gas
phase. Intact, ionized proteins with molecular masses in
excess of 100 kDa have been observed.
We have modified the method of Karas and Hillenkamp

and have improved its mass resolution, mass accuracy, and
reproducibility by the use of a simplified time-of-flight ana-
lyzer (18), new matrix materials (in particular 3,5-dimethoxy,
4-hydroxy-trans-cinnamic acid, sinapinic acid) (19), and a
different laser wavelength (355 nm) (20). The use of the new
matrix material, sinapinic acid, has proved to be beneficial in
several important respects. Sinapinic acid has the property of
being able to selectively ionize protein molecules in the
presence of high concentrations of contaminating materials,
such as lipids, carbohydrates, and salts. It is also relatively
nonselective in its behavior towards proteins of radically
different primary structures and modifications (such as phos-
phorylation and glycosylation). The general affinity of this
matrix for proteins, coupled with its ability to tolerate high
concentrations of ionic contaminants, allows the application
of mass spectrometry to mixtures of a type that has been
completely inaccessible to mass spectrometry previously,
i.e., the protein components of crude biological extracts.

EXPERIMENTAL PROCEDURES
The linear time-of-flight mass spectrometer and laser desorp-
tion ion source were both constructed at Rockefeller Uni-
versity and have been described (18, 19). Briefly, the fre-
quency tripled output of a Q-switched Lumonics HY400
neodymium/yttrium aluminium garnet laser (355 nm, 10-nsec
output pulse) was focused by a lens (12-inch focal length)
through a fused silica window onto a sample inside the mass
spectrometer. The product ions formed by the laser were
accelerated by a static electric potential of 30 kV. The ions
then drifted down a 2-m tube maintained at a vacuum of 30
,uPa and their arrival at the end of the tube was detected and
recorded using a Lecroy TR8828D transient recorder. The
transient records of up to 200 individual laser shots were
summed together and the resulting histogram was plotted as
a mass spectrum. Peak centroid determinations and data
reduction were performed using a VAX workstation.
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Protein samples were prepared for laser desorption anal-
ysis by a single standard procedure. The laser desorption
matrix material (sinapinic acid) was dissolved in aqueous 30%
(vol/vol) acetonitrile containing 0.1% (wt/wt) trifluoroacetic
acid, to make a standard solution at 200C (-50 mM). A
solution containing the protein sample of interest was then
added to the matrix solution to give a final protein concen-
tration of 0.1-10 ,M. A small aliquot (0.5 ,41) of this mixture
was then applied to a flat metal probe tip (2-mm diameter) and
dried at room temperature with forced air. The resulting
deposit was washed in 40C distilled water by immersing the
tip for 10 sec. This washing step aided the removal of soluble
ionic contaminants from the protein/matrix deposit, without
removing the proteins or matrix. Once the sample was
washed, it was inserted into the mass spectrometer and
analyzed. The entire protocol, from the beginning of sample
preparation to finished mass spectral analysis, took -15 min.
The protein standards used for Fig. 1 were all purchased

from Sigma and were used without further purification. The
high density lipoprotein fraction of human plasma for Fig. 2
and the apolipoprotein Al used for Fig. 4 were obtained as a
gift from J. Breslow (Rockefeller University). The bovine
milk used for Fig. 3A was pasteurized, homogenized com-
mercial dairy milk obtained from a local supermarket. The
human milk used for Fig. 3B was a gift and obtained from a
subject 3 months postpartum.
The cyanogen bromide digests shown in Fig. 4 were

obtained by two different procedures. The nearly complete
digest shown in Fig. 4A was made using a 30 AM solution of
human apolipoprotein AI dissolved in aqueous 0.1 M HCL. A
molar excess of cyanogen bromide was added to 50 kJ of the
solution and the reaction was allowed to proceed in the dark
for 2 hr. The reaction mixture was then vacuum-evaporated
and redissolved in 100 kul of aqueous 0.1% trifluoroacetic
acid. The digest in Fig. 4B was performed using a 30 ,4M
solution of protein in aqueous 70% formic acid. After the
addition of cyanogen bromide, the reaction vial was imme-
diately placed into the vacuum evaporator and dried.

