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Abstract. We report on the Inclusion of protein molecules in growlng crystals of
trans-3,5-dimethoxy-4-nydroxy-cinnamic acid (frans-sinapic acid). This material is
important as a ‘matrix’ compound in matrix-assisted laser desorption, a promising
hew ion source for heavy molecule mass spectrometry. The crystal structure of
frans-sinapic acid was determined. It belongs to the space group P2, /n and

has a structure in which the planar frans-sinapic acid molecules are hydrogen
bonded into extended sheets, Dyes were usad to follow protein incorporation into
growing frans-sinapic crystals. The staining pattern obtained demonstrated that
protein molecules were included only on crystal faces parallel io these extended
sheets. This result is the first demonstration that proteins can be incorporated
into a growing crystal by a selective interaction with one of the crystal faces. The
structure of the crystal plane that interacts with the protein was consistent with a

‘hydrophobic’ bonding of the protein to the crystal face.

1. Introduction

Evidence from protein ablation experiments suggests
that proteins can be intimately mixed with some or-
ganic molecules, simply by adding them to an aqueous
solution and drying [I1-5]. These composite deposits
produce isolated, monomolecular protein ions when ii-
luminated with a pulsed ultraviolet laser in vacuum.
The type of organic molecule (‘matrix’) is criticai: only
a very few matrix compounds produce protein ions. The
ability of some compounds to assist protein ablation has
been a puzzle, since the discovery of the matrix-assisted
laser desorption effect for proteins. The matrix com-
pound originally discovered (nicotinic acid) had several
serious analytical drawbacks, chiefly its inability to tol-
erate physiological salt concentrations. The discovery of
a group of rans-cinnamic acid derivatives that are suit-
able matrices for proteins (e.g. sinapic acid) has allowed
the examination of mixtures of proteins by mass spec-
trometry without extensive purification because of their
high tolerance to common contaminants [6). Gentisic
acid [5} (2,5-dihydroxybenzoic acid) and vanillic acid
[7] (4-hydroxy-3-methoxybenzoic acid) also have similar
properties.

The specificity of these materials for proteins in the
face of high concentrations of contaminants suggests
that these materials have a patticular affinity for pro-
tein incorporation. Examination of the solid deposits
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Figure 1. A drawing of a frans-sinapic acid malecule in
the conformation adapted in its crystalline state, with the
atoms labelled as in table 1.

formed by drying protein/matrix solutions shows that
they consist of small crystals characteristic of the matrix
compound. This observation implies that matrix crystals
must incorporate protein molecules into their structure
[5]. The defects produced by the protein in the matrix
crystals must be at least the same size as the protein
molecule. Defects of this size are most likely inclusions
in the matrix crystal, rather than a true solid solution
of protein and matrix molecules.

It is not generally appreciated that some of the best
matrix materials had been previously identified as having
a strong affinity for proteins. In studies of ‘difficult to
remove’ contaminants in protein extracts, hydroxylated
cinnamic acids [8] (in particular para-coumaric, caffeic
and ferulic acils) and gentisic and vanillic acids [9] were



Figure 2. A view of the trans-sinapic acid crystal structure,
perpendicular 1o its (103) plane, drawn by orTeP II, using
the experimentally determined crystal parameters.

Figure 3. Crystals of trans-sinapic acid grown from a
mother liquor containing protein and Coomassie Brilliant
Blue G-250, demonstrating inhomogeneous protein
inclusion (see section 2.2). The (103) face of the large
crystal is at the base of the darkly stained (i.e. protein
containing} hourglass zone and the (010) face is in the
ptane of the photomicrograph. The full width of the
photomicrograph shown corresponds to a real distance of
0.9 mm.

shown to bind strongly to protein fractions obtained
from plant leaves.

Trans-sinapic acid was chosen to study the mecha-
nism for protein incorporation into matrix crystals be-
cause it is currently the most commonly used material
for the analytical matrix-assisted laser desorption of pro-
teins. Its crystal structure had not been determined and
little was known about its most common crystal habits. Tt
is also a matrix material with a high affinity for proteins
in the face of high concentrations of other molecules in
solution. It was hoped that determination of its crystal
structure and comparison of that structure with those

Protein inclusion in sinapic acid

Figure 4. Crystals of trans-sinapic acid grown by
evaporation from a mother liquor containing no protein
(see section 2.3). Compare these crystals with figure 3 to
determine their crystal axis orientation. The full width of
thg micrograph shown corresponds to a real distance of
1.2 mm.
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Figure 5. Crystals of trans-sinapic acid grown from

a mother liquor with a high protein concentration (see
saction 2.3). Crystals with a hexagonal profile are
oriented such that the (103) plane is in the plane of the
photomicrograph. The full width of the micrograph shown
corresponds to a real distance of 1.2 mm.

of other known protein matrix materials would help
elucidate the mechanism of protein incorporation.

