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ular, the need for a method which allows to
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and polypeptides with high accuracy and
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The LDI-MS has the potential to fulfill
these needs. The LDI-MS can be used as
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method allows to desorb and ionize large
molecules up to 200 kDa and to determine
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LDI is comparable with other analytical
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1. Introduction

Since its development in 1988 by Karas
and Hillenkemp [1] matrix-assisted laser
desorption mass spectrometry (LDI-MS)
has received an immensely growing inter-
est. With the fast development of peptide
synthesis and genetic engineering in partic-
ular, the need for a method which allows to
determine the molecular weight of proteins
and polypeptides with high accuracy and
sensitivity has increased simultaneously.
The LDI-MS has the potential to fulfill
these needs. The LDI-MS can be used as
well to solve analytical and mass-spectro-
metric problems for other interesting
chemical species besides proteins due to its
high sensitivily and its low selectivity. The
method allows to desorb and ionize large
molecules up to 200 kDa and to determine
the molecular weight with as little as
100 fmol sample. Thus, the sensitivity of
LDI is comparable with other analytical
methods like RP HPLC. The method hasa
dynamic range of at least 1:100 which al-
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lows to detect also minor amounts of im-
purities in samples. Due to the soft desorp-
tion and ionization process which pro-
duces no fragments, LDI-MS is especially
helpful for the unambiguous determina-
tion of the masses of species in mixtures,
and is applicable over the whole mass
range with a typical accuracy for the
molecular-weight determination within
0.2%. The mass resolution m/4m ob-
tained is between 100 and 300 depending
on the purity of the sample and the mass.
The short time (a few min) needed for sam-
ple preparation and measurement makes
LDI the method of choice for mass-spec-
trometric analysis in the chemical labora-
tory. Due to its low selectivity, it will be
possible to gain reliable quantitative infor-
mation on sample concentrations and pu-
rities.

2. Experimental

Apparatus

The mass spectrometer used is a home-built linear
time-of-flight (TOF) mass spectrometer [2]. The length
of the drift tube is 1.7 m. The ion source consists of 3
plates which produce the acceleration field and two
plates with which the ion beam can be focussed. The
matrix ions and its photo-adducts can be drawn out
with two deflection plates. A pulsed laser beam
(Quantel Datachrom 5000 Nd:YAG pumped dye-laser,
330 nm, 7 ns, 3-12 pJ) is focussed with a quartz lens (12
inch focal length) to an area of 300 x 600 pum on the
matrix at an incident angle of 20°. This relatively large
illuminated area eliminated the effects of inhomogenei-
ties in the crystalline structure of the matrix. The ions
are accelerated in an electric field of + 20 kV for the
negative or —20 kV for the positive ions. The detector is
a Gulileo 2"-tandem multichannel plate with the en-
trance plate held at —3 kV.

The probe tip is made of stainless steel and coated
with a Ag or Au layer and has a 1.5 mm diameter.

The data acquisition system consisted of Tektronix/
Sony 7104 transient recorder connected via IEEE-bus
to a HP 9836 computer. The registration of the ana-
logue signal was performed at a rate of 100 MHz. A fast
light-sensitive diode was used to start the acquisition.
For a mass spectrum between 5 and 90 single shots
were summed in order to optimize the signal-to-noise
ratio. No background subtraction has been performed.

Matrix and Sample Preparation

0.1M sinapinic acid (3,5-dimethoxy-4-hydroxycin-
namic acid, Fluka 85430) dissolved in 50% MeCN and
50% of a 90% aq. EtOH soln. was used for all experi-
ments, because of its low sublimation rate, high protein
yield up to 200 kDa, and acceptable small amounts of
photo-adducts.

T!pically 5 ul of 0.1M sinapinic acid and 5 pl of a
107 M aq. soln. of the protein were mixed. 0.1%
CF;COOH was added to solns. of samples with low
solubility in H,0. 0.5 pl of the mixture was added to the
probe tip, the solvents were rapidly evaporated by
vacuum, and the probe tip was inserted into the mass
spectrometer.

Contamination of the sample with salt in high con-
centration can reduce the ion yield. Sodium ions, how-
ever, have no significant effect on the negative ion
signal intensity up to a 10-fold molar excess. Sodium
dodecyl sulfate-polyacrylamide used in SDS-PAGE on
the other hand can completely quench the ion produc-
tion even in low concentrations. It is not yet clear, if
this contaminant leads to a phase separation during the
drying process of the matrix [3].