RESULTS AND DISCUSSION
The most general result of the use of the simple protocol
described above is that the time-of-flight mass spectra ob-
tained from mixtures of proteins allowed the molecular mass
determination of each of the components of the mixture. The
spectra obtained were easy to interpret because no fragmen-
tation of proteins into smaller fragment ions was observed.
The lack of fragmentation includes disulfide bonds, which
were not observed to be broken during the desorption pro-
cess. Therefore, there is a one-to-one correspondence be-
tween the protonated molecule ions present in the mass
spectrum and the molecular species originally found in the
mixture.

This relatively nonselective detection of proteins in a
complex mixture is a feature of the use of cinnamic acid
derivatives as matrices. It is our experience that the laser
desorption matrix originally described by Karas and Hillen-
kamp (12-15), nicotinic acid, does not produce uniform
responses from mixtures of proteins. The presence of some
proteins in the original solution strongly suppresses the
signals from other components. These suppression effects
lead to spectra dominated by only a few of the species
present. It is reasonable to assume that while the matrix/
protein solution is drying, the matrix and the protein mole-
cules must become intimately mixed for the matrix to have
the desired effect on the protein's subsequent desorption.
This assumption suggests that the relatively nonselective
behavior of the cinnamic acid derivative matrices may be
caused by a relatively nonselective interaction between the
matrix molecules and those of a protein. Such an interaction

may explain the apparent lack of segregation of the proteins
and the matrix during the drying process.
The mass spectrum obtained from a mixture of five stan-

dard proteins is given in Fig. 1. The amount of each protein
in the aliquot loaded onto the probe tip was 0.5 pmol. Each
protein produced a singly charged, singly protonated signal
([M+H]+) and a doubly charged, doubly protonated signal
{[M+2H]2+, m/z = 0.5 x (molecular mass +2)}. Each of
these signals also had an additional satellite peak correspond-
ing to a photochemically generated matrix-molecule adduct
species ([M+206]+) (19). From this spectrum, the molecular
mass of each of the component proteins was determined with
an accuracy of ±0.01%. Each molecular mass is actually
determined twice in the spectrum because both a singly and
a doubly charged species are observed.
A general feature of the mass spectra obtained by this

method is the presence of intense signals corresponding to
the individual polypeptide subunit chains of each protein.
The major ion species in a mass spectrum are typically the
singly protonated molecule ions of the subunit chains. Non-
covalent complexes, even tightly bound ones such as the
ribonuclease S protein/peptide pair (19), produce signals that
correspond to the individual chains. There are indications
that some proteins may retain some of their quaternary
structure (15), but this finding does not appear to be general.
The lack of quaternary structure may be caused by a dena-
turation of the native protein during the sample deposition
and/or the laser desorption process. Any discussion of
quaternary structure in this context should be made cau-
tiously, however, because the idea of a quaternary structure
held together by solvent-dependent forces may not be appli-
cable to gas-phase ions.

Fig. 2 shows an example of a biologically generated mix-
ture of proteins, the mass spectrum of the delipidated high
density lipoprotein fraction of human plasma. Mass deter-
mination of the peaks in the spectrum identified the proteins
in this fraction, allowing the rapid characterization of all of
the major proteins and glycoproteins present. The majority of
the intense peaks in Fig. 2 have been assigned to known
components of the high density fraction (22) by their ob-
served molecular mass, as indicated in the figure. The extent
of glycosylation (such as the set of CIII proteins CIII1 and

Mass-to-charge ratio (m/z)

FIG. 1. Mass spectrum obtained from a mixture of five proteins.
Approximately 0.5 pmol of each protein was present in the mixture
added to the probe tip. The proteins were bovine pancreatic ribo-
nuclease A (a), equine skeletal muscle myoglobin (b), bovine milk
P-lactoglobulin (c), bovine pancreatic trypsinogen (d), and bovine
erythrocyte carbonic anhydrase 11 (e). The peaks labeled as "x"
and "x2+" refer to the singly and doubly protonated protein ion
species, respectively.
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FIG. 2. Mass spectrum obtained from a delipidated human high
density lipoprotein fraction. The protein peaks were assigned by their
molecular masses according to the usual nomenclature for human
apolipoproteins (21), with their charge and protonation states indi-
cated as in Fig. 1.

