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The invention relates to the use of cyanocinnamic acid derivatives as matrices in the MALDI mass spectrometry of an analyte.
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Abstract

The present invention relates to the use of cyanocinnamic acid derivatives as a matrix in the

MALDI mass spectrometry of an analyte.
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Use of cvanocinnamic acid derivatives as matrices in MALDI mass spectromet

The present invention relates to the use of cyanocinnamic acid derivatives as a matrix in

MALDI mass spectrometry of analytes.

MALDI (Matrix Assisted Laser Desorption/lonisation) is a process for the ionisation of
molecules. Since its development in the 1980s, it has proven particularly effective for the
mass spectrometry of large molecules and polymers and also biopolymers. MALDI 1s based
on the co-crystallisation of a matrix and an analyte with a distinct molar excess of matrix.
Matrix substances chosen are small organic molecules which absorb energy at the laser wave-
lengths used. The matrix makes it easier to generate intact gas phase ions on a large scale
from large, non-volatile and thermally unstable compounds, such as peptides, proteins, oligo-
nucleotides, synthetic polymers and large inorganic compounds. The matrices can be used for
virtually all substances suitable for analysing with MALDI-MS, i.e. for large and small, non-
volatile and thermally unstable compounds, such as biological macromolecules, e.g. proteins
and lipids, and small, organic and inorganic analytes, such as medicinal substances, plant
metabolites and the like. The main field of use is the analysis of peptides. A laser beam (UV

or IR-pulsed laser) is used as the source of energy for desorption and 1onisation.

The matrix plays a key role in that it absorbs the laser light energy and in an excited state
ablates a small part of the matrix-analyte co-crystals, as a result of which probe molecules
enter the gas phase. As a result of the interaction between the matrix and the analyte, analyte
ions arise which, after their formation, are transferred electrostatically to a mass spectrometer,

in which they are separated from the matrix ions and can be detected individually.

Thus far, small organic molecules have been used as matrix substances, such as compounds
with unstable protons, such as carboxylic acids. The best-known matrix compound 1s the most
commonly used a-cyano-4-hydroxy cinnamic acid (CHCA or HCCA). Examples of other
matrices used in MALDI-MS are sinapic acid (4-hydroxy-3,5-dimethoxy cinnamic acid) or

2,5-dihydroxy benzoic acid (2,5-DHB).
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Beavis, R. C.; Chait, B. T.: Cinnamic Acid Derivatives as Matrices for Ultraviolet Laser
Desorption Mass Spectrometry of Proteins. Rapid Communication in Mass Spectrometry
(1989), Vol. 3, No. 12, pages 432-435 describe the use of hydroxy or methoxy-substituted
cinnamic acids as matrices in MALDI mass spectrometry. The corresponding use of a-
cyanocinnamic acid can be derived from US 2002/0142982 Al. DE 101 58 860 Al and DE
103 22 701 A1 describe the use of a-cyano-4-hydroxy cinnamic acid or 3,5-dimethoxy-4-
hydroxy cinnamic acid. Finally, US 2006/0040334 Al and WO 2006/124003 A1l disclose

MALDI matrices on the basis of analyte-coupled or polymer-coupled derivatives of a-cyano-

4-hydroxy cinnamic acid.

The matrices which can be used for MALDI mass spectrometry must satisfy a large number
of requirements simultanecously. First of all, they must be capable of inserting analytes (by co-
crystallisation) into the matrix crystal and isolating them from other analytes. In addition, they
need to be soluble in solvents which are compatible with the analyte, stable under vacuum and
capable of absorbing the laser wavelength of the laser used. Furthermore, they should cause
the co-desorption of the matrix and analyte under laser irradiation and promote analyte ionisa-

tion.

For the matrix compounds used so far, the characteristics and hence the performance data of
MALDI mass spectrometry are still capable of improvement, especially with regard to their

detection and sensitivity for positive ions, negative ions and ions with a double charge and

higher.

