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Two new technologies have made the study of proteins by mass spectrometry straight- 
forward. Proteins with molecular masses of up to more than 100 kilodaltons can be 
analyzed at picomole sensitivities to give simple mass spectra corresponding to the intact 
molecule. This development has allowed unprecedented accuracy in the determination of 
the molecular weights of proteins. A number of "case studies" are used to present the 
revolutionary impact that these powerful new ways of looking at proteins are having on 
biological research. 

Technologies that enable the accurate 
measurement of the molecular weights 
(MWs) (1) of biopolymers promise to facil- 
itate greatly those biological studies that are 
deoendent on the detailed definition of 
proteins. However, most of the techniques 
develoued to date for the measurement of 
the masses of proteins have accuracies lim- 
ited to no better than 5 to 10%. The most 
widely used of these techniques is sodium 
dodecylsulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) (2). SDS-PAGE has 
assumed a pivotal role in biological research 
because of the power of simple visualization 
of the total protein content of a sample, 
toeether with crude information on the " 

relative MWs and approximate amounts of 
the proteins present. An SDS-PAGE anal- 
ysis of the low-MW apolipoproteins from 
the high-density lipoprotein (HDL) fraction 
of human plasma (3) is shown in Fig. lA, in 
which the different apolipoproteins are visu- 
alized as discrete stained bands on the electro- 
phoretic gel (4). A comparable analysis is 
shown in Fig. 1B in the form of a mass 
spectrum of naked ionized apolipoprotein 
molecules (5). The soectrum was obtained > ,  

from a similar HDL fraction from human 
ulasma in which the measurement was made 
with one of a new generation of highly accu- 
rate mass measurement technologies called 
matrix-assisted laser desorptiodionization 
time-of-flight (TOF) mass spectrometry (MS) 
(6). Each peak in the mass spectrum corre- 
sponds to a distinct apolipoprotein. The po- 
sition along the x-axis provides a measure of 
the mass of the apolipoprotein with an accu- 
racv of 0 .01%.  

As this example shows, innovations are 
occurring in MS with importarlt implica- 
tions for biological researchers. Since 
1988, two new ways have emerged for 
getting proteins into the gas phase as 
intact molecular species bearing integral 

excess charges: matrix-assisted laser de- 
sorption MS (6-8), an example of which 
is shown above, and electrospray ioniza- 
tion MS (9-12). Past developments in MS 
with potential applications in biological 
research have had some success but fre- 
quently involved sophisticated techniques 
that depended on expensive and difficult- 
to-maintain instrumentation. This combi- 
nation has meant that the methods have 
been restricted to dedicated MS laborato- 
ries and have not been widely available 
nor directly usable in the laboratory of the 
bioloeical researcher. u 

In contrast, the new developments in 
protein ionization are readily applicable to 
the solution of a diverse range of problems 
and can be combined with relatively simple 
mass measurement devices. The laser he- 
sorption experiment is optimally combined 
with TOF mass measurement, whereas the 
electrospray method is optimally combined 
with a quadrupole mass filter. Both methods 
give mass accuracy of up to 1 part in 10,000 
for oroteins with MWs less than 30 to 40 
kD and somewhat reduced mass accuracy 
for larger proteins. These new techniques 
are in many ways analogous to SDS-PAGE 
and reversed-phase high-performance liquid 
chromatography (HPLC) , the two most com- 
monly used existing analytical methods for 
the study of proteitls. Both the amounts of 
proteins used in these standard analytical pro- 
tein chemistry techniques and the form of the 
sample are directly compatible with either 
matrix-assisted laser desorption MS or electro- 
spray MS. No special handling of samples is 
reauired, and the uicomole amounts used are . . 
consistent with existing practice in the bio- 
logical research laboratory. 

This article focuses on the practical ap- 
plication of these two new MS techniques 
in biological research involving proteins 
(1 3). The principles of the matrix-assisted 
laser desorption and electrospray ionization 
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proteins and peptides in biological research 
are demonstrated by detailed examples. 

Matrix-Assisted 
Laser Desorption MS 

All mass spectrometers designed to analyze 
uroteins consist of two essential comuonents. 
the ion source and the mass analyzer. In the 
ion source, a seemingly unlikely phase transi- 
tion is effected: Proteins introduced as solids 
or in solution are converted into intact, naked 
ionized molecules in the gas phase (5). Sub- 
sequently, in the mass analyzer, the mass-to- 
charge (mix) ratios of the naked protein mol- 
ecule ions are determined. 

Recently, methodology has been devel- 
oped whereby intact protein ions could be 
generated in large numbers by laser pho- 
ton bombardment of protein-containing 
samples (14, 15). Karas and Hillenkamp 
(14) demonstrated the intense production 
of intact, naked ionized protein molecules 
when proteins dilutely imbedded in a solid 
matrix are bombarded with intense, short 
duration bursts of ultraviolet (UV) laser 
light. The solid matrix consists of low- 
MW organic molecules that strongly ab- 
sorb the UV irradiation. 

A simple and effective mass spectrom- 
eter in which this type of ion source is used 
is illustrated diagrammatically in Fig. 2A 
(1 6). Samples are prepared for mass anal- 
ysis by adding protein or proteins to a 
concentrated aqueous solution containing 
a large molar excess of a matrix-forming 
material (6) such as 3,5-dimethoxy-4-hy- 
droxycinnamic acid (sinapinic acid) (1 7). 
A small volume of this mixture containing 
- 1 pmol of the protein or proteins is dried 
on a sample probe and inserted into the 
mass spectrometer. In the mass spectrom- 
eter, the sample (consisting of a layer of 
matrix microcrvstals containing isolated " 
protein molecules) is bombarded with 
short duration (1 to 10 ns) pulses of UV 
wavelength (typically, 337 nm from a 
nitrogen laser or 355 nm from a frequency- 
tripled Nd:YAG laser). The interaction of 
the laser pulse with the sample causes a 
fraction of the matrix and trapped proteins 
to go into the gas phase and causes the 
protein to be ionized. A static electric field 
is imposed upon ions generated from the 
sample by application of a high potential 
(typically &30 kV) to the sample probe 
with respect to a closely spaced accelerat- 
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ing electrode. Protein ions are thus accel- 
erated through the orifice in the electrode 
and enter into a field-free flight-tube (typ- 
ical length is 50 to 200 cm). 