Mass Calibration

In time-of-flight mass spectrometry the flight time ¢
of an ion is correlated with its mass m over a simple
relationship:

ﬁ:Ar+B

where A and B are calibration constants which depend
on the strength of the electric field and the length of the
drift tube. Using a standard of known mass allows to
determine the constants A and B.

We have used two methods for the mass calibration
of LDI-MS measurements. The first method uses
the ion signals of the matrix and its photo-adducts.
Sinapinic acid forms adducts which are especially
dominant in the negative-ion spectra and are, thus,
ideal for mass calibration. Although these signals are in
the low-mass region, they can be used for a calibration
range up to 30000 Da with an error limit of 0.2%.

The second method uses proteins of known mass as
standards. The measurements in this paper were cali-
brated with the following compounds: trypsin (bovine,
Fluka 93612, mol. wt.=23311 [4])) and albumin
(bovine, Serva 17923, mol. wt. = 66267 [4]). 0.5 ul of a
1075 M aq. protein soln. can be added to the existing
matrix. The base peak and the ion signal of the dimer
can then be used for calibration. This method gives the
best results for high masses.

With a more sophisticated algorithm for the time-to-
mass conversion and with the use of an internal cali-
brant, Beavis et al. could achieve an accuracy for mass
determination of + 0.01 % [5].

3. Applications

The following figures present possible
applications of LDI-MS. In a first exam-
ple, we show the accessible mass range with
LDI-MS using a low-mass and a high-
mass protein. In a second example, it is
shown which chemical classes besides
proteins can be measured with this
method. The third example finally de-
scribes an analytical application where the
resolving power of LDI-MS in comparison
with RP HPLC is demonstrated.

The autors would like to point out that
all the examples shown in this paper were
measured with the same standard method
described above with no special optimiza-
tion for different samples. We have in-
tended to demonstrate that the LDI-MS
method can be used very easily leading to
acceptable results.

CHIMIA 44 (1990) Nr. 12 (Dezember)

3.1. Mass Range

The LDI-MS method can be applied to
detect molecular ions in the range from 0.6
kDA up to 200 kDA. The low-mass range
limit is given by the strong signals originat-
ing from the sinapinic acid and its photo-
adducts which can hide the ion signal of
interest. The laser has to be operated at the
threshold of sample ion production in or-
der to keep the matrix signal as low as
possible. The dynamic range allows al-
ready to detect signals down to only about
1% of the matrix-signal intensity. To-
gether with a better stabilization of the
laser power output, it will be possible to
further decrease the low-mass limit.

Fig. 1 shows the 10-amino-acid peptide
angiotensin 1 (synthetic, human form,
Sigma A 9650 ) with a calculated molecular
weight of 1296.51 Da. 0.5 pulof a2-107° M
aq. solution was used. The determined
mass ((M+H]) is 1296.9+1.2 Da. The ac-
curacy of the molecular-mass determina-
tion in the low-mass range is better than
0.1% (while it is between 0.3% and 0.2%
in the high-mass range). This is due to the
narrower peak width (FWHM) of low
mass signals compared to the FWHM of
high-mass signals.

The other ion signals detected below 700
Da in Fig. ] origin from the sinapinic acid
and its photo-adducts. The ion signal at
the mass of 1502 Da has 2% intensity of
the [M +H]" signal. This low signal origins
from the angiotensin I molecule with an
attached sinapinic-acid residue of mass 206
Da. The production of this photo-adduct
can be controlled by the laser power out-
put, but it cannot be completely sup-
pressed. The peak width (FWHM) is nar-
row, indicating high purity of the peptide.
Note the very low background. The
smallest ion signals between 700 and 1400
Da are impurities produced during the syn-

._.
®
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LI I S L B L B B O D D B I At B L B B S B B N B R N Nt S B B S e A NN B I ) R et

1000 1208 1490 1600 1889 200806
m7/z

Fig. 1. Positive LDI mass spectrum of angiotensin I. 5 shots were summed.
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B8.22 tained show no difference in signal intensi-
] Mgy’ ties, peak widths and determined masses
B.208 4 for peptides and proteins. The amounts of
] photo-adducts, however, are slightly
B.18 higher in the positive-ion mode. To extend
] the field of applications, we have tested
B.16 the applicability of LDI-MS on oligonu-
. cleotides, polysaccharides, and sulfonic

8.14 acids.