2. Experimental procedure

2.1. X-ray crystallography

Trans-sinapic acid crystals were grown by slow evapora-
tion. A mother liquor was prepared using 2:1 water/-
acetonitrile (v/v), 0.1% trifluoroacetic acid as the sol-
vent. Five millilitres of the solvent were placed in a
1 x 10 cm glass test tube with an excess of frans-sinapic
acid (Aldrich Chemical Company, catalogue number
D13,460-0, lot number KY 07201TV). The mixture was
placed in a bath held at 40°C and stirred for 10 hours.
The mother liquor was then decanted into another test
tube, covered and replaced in the bath (50°C) for 1 h
without stirring. The covering was then replaced by
a cap with a one millimetre diameter hole and the
bath temperature decreased to 30°C. The crystals that
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formed at the surface of the mother liqQuor were re-
moved by decanting the solvent. The crystal chosen
for x-ray analysis was a colourless, monoclinic prism,
with the dimensjons 0.36 x 0.21 x 0.15 mm. The crystal
growth was performed in the dark, because grans-sinapic
acid is known to be photoreactive in solution.

Data collection was performed on a Rigaku AFC6S
diffractometer with graphitc monochromatized MoKa
radiation (A = 0.071069 nm). Cell constants and an
orientation matrix for data collection were obtained
by least squares using the setting angles of 23 reflec-
tions (29.1° <« 28° <« 38.°). Data collection used
the w-26 scan technique. Omega scans of several in-
tense reflections made before collection had an aver-
age width at half height of 0.43° with a take-off angie
of 6.0°, Scans of (1.26 4+ 0.30tan#)° were made at
a speed of 8° min~! (in w). The weak reflections
(I < 10.00(I)) were rescanned (maximum of two res-
cans) and the counts were accumulated to ensure good
counting statistics. Stationary background counts were
recorded on each side of the reflection. The ratio of
peak counting time to background counting time was
2:1. Three reference reflections, measured every 150 re-
flections, remained constant. Intensities were corrected
for Lorentz and polarization effects; a correction for
secondary extinction was applied. The structure was
solved by direct methods. Full matrix least squares re-
finement with all non-H atoms anisotropic converged
to R = 0.047, Rw = 0.033, GoF= 1.65. Weight-
ing was based on counting statistics. The maximum
shift/error in the final cycle was 0.00 and the largest
peaks in the difference map were (+)0.18 x 16° and
(=)0.19 x 10° e nm~3. Atomic scattering factors were
from the International Tables for X-ray Crystaliography;
anomalous dispersion effects were included. All calcu-
lations were made with the TEXSAN software package.

2.2, Protein inclusion during crystal growth

The crystals shown in figure 3 were grown from a
mother liquor composed of 2:1 water/acetonitrile (v/v),
0.1% trifluoroacetic acid, 6 uM horse skeletal muscle
myoglobin (Sigma Chemical Company, catalogue M-
0630, lot 61H7100) and 100 M Coomassie Brilliant
Blue G-250 that was saturated with frans-sinapic acid at
20°C. The mixture was centrifuged and the supernant
decanted into a 1x 10 cm glass test tube. The tube was
placed in a refrigerator (4°C) and the crystals formed
overnight.

The effect of sodium dodecylsulfate on protein in-
clusion was tested by growing crystals from the same
mother liquor as above, but with 0.1% (w/w) of sodium
dodecylsulfate added.

2.3, Effect of protein inclusion on crystal habit

The crystals shown in figure 4 were grown from a mother
liquor containing 2:1 water/facetonitrile (vAv) and 0.1%
trifluoroacetic acid, saturated with frans-sinapic acid at
20°C. Approximately 5 p1 of this solution were allowed
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to dry in room air on a glass microscope slide. The
crystals shown in figure 5 were produced in the same
manner, but the mother liquor contained 60 M horse
skeletal muscle myoglobin.

3. Results

3.1. X-ray crystallography

The crystal structure of sinapic acid has been deter-
mined and the x-ray diffraction data submitted to the
Cambridge Crystal Structure Database. Some impor-
tant structural parameters are given in table 1. (The
atoms referred to in table 1 are labelled in figure 1)
The crystals were monoclinic, with P2;/n symmetry
with Z = 4 and grew as hexagonal prisms, with the
long axis in the [100] direction. The lattice param-
eters were a = 0.4760(1) nm, b = 1.5686(4) nm,
c = 1.4185(3) nm and 2 = 90.30(2)° and the crys-
tal had a calculated density of 1.406 g cm—3.

Figure 2 shows the (103) plane of the crystal, which
forms the end pinacoid of the prisms. ZTrans-sinapic
acid forms a two-dimensional hydrogen-bonded poly-
mer in which the doubly hydrogen-bonded carboxylic
acid dimers are linked by hydrogen bonding between the
para-hydroxyl group and the carboxyl group of adjacent
molecules (see inset in figure 2). Adjacent sheets were
not hydrogen bonded together. Only hydrogen partici-
pating in hydrogen bonds were shown. The hydrogen-
bonding protons were located from difference maps.