The masses of the protein ions can be 
simply determined by TOF analysis. Be- 
cause all of the ions are accelerated 
through a fixed potential difference, the 
velocity of the ions is proportional to 
(m/z)-In. As the ions pass through the 
field-free flight-tube, they separate into a 
series of spatially discrete individual ion 
packets, each traveling with a velocity 
characteristic of its m/z ratio. A detector 
positioned at the end of the field-free 
flight-tube produces a signal as each ion 
packet strikes it. A recording of the detec- 
tor signal as a function of time yields a 
TOF spectrum. The difference between 
the start time, set by the occurrence of the 
laser pulse and common to all ions, .and 
the arrival time of an individual ion at the 
detector is proportional to (m/z)+ln and 
can be used to calculate the ion's m/z 
ratio. Such a calculation can be used to 
convert the x-axis of the spectrum (TOFs) 
into a m/z ratios axis (a conventional mass 
spectrum; see Fig. 1B). The TOF analyzer 
is highly efficient because all ions of dif- 
ferent m/z ratios arising from a single laser 
shot are measured; they simply arrive at 
the ion detector at different times. 

The typical features of a matrix-assisted 
laser desorption mass spectrum obtained 
from a protein is shown in Fig. 2B; a mass 
spectrometer similar to that shown in Fig. 
2A was used (18). The simple spectrum, 
which was obtained from a mouse mono- 
clonal immunoglobulin G (IgG) antibody, 
is dominated by peaks arising from singly 
and doubly (and to a lesser extent triply) 
protonated intact IgG. The singly and 
doubly protonated molecules have charge 
states of + 1 and +2, respectively, yielding 
m/z ratios of (M + 1)/1 and (M + 2)/2, 
respectively (where M is the molecular 
mass of 1 6 ) .  Simple algebraic manipula- 
tion of these two measured m/z ratios give 
two independent measures of the average 
molecular mass (19) of IgG, which in this 
experiment was determined to be 148,140 
daltons. 

Performance specifications of laser de- 
sorption TOF-MS for a high-quality com- 
mercial instrument include a resolution of 
300 (20), a mass determination accuracy 
up to 1 part in lo4, a sensitivity of better 
than 1 pmol, and a spectrum acquisition 
time of 1 min (18). The method appears 
almost universal for proteins that can be 
dissolved in appropriate solvents, such as a 
volume/volume ratio of 2: 1 of 0.1% tri- 
fluoroacetic acid-acetonitrile or neat 
hexafluoroisopropanol (for proteins with 
hydrophobic character) (2 1). A selection 
of proteins that have been successfully 

analyzed in the laboratory of B.T.C. are 
given in Table 1. A special feature of the 
technique that makes it practical for solv- 
ing biological problems is its ability to 
measure complex mixtures of peptides and 
proteins in the presence of large molar 
excesses of salts, buffers, lipids, and other 
species (22) (see Fig. 1B). There are 
practical limitations that need to be con- 
sidered. These limitations include the oc- 
currence of adduct artifacts (16) that limit 
the mass accuracy for masses greater than 
30 to 40 kD, the requirement that both 
the  rotei in and the matrix material be 
soluble in the solvent mixture used, and 
the poisoning effect on the mass spectra of 
traces of ionic detergent (such as SDS) or 
involatile liquid additives [such as glycerol 
and dimethyl sulfoxide (22)l. 

The physicochemical events leading to 
the transfer of proteins to the gas phase and 
their ionization in matrix-assisted laser de- 
sorption/ionization have not yet been fully 
elucidated. The matrix is believed to serve 
several functions, including absorption of 
energy from the laser light and the isolation 
of individual protein molecules within the 
large molar excess of solid matrix (23, 24). 
The protein-matrix mixture typically forms 
a microcrystalline layer spontaneously on 
drying the sample on the insertion probe 
tip. Upon irradiation with a short duration 
burst of laser light, one model for the 

Al 

All 

mechanism assumes that the uppermost lay- 
ers of matrix are induced to undergo a phase 
transition from the solid to the gas phase. 
The subsequent expansion of these matrix 
molecules into the vacuum drags the ma- 
trix-isolated protein molecules into the gas 
phase (25). During the transfer to the gas 
phase, the proteins undergo ionization 
through proton transfer reactions with the 
matrix by reaction processes that remain to 
be elucidated (26, 27). 

Electrospray Ionization MS 

The electrospray phenomenon is a process 
for producing naked, intact protein mole- 
cules in ionized form from a dilute solution 
of the protein by creating a spray of fine, 
highly charged droplets in the presence of a 
strong electric field. Recently, Fenn and 
co-workers found that electros~rav is a Dar- . , 
titularly powerful means for producing pep- 
tide and protein ions suitable for study by 
MS (28, 29). 

A diagrammatic representation of an 
electrospray ionization mass spectrometer is 
shown in Fig. 3A. It makes use of an 
atmos~heric Dressure interface to the mass 
spectrometer, wherein the sample solution 
is simply sprayed in the atmosphere toward 
an orifice or pipe leading into the vacuum 
region enclosing the mass analyzer. The 
protein mixture to be analyzed is in solution 

Fig. 1. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 
highdensity lipoprotein (HDL) particles from human plasma, showing portion of the gel containing 
the most abundant apolipoproteins. The positions of three molecular weight standards are indicated 
at 31 .O, 21.5, and 14.4 kD, respectively. [Adapted from (4) with permission Q American Society for 
Biochemistry and Molecular Biology] (B) Matrix-assisted laser desorption mass spectrum (6) 
obtained from a delipidated human HDL fraction. The protein peaks were assigned by their 
molecular weights according to the usual nomenclature for human apolipoproteins (3). The "+" 
designates a singly protonated (charged) ion and "2+" a doubly protonated ion. [Adapted from 
(22) with permission, 8 National Academy of Science] 
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monoclonal immunoglbbulin G, 
(Mus rnusculus), measured molec- 
ular mass of 148,140 + 150 dal- & 
tons. [M+nHIn+ designates the in- ? 
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tons. The amount of protein ap- 
plied to the sample probe for 
insertion into the mass spectrome- 

Fig. 2. (A) Matrix-assisted laser f3 
desorption mass spectrometer 
with a TOF rnlz ratio analyzer; HV, 
high voltage. (B)  Matrix-assisted 
laser desor~tion mass s~ectrum of 
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Fig. 3. (A) Electrospray ionization mass spectrometer with a quadrupole rnlz ratio analyzer. (B)  
Electrospray ionization mass spectrum of tropomodulin (43).  The numbers above the peaks 
designate the charge states of tropomodulin detected in the present experiment. (C) Reconstructed 
mass spectrum after an algorithm (40)  was applied to convert the family of ion peaks arising from 
tropomodulin to a single peak corresponding to the neutral molecule. [MS by S.B.H.K.] 