X B.12 ] R 3.2.1. Oligonucleotide

- ] (2M-+H) Most of the current activities in analyti-
c B.104 Ma2HI2> cal biochemistry and technology focus on
= . (M2) the characterization and modification of
2.28 4 biomacromolecules. The availability of a
fast and sensitive mass spectrometric
G.96 4 method in this field is highly desirable, es-
pecially in the light of DNA sequencing
2.094 3 and the Human Genome Initiative [§]. As
an example in this class of biomacro-
9.02 3 molecules, we have measured a commer-
- cially available decamer oligonucleotide
?.008 - pd(T) (thymidine) as sodium salt with a
L L L U L A R U theoretical mass of 3059.2 Da for the free

B 1pBBRe 200RBY 3B0BRY acid.
m/z Fig. 3 shows the negative-ion mass spec-

Fig. 2. Positive LDI mass spectrum of y-globulin. 32 shots were summed.

thesis of the angiotensin I (see also
Sect. 3.3). Although the ration of mols of
sinapinic acid vs. angiotensin in the matrix
is 50001, the ratio of the ion signal intensi-
ties is about 1:1.3.

Fig.2 shows a positive-ion mass spec-
trum of y-globulin. 0.5 ul of a 1-107°M
aq. solution of y-globulin (bovine, Serva
22 550) corresponding to a total amount of
500 fmol. The molecular ion at
147240+ 0.3% Da is the base peak.
Doubly and triply charged molecular ions
with comparable intensity can also be de-
tected. Between 280000 and 300000 Da
the broad ion signal of the dimer [2 M +H]*
is registered. The real mass of y-globulin is
not known. According to the supplier the
mass of y-globulin is ca. 169000 Da (deter-
mined with SDS-PAGE). To explain the
lower experimental mass, fragmentation of
the y-globulin can be ruled out, because
the measured mass of the dimer ion sug-
gests that the molecular weight of y-globu-
lin has to be below [50000. No higher
monomer or dimer signals can be ob-
served. If we had fragmentation, the com-
pletely missing masses above 150000 Da
would indicate that the fragmentation pro-
cess has an efficiency of 100%, which is
very unlikely. Until now, no LDI-MS-in-
duced fragmentation has been observed
[1-5] [6). The dimer signal is low in inten-
sity, but it shows that the desorption/ion-
ization process must be very soft, because
it does not break the weak dimer bond.
The intensity of the dimer ion signal is de-
pendent on the protein concentration in
the matrix.

The strong signal below 1000 Da origins
from the matrix ions which are not com-
pletely removed by the draw out pulse. The
high mass limit is in first order dependent
on the sensitivity of the detection system

rather than on the desorption/ionization
process. The gain of the multichannel plate
system decreases with higher masses, be-
cause of their low impact velocity [7]. A
higher acceleration potential and a post-
acceleration field after the drift tube could
extend the high mass limit.

3.2. LDI-MS Accessible Chemical Classes

As shown in the previous example, LDI-
MS can be used for the mass determination
of large biomolecules like proteins and
peptides. The desorption/ionization pro-
cess creates both negatively and positively
charged ions, and the mass spectra ob-

trum taken from a 2-107° M sample. 0.5 pl
were used as matrix. Spengler et al. [9] have
measured oligonucleotides as positive ions,
but we have found a much better signal-to-
noise ratio for negative ions. At the mass of
31334+0.1% Da, the main peak of the neg-
atively charged decamer pd(T) can be de-
tected. The dimer signal appears at
6270 £ 0.1% Da which gives a mass for
the monomer of 3135 Da. The low-ion sig-
nal at the mass 1570 Da origins from the
doubly charged monomer. The peak shape
of the monomer ion signals reveals two
masses which lie within 32 Da and, thus,
cannot be completely resolved.

At 2828 £ 0.1%, the signal of a de-
graded decamer pd(T) which has lost one
thymidine nucleotide can be detected. The
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Fig. 3. Negative LDI mass spectrum of 10-mer of pd(T). 16 shots were summed.
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mass for the thymidine nucleotide is 304.1
Da, whereas the measured mass difference
1s 305 Da.