It is therefore a problem of the present invention to provide compounds which can be used as
matrices in MALDI mass spectrometry and which at least partially overcome the disadvan-
tages known from the state of the art. In particular, a problem is to improve the detection and

sensitivity for positive ions, negative ions and ions with a double charge and higher.

This problem is solved by the use of cyanocinnamic acid derivatives of the general formula:
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where X 15 selected from Cl, F, Br, I and substituted and unsubstituted C;-C;y alkyl; Y and Z
are independently selected from H, Cl, F, Br, I and substituted and unsubstituted C;-C,4 alkyl;
and R 1s selected from COOH, CONH,, SOsH and COOR’ with R’ = C;-C,, alkyl as the
matrix for the MALDI mass spectrometry of an analyte. The structural formula shown 1s 1n-

tended to include all possible cis/trans 1somers of the cyanocinnamic acid derivatives.

It is preferable that X is selected from F, Cl, methyl or C,-Cyp alkyl and Y and Z are indepen-
dently selected from H, F and CI.

It is also proposed that the cyanocinnamic acid derivative 1s 2,4-difluoro-cyanocinnamic acid,

4-chloro-cyanocinnamic acid or 4-methyl cyanocinnamic acid.

In a preferred embodiment, 4-chloro-cyanocinnamic acid 1s the matrix for the MALDI mass

spectrometry of positive 1ons.

In a further preferred embodiment, 2,4-difluoro-cyanocinnamic acid, 4-chloro-cyanocinnamic

acid and 4-methyl-cyanocinnamic acid are matrices for the MALDI mass spectrometry of

negative 10ns.

In addition, it is proposed that 2,4-difluoro-cyanocinnamic acid is the matrix for the MALDI

mass spectrometry of negative and positive ions.

In vet a further preferred embodiment, 4-methyl-cyanocinnamic acid and 4-chloro-cyano-

cinnamic acid are matrices for the MALDI mass spectrometry of doubly charged 1ons.
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It 1s also preferred that the analyte 1s a digested protein or peptide. Nevertheless, undigested

proteins, polynucleic acids, saccharides and the like are also conceivable as analytes.

It 1s also preferred that the matrix 1s mixed with the analytes.

In addition, it 1s proposed that the molar mixing ratio of analyte to matrix should be 1:1,000 to

1:1,000,000,000, preferably 1:100,000-1:10,000,000.

It 1s also preferably proposed that mixtures of different cyanocinnamic acid derivatives falling
under the above general formula or a mixture of at least one cyanocinnamic acid derivative

falling under the above general formula are/is used with a further matrix.

Finally, it is proposed that the further matrix 1s selected from a-cyano-4-hydroxy cinnamic

acid, 2,5-dihydroxy benzoic acid or sinapic or ferulic acid.

Similarly, 2-aza-5-thiothymine or 3-hydroxy picolinic acid may be used as a further matrix.

It is equally conceivable that the matrix materials used are mixed with an inert filler.

It has surprisingly been found in accordance with the invention that when the cyanocinnamic
acid derivatives listed above are used as the matrix in MALDI mass spectrometry, the detec-

tion and sensitivity for positive ions, negative ions and ions with a double charge and higher

can be improved substantially.

In particular, a distinct improvement in the sensitivity of biological polymer analytes, prefera-
bly peptide analytes, was achieved. Furthermore, the use in accordance with the invention ex-
hibits low selectivity for peptides of various amino acid compositions and hence substantially
lower discrimination effects in the MALDI mass spectra than with the matrices used so far, as

a result of which more species of analyte can be detected in an analyte mixture than has been
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the case hitherto. The use of matrix mixtures of the cyanocinnamic acid derivatives described
above makes it possible to optimise the characteristics with regard to crystallisation and the
insertion of analyte compounds into the matrix crystals and more efficient ionisation of the
analytes. It has likewise surprisingly been found that cyanocinnamic acid derivatives with
substituents with similar electronic properties, such as NO;, CN or acetyl, do not achieve

results anywhere near as good as the cyanocinnamic acid derivatives used in accordance with

the invention.