in water or in a water-organic solvent 
mixture, typically with a trace of acetic or 
trifluoroacetic acid added to promote ion- 
ization of the samole. This solution is 
sprayed from a region of strong electric 
field at the tip of a metal syringe needle 
maintained at approximately +5000 V 
(for positive-ion spectra). The fine drop- 
lets so formed carry excess positive charge 
and are attracted to the inlet, which is 
held at a lower ~otential .  Throueh the 

LJ 

application of directed flows of dry gas or 
heat or both to the droplets during their 
journey into the vacuum system, solvent 
contained in the droolets is caused to 
evaporate. Production of isolated multiply 
ionized proteins in the gas phase occurs 
from these shrinking droplets (9-1 2, 29- 
3 1). Large numbers of solvent molecules 
are frequently observed to remain attached 
to the ionized protein molecules that enter 
the vacuum system. These ionized protein 
molecules undergo collisions with residual 
neutral eas molecules in the entrance re- - 
gion of the vacuum system. By adjusting 
the magnitude of the electric field in this 
region, the collision energy can be con- 
trolled to completely desolvate the intact 
ionized protein molecules (32). The re- 
sulting naked proteins, each molecule car- 
rying an excess positive charge related to 
its charge state in the original solution 
(33-37), are directed into a quadrupole 
filter (38) for mlz ratio analysis. 

Several variations of the electrospray 
experiment exist, but all contain the essen- 
tial elements described above. In one robust 
version, so-called "ion spray," a concentri- 
cally applied nebulizer gas at the capillary- 
needle  ti^ is used to assist the formation of 
suitable fine droplets, a feature that facili- 
tates direct coupling of reversed-phase 
HPLC with electrospray MS (12). 

Mass accuracies of about 1 part in 
10,000 and resolutions of about 1 in 1,000 
are routinely obtained in electrospray-quad- 
rupole MS. Molecules with MWs <60,000 
can be analyzed in a straightforward fash- 
ion, although much larger proteins have 
been analyzed (39). Optimum sample con- 
centrations are essentially the same as those 
used for analytical reversed-phase HPLC: 
-0.1 to 0.5 kg/kl, and total sample con- 
sumption in an experiment is typically -5 
to 50 ~1 (that is, 1 to 10 kg). Picomole 
amounts of total sample are consumed dur- 
ing the experiment. The experiment is a 
simple, practical one and can be performed 
as easily as running an HPLC analysis on a 
orotein samole. 

Perhaps the most striking feature of the 
electrospray MS experiment is that the 
resulting mass spectra contain a family of 
charge states arising from a single protein 
(Fig. 3B) (9, 11). For many denatured 
proteins, the resulting charge states average 
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approximately one positive charge per 
1,000 daltons. The mass filter measures the 
mlz ratio of an ion. A protein of MW 
29,970 daltons with 30 additional protons 
would have a charge of +30, a mass of 
30,000 daltons, and would appear in the 
mass spectrum at mlz = 30,000130 = 
1,000. Because of this multiple charging 
phenomenon, a modest mlz range quadru- 
pole filter can be used to measure large 
proteins. Each member of the series of 
charge states for a particular protein mole- 
cule is related to its nearest neighbors by 
having one more or one less proton. Simple 
mathematical calculation allows the mass of 
the parent molecule to be determined from 
any two consecutive charge states of known 
mlz ratio (9, 1 1). 

The complex mass spectrum resulting 
from the multiple charge state phenome- 
non (Fig. 3B), at first impression, appears 
to be a disadvantage of the electrospray 
experiment, and indeed congestion of the 
spectrum sometimes occurs for complex 
mixtures. However, the researcher soon 
realizes that the multiple charge states 
provide highly redundant (and therefore 
highly precise) information about the MW 
of a protein species present in a particular 
ex~eriment. In addition. algorithms have . - 
been developed that convert the families 
of ion peaks arising from a single molecu- 
lar species to a single peak corresponding 
to the neutral molecule (40). The result- 
ing spectrum has the appearance of the 
more conventional plot of intensity versus 
mass (Fig. 3C). 

Although many proteins have been suc- 
cessfully analyzed by electrospray ionization 
MS, certain classes of proteins have   roved 
difficult to measure. These include certain 
insoluble membrane-bound proteins and 
proteins with very stable tertiary structure 
or low numbers of basic residues. Substan- 
tial progress is being made on developing 
techniques for improving the mass spectro- 
metric response of these difficult-to-analyze 
proteins (31, 41, 42). Most buffer salts and 
detergents (neutral or charged) interfere 
with the simple electrospray experiment; 
samples in common buffers such as phos- 
phate or containing sodium chloride would 
not ~ i e l d  useful spectra under standard con- 
ditions. The ideal solvent for a protein 
sample is water-organic solvent with a trace 
of acid present. Because this is the state in 
which  rotei ins are recovered from a re- 
versed-phase HPLC experiment, on-line 
HPLC-electrospray MS can be routinely 
performed and is extremely useful. HPLC- 
MS is also an effective way of removing 
interfering salts from a protein sample prior 
to analysis (for example, see Fig. 3B). 
Off-line analysis of protein-containing com- 
ponents collected from an analytical HPLC 
run is also routine and useful. 

A typical application of the electrospray 
method for ionizing protein samples is illus- 
trated in Fig. 3. Here, a tropomyosin- 
binding membrane protein, tropomodulin 
(43), was isolated from human erythrocyte 
membranes and was found to have a molec- 
ular mass of 40,476 2 4 daltons. This result 
was consistent with the amino acid se- 
quence of the protein deduced from com- 
plementary DNA (cDNA) sequencing of 
the corresponding gene (44) and demon- 
strated that the mature, functional protein 
had been processed after translation by 
removal of the amino-terminal Met residue, 
followed by acetylation of the new amino 
terminal (calculated MW of 40,481). The 
amino terminal of tropomodulin had been 
previously shown to be blocked to Edman 
degradation. 

The charge state associated with a pro- 
tein in the electrospray method is sensitive 
to the conformational state of the protein 
molecule (33-37). Thus, denatured pro- 
teins have more charges than native protein 
molecules. Electrospray MS has been used 
to study conformational transitions in pro- 
teins in solution (33, 36, 41). The results 
correlate with direct measurements in solu- 
tion (such as circular dichroism and nuclear 
magnetic resonance). Recently, it has also 
been found that the electrospray ionization 
process is sufficiently mild that noncovalent 
complexes between protein and specific li- 
gands can be observed (34, 4548). This 
approach has been applied to the study of 
receptor-drug interactions (45) and to pro- 
tein-protein interactions (47). Finally, 
electrospray MS has been used to determine 
the nature of either covalent or noncova- 
lent intermediates formed in enzyme-cata- 
lyzed reactions (46, 49). 