C0T2) can be readily assessed. Any mass shift or peak
twinning of the known protein components would indicate
the presence of genetic variants or protein modifications.
An example of the selectivity of this technique for the

analysis of proteins in the face of ionic and nonionic com-
ponents in a mixture is shown in Fig. 3, a comparison of the
spectra obtained from bovine and human milk. The spectrum
in Fig. 3A was obtained from pasteurized, homogenized
bovine milk, as obtained from a commercial dairy with no
purification. In both cases, 1 ttl ofthe milk sample was diluted
into 40 ,tl of the sinapinic acid solution, and 0.5 pl of the
resulting solution was applied to the probe tip for analysis.
The main proteins in the mixture were identified from their
molecular masses and are labeled. For comparison, the mass
spectrum obtained from raw human milk is shown in Fig. 3B.
To our knowledge, the type of protein analysis shown in

Fig. 3-i.e., examination of a crude biological fluid with no
purification-is without precedent in mass spectrometry.
The capacity to perform such an analysis can be attributed to
the selectivity of this particular method for molecules
containing long polypeptide chains. Other desorption and
ionization methods (e.g., fast atom bombardment and elec-
trospray atmospheric pressure ionization) are strongly
quenched when samples contain significant amounts of non-
proteinaceous material, particularly ionic compounds such as
salts. Salt concentrations that totally suppress the signals
from these other methods (concentrations >1 mM) do not
have any strong effect on the quality of the spectra obtained
by the matrix-assisted laser desorption method described. A
major component of this observed selectivity for proteins is
probably caused by segregation of the proteins and contam-
inants during the solution drying/deposition process. The
more (or less) soluble components of the mixture will pre-
cipitate from the drying solution at a different time and at a
macroscopically different place than the protein/matrix ag-
gregate. The relatively specific interaction of the protein and
matrix molecules themselves may also produce some sepa-
ration and is certainly necessary for the washing procedure
described above to selectively remove salts from the dried
deposit.
Another class of mixture that is of analytical importance in

protein chemistry is the polypeptide mixture produced by
cyanogen bromide digestion of a protein (cyanogen bromide
selectively cleaves proteins at methionine residues). While
cyanogen bromide digest products have been used to a

5000 10000 15000 20000 25000 30000
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FIG. 3. Mass spectra obtained from commercial bovine milk (A)
and human breast milk (B). The lactalbumin (la), lactoglobulin (Ig),
and casein (ca) peaks are labeled, with the protonation states of the
ions indicated as in Fig. 1. The unlabeled low-mass ions were not
identified.

limited extent in the sequencing of proteins by mass spec-
trometry (23), in general the polypeptides produced are too
massive for fast atom bombardment/secondary ion mass

spectrometry. The mixture of cleavage products from a

cyanogen bromide digest is, however, well suited to matrix-
assisted laser desorption analysis (24). Because of the low
abundance of methionine residues, the fragments produced
are relatively massive (1-20 kDa) and there is a sufficiently
small number of products so that interpretation of spectra
obtained from the unpurified digest mixture is not too diffi-
cult. Fig. 4A shows the nearly complete digestion of human
apolipoprotein Al by cyanogen bromide. All of the expected
scissions are observed, resulting in four main products. The
molecular mass of these products can be determined from
this spectrum to within 0.01%.
A useful alternative to complete cyanogen bromide diges-

tion is to produce an incomplete cleavage of the protein,
leaving a statistical distribution of product polypeptides. If
the rates of the bond scission reactions are similar, then a

"ladder" will be produced allowing the alignment of the
fragments into the complete molecule. A mass spectrum that
illustrates such a mixture is shown in Fig. 4B. This mixture
was the result of adding cyanogen bromide to the protein
solution (in 70% formic acid) and immediately placing the
reaction vial into a vacuum evaporator. These results can be