Further features and advantages of the invention will become clear from the following detail-

ed description of preferred embodiments in combination with the attached drawings, in which

Figures 1-5 show excerpts from mass spectra of BSA protein digestion (BSA: bovine serum
albumin), in a comparison using the a-cyano-4-hydroxy cinnamic acid employed so far and

the newly used a-cyano-4-chloro cinnamic acid as the matrix;

Figure 6 lists in the form of a table all the detectable peptides of BSA protein digestion;

Figure 7 shows a comparison of mass spectra for negative 1ons of a-cyano-4-hydroxy cinna-

mic acid and a-cyano-2,4-difluoro cinnamic acid as the matrix; and

Figure 8 shows mass spectra for doubly charged ions using a-cyano-4-hydroxy cinnamic acid

and o-cyano-4-methyl cinnamic acid.

Cyanocinnamic acid derivatives which may be used in accordance with the mvention can be

prepared, for example, by condensation of the corresponding aldehyde with cyanoacetic acid

(derivatives) according to a Knoevenagel condensation.

Example ]
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2 g cyanoacetic acid (1 eq., 23.5 mmol), 2.97 g chlorobenzaldehyde (0.9 eq., 21.1 mmol) and
300 mg ammonium acetate (15 % (m/m) based on the acid) are heated in 30 ml toluene using
a water separator with reflux. After completion of the water separation (about 3 hours), the
mixture is cooled to room temperature, in the course of which the product usually precipitates
in crystalline form. After filtration, the crude product 1s washed with sufficient water. If no
product precipitates, the mixture 1s concentrated and the remaining solids are washed with
sufficient water. The crude product 1s repeatedly recrystallised from a mixture of alcohol
(methanol) and water. Further purification takes place by means of 1on exchange (strong
cation exchanger), with 50 % acetonitrile being used as the solvent. The eluate 1s concentrated
at room temperature, in the course of which the purified product precipitates in crystalline

form. After filtering and drying 1n a vacuum, 3.35 g (78 % of the theoretical yield) a-cyano-4-

chloro cinnamic acid are obtained.

Example 2

1.25 times the amount of cyanoacetic acid, based on the amount of aldehyde, 1s dissolved in a
beaker together with 1.1 times the amount of soda, based on the amount of cyanoacetic acid,
at 30° C in 40 ml water. The solution 1s transferred to a flask, and the subsequent reaction
takes place at about 30° C. Sodium hydroxide (0.125 times the amount based on the amount
of cyanoacetic acid) dissolved in 15 ml water is added to the solution. The aldehyde — 1f 1t 1s
not liquid — is dissolved in the smallest possible volume of acetonitrile and added gradually
over a period of about 30 minutes, accompanied by vigorous stirring. After stirring for 2
hours, the solution is transferred to a beaker and acidified with concentrated hydrochloric
acid; the solution is cooled in an ice bath and suction-filtered. The precipitate is washed with
a little cold water and toluene (if insoluble) and dried under a vacuum at 40° C. Purification 1s

performed as in Example 1. The yields are about 50-70 % of the theoretical amounts.

The cyanocinnamic acid derivatives can be mixed with the analytes using standard proce-

dures, in order to prepare a suitable sample for MALDI mass spectrometry.
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One exemplary method of mixing 1s the dried droplet method. In this process, the matrix and
analyte are dissolved and applied simultaneously (by premixing) or consecutively to any sur-
face. Evaporation of the solvent causes crystallisation of the matrix including the analyte

compounds.

The surface preparation method may also be used, in which the matrix or the matrix mixture
is dissolved and applied to any surface without the analyte. Evaporation of the solvent causes
(co-)crystallisation of the matrix compound(s). The dissolved analyte 1s applied to the crystal-
line matrix, in the course of which dissolution only of matrix layers close to the surface leads

to the inclusion of the analyte compound in concentrated form upon recrystallisation.

The sublimation method corresponds to the surface preparation method except that the matrix
is not crystallised out of a solution, but is applied to a surface by deposition from the gas

phase with sublimation.