Correlations of Processed 
Proteins with Their Genes 

Once the cDNA sequence of a gene has 
been determined, a simple, accurate mea- 
surement of the MW of the corresponding 
protein can provide a host of valuable infor- 
mation. If the measured mass of the protein 
agrees with that calculated from the gene 
sequence, it is likely that the deduced se- 
quence is correct, the amino and carboxyl 
terminals of the mature protein have been 
correctly assigned, and the protein contains 
no posttranslationally modified amino acid 
residues. However, a difference between the 
measured and predicted MWs implies either 
an error in the cDNA deduced sequence or a 
posttranslational modification or processing 
of the protein. 

ARPP-16. The power of accurate MW 
determination in this context is illustrated 
here by consideration of ARPP-16, a CAMP 

Mass-to-charge ratio 

Fig. 4. Matrix-assisted laser desorption mass 
spectrum of the protein ARPP-16 (50). [Adapt- 
ed from (6) with permission, @ American 
Chemical Society] 

Table 1. Examples of proteins successfully analyzed by laser desorption TOF mass analysis. 
Chosen from more than 200 examples analyzed by R. C. Beavis in the laboratory of B.T.C. 

lnsulins 
Mouse macrophage inducing proteins 

l a ,  l b , 2 ,  and3 
Synthetic transforming growth factor a 
Mouse ubiquitin 
Porcine proinsulin 
Betabellin 
Synthetic and recombinant HIV-I 

protease 
Peptidyl-prolyl cis-trans isomerase 

(Neisseria meningitidis) 
Equine cytochrome c 
SH-2 Src 
St reptavidin (Streptomyces avidinii) 
Human milk lysozyme 
Bovine superoxide dismutase 
Horse skeletal apomyoglobin 
Phospholipase A, 
Bovine p-lactoglobulin A 
Difolate reductase (Escherichia coli) 
Recombinant flavodoxin (Azobacter 

vinelandii) 
Human interferon-a 

Human casein 
Rat trypsin I I  
a-Chymotrypsin 
Bacteriorhodopsin (Halobacterium 

halobium) 
Hen egg white ovomucoid 
Human steroid dehydrogenase 
Subtilisin Carlsberg (Bacillus subtilis) 
Bovine carbonic anhydrase II 
V8 protease (Staphylococcus aureus) 
Aldolase (S, aureus) 
Porcine pepsin 
Yeast alcohol dehydrogenase 
Rabbit muscle aldolase 
Rabbit muscle actin 
Human IgG Fab 
Trypanosome trypanathione reductase 
p-Amylase 
Human corticosteroid binding hormone 
Tropomyosin dimer 
Colicin la (E. coli) 
p-Galactosidase (E. coli) 
Human polyclonal IgG 
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(adenosine 3 ' ,5 '-monophosphate)-regulat- 
ed phosphoprotein from the soluble frac- 
tion of bovine caudate nuclei (50). Anal- 
ysis by SDS-PAGE of the protein yielded 
an apparent MW of 16,000. The amino 
terminus was not amenable to amino acid 
sequence analysis because it was chemical- 
ly blocked. Inspection of the cDNA se- 
quence and the results of partial amino 
acid sequence analysis suggested a MW 
considerably lower than that inferred from 
the SDS-PAGE analysis (50). The matrix- 
assisted laser desorption mass spectrum 
obtained from the unphosphorylated form 
of ARPP- 16 is shown in Fig. 4. The mass 
spectrum exhibits two intense peaks cor- 
responding to the singly and doubly pro- 
tonated intact protein. The average of the 
two measurements yields a molecular mass 
of 10,708.8 daltons. This measured mass is 
much lower than that determined by SDS- 
PAGE but close to that inferred from the 
cDNA sequence with an amino-terminal 

methionine (calculated MW = 10.665.2). 
The difference between the measured and 
the calculated masses is 43.6 daltons. a 
value consistent (within the uncertainty 
of the measurement) with the Dresence of 
an acetyl blocking group (mass difference 
of 42 daltons) at the amino terminus. 
Taken together with the cDNA sequence 
data and the partial amino acid sequence 
data, the simple mass measurement thus 
provides compelling confirmation of the 
predicted primary structure of ARPP-16 as 
well as detailed information concerning a 
subtle modification of the  rotei in. It is 
emphasized that this detailed information 
was obtained ra~idlv (in less than 15 min) 

A .~ 
from a total quantity of 1 pmol of protein. 

Sometimes, differences are observed be- 
tween the measured and calculated MWs 
that are more difficult to interpret than in 
the example of ARPP-16 given above. In 
such cases, a useful strategy involves degra- 
dation of the protein by chemical or enzy- 

Fig. 5. On-line reversed-phase A 
HPLC-electrospray MS of a total vi- 
rus protein preparation for the feline 100. 
immunodeficiency virus (FIV). (A) 
Plot of the total current of electro- 75. 
sprayed ions as a function of elution 
time of the various protein compo- 
nents. (B) Electrospray mass spec- 50 ' 

trum of the viral protein component 
eluting at -34 min [indicated by the 25 . 
cross-hatched peak in (A)]. (C) Re- 
constructed mass spectrum of (B). 
Measured MW is 14,735 ? 2. Calcu- 100 200 300 400 
lated MW for the mature FIV matrix 15 25 35 45 

S c a f l m e  (mln) 
protein is 14,738. [HPLC-MS by 
S.B.H.K.] 
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matic means and measurement by matrix- 
assisted laser desorption mass spectrometry 
of the total mixture of peptide products so 
generated (22, 51). Comparison of the 
accuratelv measured masses of the deerada- 
tion with those predicted frok the 
cDNA sequence rapidly yields information 
on the sites and natures of modifications 
and errors. 

Feline immunodef ciency virus (FIV) viral 
proteins. FIV is a mammalian retrovirus 
closely related to human immunodefi- 
ciency virus (HIV) (52) and shares basi- 
cally similar epidemiology and course of 
infection in cats. This virus is studied as a 
model for the human disease AIDS (ac- 
quired immunodeficiency syndrome). The 
FIV life cycle is similar to that of HIV. 
Viral replication involves a series of key 
elements catalyzed by virus-encoded en- 
zymes. One such element is the proteolyt- 
ic processing of the very large polyprotein 
translation products of the FIV gag and pol 
genes, to give the smaller structural pro- 
teins and enzymes required for productive 
virus particle formation. In order to define 
these sites of proteolytic processing, a 
highly purified FIV virus preparation was 
inactivated, the particles disrupted, and 
the total mixture of released ~roteins sub- 
jected to direct analysis by reversed-phase 
HPLC (on-line)-electrospray MS (53). 
The resulting profile of total ion current 
versus elution position (time) is shown in 
Fig. 5A. 