The large mass difference of 74 Da be-
tween the measured and the calculated
mass of the oligonucleotide lies outside the
typical accuracy for the mass determina-
tion of 0.1%. Different measurements and
methods for the calibration and the time-
to-mass conversion procedure gave the
same result. We have measured the same
sample with 0.1M 2,5-dihydroxybenzoic
acid instead of sinapinic acid as matrix and
found a different peakshape and mass
(data not shown). Therefore, the higher
mass can be explained with the addition of
sinapinic acid matrix fragments. Oligonu-
cleotides with thymidine gave highest sig-
nal intensities. This indicates that
thymidine and sinapinic acid can form
complexes which produce specific photo-
adducts upon laser desorption and ioniza-
tion. Thus, a new matrix molecule has to
be found which forms only little or no
photo-adducts with oligonucleotides.

Nevertheless, oligonucleotides can be
detected with LDI-MS and it is possible to
determine  DNA sequences with this
method.

3.2.2. Polysaccharide

A further chemical substance of interest
are carbohydrates, i.e. starch or polysac-
charides. We have used y-cyclodextrin
consisting of 8 maltose units (Fluka 28 708,
mol. wt. = 1297.14 Da). The purity was
better than 98 % according to the supplier.
0.5 pl of 2-10~° M aq. solution was used.
Fig.4 shows the mass spectrum of y-cy-
clodextrin, measured in the negative-ion
mode. The main ion signal has a mass of
1298.9 £ 0.1 % Da. No multicharged ions
or complexed systems were found. The
low-intensity 1on mass origins from the y-
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Fig.5. Negative LDI mass spectrum of a sulfonic acid. 16 shots were summed.

cyclodextrin molecule with an attached
sinapinic acid residue of mass 206 Da. At
1120 Da, the low-ion signal from the pen-
tamer sinapinic acid can be detected. The
strong background can be due to unre-
solved photochemically produced com-
plexes from the sinapinic acid and to the
unknown impurities contained in the y-cy-
clodextrin sample.

3.2.3. Sulfonic Acid

Another chemical substance of interest
are sulfonic acids, especially because they
are used in dye stuff production. The
molecule measured in Fig.5 consists of 6
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Fig.4. Negative LDI mass spectriim of y-cyclodextrin. 12 shots were summed.

sulfonic acids coupled to a brightener. The
mass spectrum was measured in the nega-
tive mode with about 50 pmol amount of
sample used. Sulfonic acids gave ion sig-
nals only in the negative mode. Interest-
ingly, the sulfonic acid, although existing
in the matrix as Na salt, can only be de-
tected as a free acid. No alkali ion adduct
has been found. Similar results were ob-
tained with oligonucleotides. The most in-
tense peak at 1173.8 Da is the base peak of
[M—H]™ whereas the signal at 2350.9 Da
origins from the dimer ion [2 M —H]". The
calculated molecular weight is 1173.23 Da.
The accuracy of the mass determination
was 0.1 %. All other detected peaks origin
from unknown impurities.

3.3. Analytical Power of LDI-MS

Due to its high sensitivity and low selec-
tivity LDI-MS can be used for solving ana-
lytical problems where other methods like
RP HPLC have not the desired resolving
power. In Figs. 6 and 7 the characterization
of a synthetic 19-amino-acid peptide and
its by-products is given. The peptide was
assembled using a standard procedure for
solid-state synthesis. After each coupling
step unreacted a-amino-acid groups were
acetylated. Fig.6 shows the RP HPLC
chromatogram of the crude product. Note
that the main peak is saturated. Only mi-
nor amounts of impurities were found and
the determined purity is 99 %.