Finally, an “airbrush method” is possible, in which the matrix and the analyte are dissolved in
a common solvent (mixture) and distributed dispersedly by means of a spray apparatus (aero-
sol formation). The large surface area causes rapid evaporation of the solvent, accompamed
by the formation of matrix/analyte crystals. Alternatively, the matrix may also be dissolved
without the analyte and applied to surfaces to be investigated (such as portions of fabric) by

spraying or other means.

A novel field of application is the preparation of the matrix as an ionic liquid: for this pur-
pose, the dissolved matrix is mixed with an equimolar amount of cationisable base, such as
pyridine or diethylamine, and rotated in, as a result of which a liquid 1onic matrix film forms,

which can be applied to any surfaces with the analyte solution.

In the following, “digestion” is used to mean a protein cleaved enzymatically in specific

amino acid positions, giving rise to a large number of smaller peptides.
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A Voyager-DE STR mass spectrometer ex Applied Biosystems was used for the experiments

performed.

The mass spectrometer separates different species of 1ons (analyte 1ons, matrix 1ons) accor-
ding to their mass-to-charge ratio. Normally, the 1ons in MALDI only carry one (positive or
negative) charge, so that when charge = 1, the mass-to-charge ratio 1s equal to the mass of the
ions. The abscissa of the spectra shows the mass-to-charge ratio (and thus in almost all cases

the mass) of the ions, the unit being Daltons or g/mol.

Stronger signals — which are indicated by vertical lines, the length of the lines (signals) corre-
lating with the amount of ion species causing that signal — are labelled individually with their

mass or mass-to-charge ratio.

The ordinate scale depends on the strongest signal within the spectrum concerned and indi-
cates the absolute value of the strongest signal, which depends on the equipment used. All the
other signals shown in the spectrum are drawn relative to the strongest signal (lefi-hand ordi-
nate axis). The right-hand ordinate value is only meaningful for comparisons with further sig-
nals within a spectrum or other spectra of the same mass spectrometer. For example, the nu-
merical values at the top right in Figs. 1-5 “BSA digestion — 1 fmol effectively applied” indi-
cate the absolute intensities of the strongest signal in each case (with the mass 689.378 1n the
upper spectrum when using the new matrix a-cyano-4-chloro cinnamic acid i Fig. 1). The
peptide with the mass m/z = 927.495 has a relative intensity of 88 % (which can be read from
the left-hand ordinate scale) compared to the intensity of the strongest ion at m/z = 689.378
and thus an intensity 6,152 abs. units. In the lower CHCA spectrum of the known matrix a-
cyano-4-hydroxy cinnamic acid, the same signal at m/z = 927.494 only has an absolute inten-
sity of 253.1 units (calculated according to the strongest signal at m/z = 675.635 with 627.0
units, where the BSA peptide signal at m/z = 927.494 has a relative intensity of 40.37 %).
With this exemplary ion, the novel matrix thus makes it possible for the absolute mntensity to
increase by a factor of about 25, which means that this peptide in combination with the novel
matrix forms considerably more ions and thus causes noticeably stronger signals, which are

easier to measure. The advantage is that weak signals, which could not be detected hitherto,
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can now be measured because of the amplification, which can be seen, for example, in Fig. 2,
BSA digestion — 1 fmol effectively applied (950-1,100): The novel matrix (upper spectrum)
makes 1t possible to detect analytes which could not be detected with the older matrix (the
best so far - lower spectrum). For a more precise classification, the amino acid compositions
of the peptides causing the signal concerned were also added to most signals, the amino acid
modification corresponding to the regular 1-letter code. Possible peptide modifications are
shown 1n subsequent brackets (CAM-C: carbamido methylation of cysteine, pGlu: pyroglut-
amine modification, C-term.: C-terminal fragment). The weaker signals following the signals,
with a mass increase of 1 Da are due to the °C isotopes of the peptides concerned. The im-

proved results can be seen from all the Figs. 1-5.