Such an experiment generates mass 
spectral data for individual protein compo- 
nents eluting from the HPLC column. The 
total ion current profile gives an indication 
of where components may have eluted. 
Mass spectra of individual proteins eluting 
from the HPLC can be examined by look- 
ing at the appropriate spectral records. At 
least seven viral proteins were detected in 
this single experiment, which represent all 
but two of the mature translation products 
of the gag and pol genes. The observed 
MWs were correlated with translation prod- 
ucts of the viral genome (52) that would be 
expected if processing events analogous to 
those observed in related retroviruses oc- 
curred. 

The mass spectrum of one component, 
of measured mass 14,735 + 2 daltons 
eluting at 34 min, is shown in Fig. 5 ,  B 
and C. This spectrum was interpreted as 
follows as corresponding to the mature, 
functional form of the FIV matrix protein. 
The matrix ~ r o t e i n  is encoded at the 5 '  
end of the gag gene. Its terminus was 
inferred from the amino terminal of the 
neighboring gag protein, the capsid pro- 
tein, experimentally determined by Ed- 
man degradation of SDS-PAGE-separated 
viral proteins. This contiguous stretch of 
135 amino acids gives a calculated mass of 
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14,659 daltons, which is significantly dif- 
ferent from that observed (14,735 dal- 
tons). The gag open reading frame has a 
Met at codon 1. In other retroviruses, the 
amino acid at Dosition 1 was shown bv 
standard protein chemistry techniques to 
have been removed, and the revealed 
amino terminal acylated with myristic acid 
(C14 fatty acid) (54). For the FIV matrix 
protein, correcting the calculated molec- 
ular mass for the removal of a Met residue 
(131 daltons) and addition of a myristic 
acid moiety (210 daltons) gave a calculat- 
ed mass of 14.738 daltons for the mature . , -  

FIV matrix protein, in good agreement 
with the molecular mass 14.735 + 2 dal- 
tons found experimentally. 

Glycoprotein Analysis 

a,-Acid glycoprotein. The elucidation of the 
carbohydrate portion of glycoproteins pro- 
vides a formidable analvtical challenge. es- 

u ,  

pecially when only small amounts of sample 
are available. Previouslv. oroteins contain- ,, & 

ing large proportions of carbohydrate have 
also proven quite refractory to MS analysis 
(13). Such glycoproteins, however, pro- 
duce intense mass spectra by matrix-assisted 
laser desor~tionlionization. The sDectrum 
obtained from a,-acid glycoprotein, a hu- 
man blood plasma protein containing 
-40% by weight of carbohydrate ( 5 3 ,  is 
shown in Fig. 6A. From enzymatic analysis, 
it was known that the oligosaccharides are 
asparagine linked and of the complex form 
that contains a large number of neuraminic 
acid moieties. The spectrum is dominated 
by peaks corresponding to the singly and 
doubly protonated glycoprotein. These 
peaks are extremely broad, reflecting the 
large amount of heterogeneity in the carbo- 
hvdrate  ort ti on of the  rotei in. The resolu- 
tion of the mass spectrometer used to obtain 
this soectrum IMIAM = 300 full-width at 
half-Laximum' (fwhm)] was insufficient to 
permit resolution of the individual glyco- 
protein components. However, the differ- 
ence between the average mass of the mol- 
ecule (36.800 daltons. deduced from the > ,  

centroids of the broad peaks) and the mass 
of the peptide backbone (21,539 daltons, 
calculated from the known amino acid se- 
quence) gives a measure of the average mass 
of carbohydrate attached to the protein 
(15,300 daltons). The width of the peaks 
(2,200 daltons fwhm) gives a measure of 
the amount of heterogeneity in the com- 
oound. 

Treatment of the compound with gly- 
cosidases and subsequent remeasurement of 
the MW yields information concerning the 
number of the particular types of sugars that 
are cleaved by the enzymes. For example, 
Fig. 6B shows the mass spectrum of the 
sample of a,-acid glycoprotein subsequent 

to digestion with neuraminidase. The peaks 
have shifted to lower mass (33,000 daltons) as 
a result of the cleavage of the neuraminic acid 
moieties, and the peak width has decreased. 
The shift of 3,800 daltons indicates the pres- 
ence of an average of 13 neuraminic acid 
moieties (mass = 291 daltons) in the glyco- 
protein. The decrease in peak widths results 
from the removal of the neuraminic acid 
heterogeneity and provides a measure of this 
heterogeneity. Residual heterogeneity from 
the remaining carbohydrate is evident and 
can now be partially resolved (Fig. 6B). In 
principle, the analysis could be continued by 
further treatment of the sample with selected 
glycosidases. In this manner, a considerable 
amount of information concerning the make- 
up of picomole amounts of glycoproteins can 
be rapidly deduced. 

Tissue plasminogen activator (TPA) . This 
proteolytic enzyme has important therapeu- 
tic applications in the treatment of human 
coronary disease, and TPA has been pro- 
duced by recombinant DNA methods in 
suitably engineered cell lines and marketed 
as a pharmaceutical. Recombinant human 
TPA produced in Chinese hamster ovary 
cells is a glycoprotein with a single polypep- 
tide chain of 527 amino acids and a mass of 
59,000 daltons (56). Glycosylation at two 
or three sites adds another 3,000 to 9,000 
daltons to the molecular mass (57). For 
reproducible preparation of this protein and 
to lay the basis of understanding the molec- 
ular origins of activity, it was important to 
define both the sites of glycosylation and 
the nature of the carbohydrate moieties 
attached to the recombinant protein (58). 

Reversed-phase HPLC peptide mapping of 
a tryptic digest of the protein was used to 
evaluate the glycosylation state of the recom- 
binant TPA (Fig. 7). Both UV detection (at 
214 nm) (Fig. 7A) and nebulizer gas-assisted 
electrospray MS (12) (Fig. 7B) were used to 
detect and characterize the eluted peptides. 
The effluent stream from the standard 4.6 by 
150 mm CI8 reversed-phase HPLC column 
(10 nmol of digest loaded) was split (20:l 
ratio), with the large portion going to the UV 
detector and the smaller portion going to the 
mass spectrometer. Mass spectral data were 
acquired continuously and stored for subse- 
quent interpretation. Comparison of the elu- 
tion profiles in Fig. 7, A and B, shows that 
detection by the two methods gives similar 
but not identical results. 