Fig.7 shows the LDI-MS spectrum of
the same sample. 0.5 pl of 2-107° M aq.
solution -was used. The preparation and
measuring time was ca. 6 min which is sig-
nificantly faster than the time needed for a
RP HPLC measurement,

At least 13 different species can be dis-
tinguished in this sample. All detected ion
signals can be explained in terms of the
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A Table. Characterization of a Synthetic 19-Amino-Acid Peptide and its By-products. Sequences of peptide 19 and
e expected by-products: A: alanine; G: glycine; L: leucine; K: lysine.
Peptide Sequence M, [Da] M, [Da] A
Calc. Exper.
1I9+A+L 2160.8 2159.4 1.4
041 194+L 2089.7 2089.2 0.5
19+ A 2047.6 2047.2 0.4
Acl9 2018.7 2017.9 0.7
B 19 KLALKLALKALKLALKLAG 1976.6 1976.8 0.2
g 19-G KLALKLALKALKLALKLA 1919.6 1919.8 0.2
Acl8 Ac LALKLALKALKLALKLAG 1890.5 1889.8 0.7
__’MA,_P\, 18 LALKLALKALKLALKLAG 1848.5 1848.7 0.2
- Acl? Ac ALKLALKALKLALKLAG 1777.3 1777.1 0.2
10 2‘0 alo min 17 ALKLALKALKLALKLAG 1735.2 1734.4 0.8
Aclé Ac LKLALKALKLALKLAG 1706.2 1706.8 0.6
Fig.6. Reversed-phase high performance Acls Ac KLALKALKLALKLAG 1593.1 1592.7 0.4
liquid chromatography of a crude synthetic  Acla Ac LALKALKLALKLAG 1464.9 1465.4 0.5

19-amino-acid peptide. Conditions: co-
lumn, Nucleosil C18 (250 x 4.6 mm [.D.);
linear gradient (3% B/min), where solvent
Ais0.1% TFA in H,0 and solvent B0.1 %
TFA in MeCN (pH 2.0); flow-rate 1 ml/
min.
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Fig.7. Negative LDI mass spectrum of a
crude synthetic 19-amino-acid peptide. 90
shots were summed.

used synthesis. In the Table, the masses
and their interpretation are summarized.
The measurement showed that the major
impurities are not, as expected, due to
incomplete coupling but to impurities
(dipeptides) of the amino-acid derivates
used. Incorporation of dipeptides lead to
insertions and, thus, higher masses. Fur-
thermore, the mass spectrum shows an in-
complete acetylation [10]. The obtained ac-
curacy of the mass determination is very
good and lies between 0.07 and 0.03%.
The intensities of the ion signals cannot be
correlated with the actual concentrations.
Relative concentrations can be given, if the

mass difference between the ion signals
compared are not more than about 8000
Da. The intensities of detected by-products
in Fig. 7 are 1-2% of the 19-amino-acid ion
intensity. Both can be detected which gives
a dynamic range of 1:100 for the LDI-MS
method.

4. Conclusion

In this paper, we have presented LDI-
MS measurements of different chemical
and biochemical substances without a spe-
cial method optimization. The goal was to
demonstrate that LDI-MS can be used
as an easy, fast, and sensitive standard
method for a broad field of chemicals.
LDI-MS is still under development and the
photochemical processes in the matrices
are not yet understood (there exists only a
few theoretical approaches [11]).

The method is already helpful for the
unambiguous determination of the masses
of species in mixtures and is applicable
over a large mass range up to 200 kDa with
an accuracy for the molecular-weight de-
termination of typically 0.2 %. Because the
desorption and ionization process of LDI-
MS produces negative and positive ions,
different chemical substances as polypep-
tides, proteins, oligonucleotides, polysac-
charides, and sulfonic acids can be de-
tected. The low selectivity towards differ-
ent chemical substances will allow to gain
reliable quantitative determination of sam-
ple concentrations and purities.

The comparison of RP HPLC and LDI-
MS demonstrates the analytical power of
the latter. LDI-MS measurements can be
performed within minutes with almost no
sample preparation needed, and the ob-

tained amount of information is high. Due
to its advantages LDI-MS will soon estab-
lish as a state-of-the-art mass spectromet-
ric and analytical method in any chemical
laboratory for the detection and mass de-
termination of by-products and contami-
nants of an ongoing synthesis, for charac-
terization of new batches in biomolecular
synthesis of proteins, for the qualitative
determination of the purity of the detected
proteins, and it can be used for optimizing
synthetic strategies. Finally, the kinetics of
biochemical reactions can be monitored by
mass analysis after given time intervals.

We would like to thank V. Steiner for measuring the
RP HPLC chromatogram and for the characterization
of the LDI-MS spectrum of the 19-amino-acid peptide.
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