Fig. 6 lists all the detectable peptides of the BSA-protein digestion used. The amount of the
detectable peptides depends on the amount of protein originally used, which in this case was 1
fmol, which 1s a very small amount. The upper half shows the peptides which are detectable
with the CHCA matrix used so far (synonym HCCA or a-cyano-4-hydroxy cinnamic acid).
The lower half lists all those peptides which, in addition to the upper half, are only detectable
with the novel matrix. It is immediately apparent from this that an immense gain in informa-
tion is provided. The first column lists the amino acid sequences of the peptides concerned,
while the second column shows their mass. In this column, the S/N (signal to noise) — ratio 1s
shown, which indicates the intensity and detectability of a signal: for a variety of reasons, the
entire spectrum includes a slight noise, which always occurs, even when no analytes are con-
tained. In order to be detected, signals must have higher intensities than the noise; otherwise,
they are not detectable. The S/N ratio is calculated by a computer and indicates how many
times stronger a signal is relative to the background noise. This means: the higher 1t 1s, the
easier the signal is to recognise and detect. In the third column, the S/N ratio of the novel
matrix relative to the old matrix has been included, values > 1 thus indicate that these signals
are stronger and hence easier to detect. In the fourth column, the ratio of the absolute 1ntensi-
ties 1s shown, and again the principle is that the bigger they are, the easier a signal is to recog-

nise as such; it can clearly be seen that the novel matrix produces considerably stronger sig-

nals than the old matrix.
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The results discussed for Figures 1-5, which represent a considerable improvement over the

state of the art, can aiso be seen in the mass spectra of Figures 7 and 8 for negative and

doubly charged 1ons respectively.

The features of the invention disclosed in the above description, in the claims and in the draw-

Ings can be essential to implementing the invention in its most varied embodiments both indi-

vidually and in combination.
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Claims

1. Use of cyanocinnamic acid derivatives of the general formula :

Y
A
= L

where X is selected from Cl, F, Br, I and substituted and unsubstituted C,-C alkyl; Y
and Z are independently selected from H, Cl, F, Br, I and substituted and unsubstituted

C,;-C10 alkyl; and R is selected from COOH, CONH,, SO3H and COOR’ with R* =
C,-C10 alkyl,

as the matrix for the MALDI mass spectrometry of an analyte.

2. The use as claimed in claim 1, characterised in that X is selected from F, Cl, methyl or

C,-Cjp alkyl and Y and Z are independently selected from H, F and CL.

3. The use as claimed in either of claims 1 or 2, characterised in that the cyanocinnamic

acid derivative is 2,4-difluoro-cyanocinnamic acid, 4-chloro-cyanocinnamic acid or 4-

methyl cyanocinnamic acid.

4. The use as claimed in any of the preceding claims, characterised in that 4-chloro-

cyanocinnamic acid is the matrix for the MALDI mass spectrometry of positive ions.

5. The use as claimed in any of the preceding claims, characterised in that 2,4-difluoro-
cyanocinnamic acid, 4-chloro-cyanocinnamic acid and 4-methyl-cyanocinnamic acid

are matrices for the MALDI mass spectrometry of negative 1ons.
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The use as claimed in any of the claims 1 to 4, characterised in that 2,4-difluoro-

cyanocinnamic acid is the matrix for the MALDI mass spectrometry of negative and

positive 10ns.

The use as claimed in any of the preceding claims, characterised in that 4-methyl-
cyanocinnamic acid and 4-chloro-cyanocinnamic acid are matrices for the MALDI

mass spectrometry of ions with a double charge or higher.

The use as claimed in any of the preceding claims, characterised in that the analyte 1s a

digested protein or peptide.

The use as claimed in any of the preceding claims, characterised in that the matrix 1s

mixed with the analytes.

The use as claimed in any of the preceding claims, characterised in that mixtures of
different cyanocinnamic acid derivatives falling under the above general formula or a

mixture of at least one cyanocinnamic acid derivative falling under the above general

formula are/is used with a further matrix.

The use as claimed in claim 10, characterised in that the further matrix 1s selected
from a-cyano-4-hydroxy cinnamic acid, 2,5-dihydroxy benzoic acid or sinapic or

ferulic acid.
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BSA digestion — 1 fmol effectively applied
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> Matrix signals, no BSA peaks
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