Accurate mass measurement leads di- 
rectly to rapid identifications of the pep- 
tides present in a digest from a protein of 
known sequence. Even coeluting species 
are readily differentiated and identified by 
their accurately measured MWs. 

The tryptic glycopeptides have a similar 
MS behavior, in terms of sensitivity of 
response and charge states, as the carbohy- 
drate-free tryptic peptides. Contour "two- 

fwhrn = 2 ,200~  

2' .- 
$ 15,000 20,000 25,000 30,000 35,000 40,000 

I B 
Digested with neurarninidase i3;::3 

Mass-to-charge ratio 

Fig. 6. Matrix-assisted laser desorption mass 
spectra of.a, acid glycoprotein (A) prior to and 
(B) after treatment with neuraminidase. [Exper- 
iment was performed by R. C. Beavis in the 
laboratory of B.T.C.] 

dimensional" (2-D) plots of m/z versus 
HPLC elution time proved to be ideal for 
the detection of families of glycopeptides 
containing the same peptide but heteroge- 
neous carbohydrate moieties. The more 
heavily glycosylated peptides elute slightly 
earlier in the reversed-phase HPLC, and 
the signature of a glycopeptide family of 
molecular species is a characteristic diago- 
nal in the 2-D plot (58). 

With the use of the tryptic digest- 
HPLC-electrospray MS approach, three 
sites of N-linked glycosylation in recombi- 
nant TPA were found and characterized. 
The data for one of these are illustrated in 
Fig. 7C. Not only is the site of glycosylation 
identified (peptide T45 with sequence Cys- 
Thr-Ser-Gln-His-Leu-Leu-Asn-Arg) , but 
accurate mass measurement of the various 
glycosylated forms of the peptide leads to 
identification of the various carbohydrate 
compositions in Fig. 7C (58). 

In addition to the utility in detecting 
and characterizing glycopeptides, HPLC- 
MS peptide mapping of a protein is ideal for 
evaluating the presence of modifications 
such as oxidation, phosphorylation (59), 
fatty acylation, and a variety of other mod- 
ifications, including those labile to the con- 
ditions of the Edman degradation. 

Phosphoprotein Analysis 

Phosphoproteins play a central role in many 
intracellular processes, including signal 
transduction and the regulation of cell di- 
vision. The site and extent of phosphoryla- 
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tion of key proteins are believed to play an 
important regulatory role in many intracel- 
lular signaling pathways. 

The enzyme "CAMP-dependent protein 
kinase" is a complex of mass of 178 kD and 
is made up of two regulatory and two 
catalytic subunits. In the presence of 
CAMP, which binds to the regulatory sub- 
units, the complex dissociates and releases 
the enzvmaticallv active catalvtic subunits. 
The 3-D molecular structure of the catalytic 
subunit of CAMP-deoendent orotein ki- 
nase, 350 amino acids with a molecular 
mass of 40.440 daltons. has been deter- 
mined by x-ray crystallography (60). 

The type a catalytic subunit of CAMP- 
dependent protein kinase from the mouse 
was cloned and expressed in Escherichia coli 
(61). The recombinant protein was isolated 

as a mixture of molecular soecies. all con- 
taining the same peptide chain but differing 
from each other in the degree of phospho- 
rylation at specific residues. Three isoforms 
of the recombinant enzyme were prepared 
in highly purified form for structural analy- 
sis (61). Each was believed to be a homo- 
geneous molecular species. The final stage 
of purification gave the protein samples in a 
high salt buffer. Therefore. the MWs of the - 
three protein isoforms were determined by 
on-line reversed-phase HPLC-electrospray 
MS, which simultaneously evaluated the 
~ur i tv  of the oroteins and desalted them in 
A ,  

a form suitabie for electrospray MS analysis 
(Fig. 8). 

The isoforms differed from one another 
by the mass of a single-PO,H group (80 
daltons). Based on the predicted sequence, 

the mature form of the recombinant oolv- 

0J 100 200 300 400 500 600 
11.5 23.2 34.8 46.4 58.1 69.7 

Scarullme (mln) 

Fig. 7. Reversed-phase c T45 glycoforms, averagc 
HPLC map of the tryptic pep- of scans 258 to 271 

L ,  

peptide chain has a calculated mass of 
40,440 daltons (62). Isoform I had a mo- 
lecular mass of 40,759 daltons, 319 daltons 
above the calculated mass and therefore 
contained four phosphate groups (319180). 
Isoform I1 had a mass of 40,678 daltons 
(that is, -81 daltons with respect to I and 
f 2 3 8  daltons with respect to the parent 
polypeptide chain) and thus contained 
three phosphate groups. Isoform I11 had a 
mass of 40,600 daltons (that is, -78 dal- 
tons with respect to 11, - 159 daltons with 
respect to I, and + 160 daltons with respect 
to the parent) and had two phosphate 
groups. These data confirmed that the iso- 
forms were of high purity and were consis- 
tent with the fact that they were homoge- 
neous molecular species. The differences in 

tides from recombinant gly- 100 - 
coprotein human tissue plas- 
minogen activator generated 
by (A) ultraviolet detection at 
214 nm and (B) MS detection 
of the total current of electro- 
sprayed peptide ions. (C) 2 
Mass spectrum obtained by 2 
adding ions collected during Q 50 . 
scans 258 to 271 [see (B)]. 
The composition of the most 2 
abundant complex carbohy- S 
drates were inferred from the 
accurately determined mass- 
es of the various glycopep- 
tides observed. [Adapted 

phosphate content were consistent with 
prior data (63), indicating a phosphate 
content of two, three, and four groups, 
respectively, for the three isoforms of the 

(6) U) 

cloned enzyme. 
As these results show, phosphoproteins 

can be analyzed in a straightforward fashion 
by electrospray MS. The accuracy of MW 
measurement is well within the limits for 
useful determination of the degree of phos- 
phorylation of intact proteins of typical 
size. Combined with enzymatic digestion 
and HPLC-MS peptide mapping (compare 
with Fig. 7 above), this is a powerful tech- 
nique for the structural characterization of 
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Protein Sequence Determination 
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Determination of the amino acid sequence 
of a protein molecule plays a central role in 
much biological research. Typically, the 
biological researcher's first direct observa- 
tion of a protein would be by 1-D or 2-D 
PAGE. A critical step in the study of many 
biologically important proteins is the deter- 
mination of limited stretches of amino acid 
seauence data from 10 to 100 ~icomole 
amounts of the natural protein isolated 
from a biological source. Such limited se- 
quence data are frequently the key informa- 
tion used to identify and clone the gene 
corresponding to the protein of interest. 
The nucleic acid sequence of the gene is 
then determined and translated to afford 
the complete amino acid sequence of the 
translation oroduct. After cloning and ex- - 
pression of the identified gene, amino acid 
seauence data are used to confirm the struc- 
ture of the protein produced. At the present 
time. amino acid seauence data are almost 
invariably generated by automated Edman 
degradation of a protein from the amino 
terminal, either of the intact protein or of 
peptides separated after proteolytic diges- 
tion of the protein. In some instances, 
tandem MS methods (13) are proving in- 
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creasingly useful, especially for proteins 
with blocked amino termini. 