B
la+

ca
la2+ Ca2+A
la c/4-at
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FIG. 4. Mass spectra of two different cyanogen bromide digests
of human apolipoprotein Al: one spectrum was obtained from a 2-hr
reaction, i.e., nearly complete (A); the other spectrum (B) was
obtained from a brief reaction, showing the products of incomplete
digestion (note the change in mass scale between A and B). For
clarity, the doubly protonated, doubly charged species in B are not
labeled. The peak labels correspond to the various possible peptides
produced by scissions at the three methionines in the molecule as
shown in Fig. 5. All of the signals except those containing the
C-terminal peptide (peptide d) correspond to the homoserine lactone
product.

easily interpreted to align the final products (Fig. 4A) into
their proper order in the intact protein. The alignment scheme
for the peptides in Fig. 4 is represented schematically in Fig.
5. The mass spectrum of such a ladder mixture serves as both
a molecular mass constraint and an ordering device in con-
junction with either classic or genetic sequencing methods.
The use of partial, rather than complete, digestion to

characterize a molecule greatly increases the speed of the

1 a 85- 86 b -12 l 148 149 d 243
1 a+b 112

86

a+b+c

FIG. 5. An assignment of the pe
line indicates the peptides forme4
scission, and the products of an
below. Numbers indicate amino a

peptide.

analysis, from the 24 hr conventionally used to obtain a
complete reaction to <1 hr. The increased speed reduces the
extent of formylation of the product species formed, which
can be a significant problem in reactions carried out in
aqueous formic acid for long periods of time.
The discovery that complicated mixtures can be examined

by laser desorption mass spectrometry has led to the appli-
cation ofthe technique to many samples that were considered
too crude for the application of other mass spectrometric
techniques. The results of our experience with a variety of
such samples have identified two types of contaminants that
quench the matrix-assisted laser desorption process: (I) ionic
detergents (e.g., SDS) and (ii) low-volatility solvents (e.g.,
dimethyl sulfoxide and glycerol). The first class, ionic deter-
gents, must be completely removed from a sample before
good mass spectra can be obtained. Presumably the strong
interaction of these detergents with the individual protein
molecules changes.the solution-phase properties of the pro-
tein sufficiently to interfere with their incorporation into the
matrix during the sample drying step. Simple extraction
procedures, such as acetone precipitation, are not sufficient
to remove those contaminants. Purification of a contam-
inated sample by reverse-phase HPLC or the single-phase
extraction suggested by Henderson et al. (25) has proved
useful for removing these detergents. The other class of
contaminants, low-volatility solvents, if present in suffi-
ciently high concentration will also interfere with the sample
drying step by leaving a coating of unevaporated solvent on
the surface of the sample. Methods of dealing with this
problem that have proved useful, depending on the particular
application, are dilution, dialysis, or lyophilization.
Commonly used biological buffering agents do not have to

be removed from a protein solution prior to use. The types of
buffers that have been used successfully are citrate/phos-
phate, glycine, Hepes, Tris, ammonium bicarbonate, and
ammonium acetate. These buffers have been used at con-
centrations of 50-200 mM. Acidification agents such as
trifluoroacetic acid and hydrochloric acid can also be used.
Denaturation agents such as urea and guandinium hydrochlo-
ride can be tolerated at concentrations of <2 M.
The examples shown were selected from a variety of

protein mixtures that have been examined, including egg
white, human blood cell lysates, Escherichia coli cell lysates,
crude seed extracts, enzyme digest mixtures, and commer-
cial preparations of proteins containing many, impurity pro-
teins and peptides. Over 160 different proteins have been
examined by this technique in our laboratory. This experi-
ence suggests that the application of laser desorption mass
spectrometry to biological extracts will allow the use of
gas-phase molecular masses to identify particular protein
components in a manner analogous to the current application
of SDS/PAGEj but with higher resolution and mass accu-
racy. The method can be applied to the rapid screening of
biological fluids for the determination of variations in protein
sequence and the presence of posttranslational modifications
such as glycosylation with high (-1 pmol) sensitivity.
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