Protein ladder sequencing with one-step MS  
readout. Recently, we have described a new 
approach (64) to the determination of the 
amino acid sequence of picomole amounts 
of a protein that takes advantage of the 
ability of matrix-assisted laser desorption 
MS to accurately and rapidly measure pro- 
tein mixtures. Chemistry is used to gener- 
ate, in a controlled fashion, a family of 
sequence-defining fragments from a poly- 
peptide chain. The family of sequence- 
defining fragments is read out with laser 
desorption MS to simultaneously generate 
the complete data set in a single operation 
as a protein sequencing ladder (Fig. 9). 
Mass differences between consecutive peaks 
define the identity of a particular amino 
acid, based on the distinctive mass of each 

251-..-J L 
0 a 

40,000 40,200 40,400 40,600 40,800 41;OOO- 
Molecular weight 

Fig. 8. Electrospray mass spectra of three 
isoforms of the recombinant phosphoenzyme cu 
catalytic subunit of CAMP-dependent protein 
kinase. The data were acquired from three 
separate reversed-phase HPLC-electrospray 
MS experiments. A total of -20 p g  (500 pmol) 
of each protein was used. (A) lsoform I; mea- 
sured mass of 40,759 daltons. (B) lsoform I I ;  
measured mass of 40,678 daltons (-81 daltons 
with respect to isoform I; that is, less one 
phosphate group). (C) lsoform Ill; measured 
mass of 40,600 daltons (-78 daltons; -159 
daltons with respect to isoform I; that is, less 
two phosphate groups]. The mass spectra 
were reconstructed from raw data showing 
multiply charged molecules with a median 
charge of +50. [HPLC-MS experiments were 
run by S.B.H.K.] 

genetically coded amino acid (except Leu/ 
Ile), and the family of fragments defines the 
sequence of amino acids in the original 
peptide chain. One straightforward way of 
generating the sequence-defining set of 
fragments from a peptide or protein is to 
carry out the Edman degradation in the 
presence of a terminating agent. The pro- 
tein ladder sequencing method relies on the 
capabilities of matrix-assisted laser desorp- 
tion MS as a general way of measuring the 
MW of proteins with high accuracy. This 
sequencing method is as yet unproven for 
very small amounts of proteins of unknown 
sequence isolated from biological sources, 
but the potential exists for speeding up and 
simplifying protein sequencing. This devel- 
opment could lead to more widespread, 
routine use of protein sequence analysis in 
biological research. 

Future Developments 

Although remarkable progress has been 
made during the past few years, much work 
remains. We list below a selection of im- 
provements and developments that are like- 
ly to further widen the impact of MS on 
biological research involving proteins. 

For matrix-assisted laser desorptionlion- 
ization, there is a need to further improve 

the methods of sample preparation and ion 
production so that the ions of interest are 
produced devoid of interfering adduct ion 
species (1 6), with a minimum of metastable 
decay (65) and a controlled extent of ion- 
ization (26). Because the natural environ- 
ment of many proteins is aqueous, it is 
desirable to develop conditions under 
which water (in liquid or solid form) can be 
effectively used as a matrix (66). A water 
matrix could eventually lead to the direct 
examination of biological specimens. 

It is important that the resolution of the 
currently available TOF instrumentation 
for proteins be increased [for example, by 
the effective use of an electrostatic mirror 
(67)] to the resolution limit imposed by the 
envelope of the isotope distribution over 
the full mass range of interest. This devel- 
opment would give the optimum mass ac- 
curacy and would resolve compounds that 
have closely similar masses. Alternative 
means for achieving this goal include mass 
analysis by double focusing magnetic deflec- 
tion (68), Fourier transform ion cyclotron 
resonance (69), and 3-D electric multipole 
ion trapping (70). These analyzers are also 
of interest because of the possibilities for 
manipulating selected and trapped polypep- 
tide ions in interesting ways. Of particular 
interest is the possibility of dissecting ion- 

Fig. 9. Example of a protein sequencing ladder data set. The peptide [Glul]fibrinopeptide b 
[sequence EGVNDNEEGFFSAR (71) ,  MW = 1570.61 was subjected to Edman degradation in the 
presence of a terminating agent [5% by mole phenylisocyanate (PIC)]. No intermediate separation 
and analysis of the low MW products released at intermediate cycles were performed. After seven 
cycles of Edman degradat~on, a portion of the total reaction mixture was read out in a single 
operation by laser desorption MS. The measured masses, identities, and sequence of the first seven 
amino acids of the peptide are marked on the mass spectrum. Note that Asp and Asn were readily 
distinguished. [Experiment was performed by R. Wang in the laboratory of B.T.C.] 
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ized polypeptides chemically in a highly 
controlled manner in the gas phase. 

For the electrospray ionization of pro- 
teins. there is a need to render the ioniza- 
tion process more universally successful and 
uniform and to make the uroduction of ions 
from proteins more tolerant of nonprotein- 
aceous ionic constituents such as buffers 
and salts. It is of considerable interest to 
extend the m/z range of analyzers beyond 
that currently available with commercial 
quadrupole instrumentation for electrospray 
ionization. Such mlz range extension 
should facilitate the study of proteins that 
are not highly charged under solution con- 
ditions of interest (for example, conditions 
designed to maintain the native conforma- - 
tion of the protein) as well as the study of 
the association of proteins with other pro- 
teins, DNA, enzyme substrates, and non- 
protein prosthetic groups. 

Both matrix-assisted laser desorption and 
electrospray ionization MS are inherently 
highly sensitive techniques whose sensitivity, 
in practice, is frequently limited by sample 
handling urior to the MS measurement. - .  
There is thus a pressing need to devise im- 
proved methods for sample handling and in- 
troduction into the mass spectrometer of pi- 
comole to femtomole amounts of peptides and 
proteins, especially for samples present in low 
concentrations (lop7 to lop9 M) in solution. 
The ability to measure such small quantities of 
sample constituents of interest would also 
reauire the reduction of the unwanted back- 
ground and improvements in instrumental 
intensity dynamic range. 

Further work on improving the coupling 
between traditional methods of protein sep- 
arations including 1-D and 2-D electropho- 
resis would greatly facilitate the identifica- 
tion of proteins of interest and the elucida- 
tion of posttranslational modifications. If 
MS is to fulfill its potential in biological 
research, it is imperative that instruments 
be placed in the laboratories of biological 
workers. This would require that the instru- 
ments be made still easier to use and less 
expensive. We believe that, in the future, 
the new MS capabilities will change the 
way that biological research involving pro- 
teins is approached. 
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Detection of Trace Molecular 
Species Using Degenerate 

Four-Wave Mixing 
Roger L. Farrow and David J. Rakestraw 

Spectroscopies that make use of laser light have provided an important tool to modern 
researchers for the nonintrusive analysis of chemical systems. The strengths and limita- 
tions of these spectroscopic techniques often determine the viability of scientific investi- 
gations. The unique properties of degenerate four-wave mixing, a nonlinear optical tech- 
nique, have recently been found to provide powerful capabilities for a wide range of 
applications. 

Optical diagnostic methods provide pow- 
erful tools for characterizing the molecular 
composition and detailed physical proper- 
ties of chemical systems. The high-intensi- 
ty , coherent, and spectrally pure radiation 
provided by lasers, together with recent 
advances in laser spectroscopy, have revo- 
lutionized optical diagnostics. The unique 
properties of laser techniques allow quan- 
tum state-specific measurements to be per- 
formed with high temporal and spatial res- 
olution. In addition, laser techniques can 
be used to provide in situ measurements 
that can be obtained remotely and nonin- 
trusively. Applications of laser diagnostics 
are numerous and diverse, ranging from 
monitoring pollutant formation in combus- 
tion processes at high temperatures and 
pressures, to performing fundamental spec- 
troscopic measurements of isolated mole- 
cules in supersonic expansions, to detecting 
complex macromolecules in biological en- 
vironments. A variety of spectroscopic 
techniques are available, each having par- 
ticular strengths and weaknesses that affect 
the viability of their application. Important 
considerations for choosing a technique 
include sensitivity and dynamic range, ap- 
plicability to a variety of chemical species, 
the capability for multidimensional mea- 
surements, the capability for quantitative 
measurements, and the degree of experi- 
mental complexity. Among the leading la- 
ser diagnostics are spontaneous Raman scat- 
tering, laser-induced fluorescence (LIF) , 
ionization spectroscopy, and coherent anti- 
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Stokes Raman scattering (CARS). These 
techniques have been used extensively and 
form the cornerstone of much modern sci- 
entific research. 

During the past several years a relatively 
mature nonlinear technique, degenerate 
four-wave mixing (DFWM) , has received 
renewed attention because of its votential 
role as an optical diagnostic. The wave- 
mixing process used in DFWM produces a 
coherent, highly collimated, and spectrally 
bright signal beam. These properties permit 
efficient rejection of potential interfering 
radiation, allow measurements to be ob- 
tained remotely, and permit the use of small 
optical ports for input and output beams. 
These properties are in contrast to those of 
linear processes such as spontaneous Raman 
scattering and LIF, for which the signal 
radiates nearly isotropically in space, mak- 
ing signal collection and background dis- 
crimination more difficult. Although non- 
linear processes are generally considered to 
be weak, DFWM is a completely resonant 
process and has very high sensitivity for 
detecting trace molecular suecies. " 

Historically, the primary applications of 
DFWM have been in optical phase conju- 
gation (1, 2) and in the measurement of 
ultrafast relaxation phenomena in liquids 
and solids (3). The ability to detect trace 
species with DFWM was first demonstrated 
for atomic species (4), which have strong 
absorption strengths. The potential for sen- 
sitive detection of trace molecular suecies 
(which typically have much weaker absorp- 
tion strengths) was first demonstrated in 
1986 by Ewart and O'Leary (5), who report- 
ed the detection of several OH absorption 

lines in a methane-air flame at atmospheric 
pressure. However, several years passed be- 
fore other research groups began to recog- 
nize this potential. During the past 3 years 
a host of laboratories have begun to inves- 
tigate the diagnostic capabilities of DFWM; 
rapid advances both in the fundamental 
understanding of the technique itself and in 
new applications that exploit the unique 
strengths of DFWM have been forthcom- 
ing. This article discusses these recent de- 
velopments and attempts to provide a guide 
for future users of this promising diagnostic 
tool. Much of the work discussed will de- 
scribe applications in combustion environ- 
ments where the unique properties of 
DFWM make it particularly valuable. How- 
ever, the potential applications of DFWM 
extend far beyond this relatively specific 
application. 

Description of DFWM 

Degenerate four-wave mixing involves the 
interaction of three input beams of identi- 
cal frequency w with a nonlinear medium to 
produce a fourth coherent signal beam of 
the same frequency w. A schematic diagram 
of a commonly used laser beam geometry is 
shown in Fig. 1A. In this geometry, two 
pump beams with electric field vectors Ef 
(forward) and EL (backward) are coaxial 

" ,  

and couAterpropagating, and' they cross a 
third beam, E, (probe), at an angle 0. The 
nonlinear polarization of the medium cou- 
ples these three beams through the third- 
order susceptibility tensor X ( 3 )  to generate a 
fourth beam E, that counterpropagates col- 
linear with E,. This geometry meets the 
phase-matching requirements for all angles 
0 and has the unique property that E, is 
proportional to the complex conjugate of 
C u 

P' 
A qualitative physical description of the 

four-wave mixing interaction is helpful in 
understanding the generation of E,. An 
interference of E, with El and Eb gives rise 
to an optical fringe pattern in the sample 
such that the intensity of the light varies 
sinusoidallv in the beam overlav region. . u 

The fringe spacing A is given by 

where A, is the wavelength of the interfer- 
ing radiation. In an absorbing medium, this 
spatial oscillation in intensity results in a 
corresponding variation in the concentra- 
tion of excited and ground states. These 
alternating regions are characterized by a 
varying index of refraction and a varying 
absor~tion coefficient and therefore form a 
Bragg grating. This volume diffraction grat- 
ing produced by the interference of E, with 
Ef and E, with Eb then results in the 
scattering of E, and Ef, respectively, pro- 
ducing the signal wave E,. The interference 
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