3.2, Protein inclusion during crystal growth

Crystals of rans-sinapic acid were produced in a so-
lution containing a protein-specific dye to determine
which of the crystal faces were responsible for protein
inclusion during growth. The dye used was Coomassie
Brilliant Blue G-250, a non-covalent anionic dye that
attaches to positively charged proteins. A non-covalent
dye was chosen so that the protein would not be sig-
nificantly modified by the presence of the dye agent. If
no protein was present in the mother liquor, the dye
was not incorporated into crystals: ie. the crystals were
clear. When a small amount of protein was present, dye
was incorporated in hourglass zones, shown in figure 3.
These zones start at a point inside the crystal (presum-
ably the seed site) and extend through the crystal as
flattened cones that terminate on the external (103)
face. Etching these crystals showed that the zones were
not external artifacts. The stained zones were dichroic,
with the polarization axis perpendicular to the (103)
end pinacoid. This property allowed the observation
of the zones with low protein concentrations. It was
necessary to grow large crystals to observe the zoning
because the tablet crystal habit was thin in the [010]
direction relative to its other dimensions. High protein
concentrations in the mother liquor could not be used
to intensify the staining in smaller crystals, because of
the inclusion inhibition process illustrated in figures 4
and 5.
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Table 1. Positional parameters for frans-sinapic acid in lattice units, and isotropic

temperature factors (x10~2 nm?).

Atom x % z Bag
o{1) 0.2549(7) 0.0193(2) 0.0784(2) 4.1(2)
Q2) -0.0433(7) 0.1136(2) 0.0126(2) 4.1(2)
O(3} 0.4175(7) 0.5523(2) 0.1548(2) 4.9(2)
0@ 0.7964(6) 0.5191(2) 0.2859(2) 4.3(2)
Q(5) 0.9249(6) 0.3617(2) 0.3397(2) 3.9(2)
c(1) 0.165(1}) 0.0936(3} 0.0682(3) 3.3(3)
C(2) 0.304(1} 0.1633(3) 0.1198(3) 3.6(3)
C(3} 0.240(1) 0.2454(3) 0.1102(3) 3.1(3)
C{4) 0.389(1) 0.3157(3) 0.1575(3) 2.8(2)
Ci{5) 0.324(1) 0.3992(3) 0.1321(3} 3.2(3)
C(6) 0.461(7) 0.4676(3) 0.1751(3) 3.3(3)
c{) 0.663(1) 0.4521(3) 0.2446(3) 3.3(3)
C{8) 0.725(1} 0.3673(3) 0.2696(3) 2.9(3)
C(9) 0.592(1) 0.3001(3) 0.2270(3) 3.1(2)
c(10) 0.198(1) 0.5722(3) 0.0894(4) 5.2(3)
C(11) 0.995(1) 0.2775(3) 0.3716(3) 4.2(3)
H(1) 0.1872 -0.0248 0.0443 44
H{1A} -0.1038 0.0761 -0.0058 4.6
H(2) 0.4500 0.1488 0.1626 4.2
H{3) 0.0878 0.2598 0.0696 3.7
H4} 0.9174 0.5050 0.3257 4.9
H(5) 0.1833 0.4098 0.0859 4.0
H(9) 0.6391 0.2431 0.2441 3.7
H{10A) 0.1862 0.6319 0.0814 6.3
H(10B) 0.2383 0.5460 0.0302 6.3
H(10C} 0.0248 0.5508 0.1123 6.3
H(11A) 1.0613 0.2444 0.3197 5.0
H{11B} 1.1358 0.2801 0.4187 5.0
H(11C) 0.8315 0.2506 0.3965 5.0

The effect of adding sodium dodecylsulfate to the
mother liquor was to eliminate crystal staining by the
dye. No change in the crystal habit was produced for
the detergent concentrations used.

3.3, Effect of protein inclusion on crystal habit

Figure 4 shows crystals grown by drying a drop of satu-
rated #rans-sinapic acid solution. The dominant crystal
habits were thin tablets and long prisms. The tablets
in figure 4 have a large (010) face (in the plane of the
photograph) and prominent (103) pinacoids. Figure 5
shows the crystals obtained when a high concentration
of protein was present in the mother liquor. The crystal
habijt has changed to thin hexagonal prisms, with the
(103) face now in the plane of the photograph.

4. Discussion

4,1, X-ray crystallography

The crystal structure obtained for frans-sinapic acid is
analogous to those known for 4-hydroxycinnamic (para-
coumaric [10]), 3,4-dihydroxycinnamic (caffeic [11]),
and 2,5-dihydroxybenzoic (gentisic [12]) acids. These
materials also form carboxyl-to-carboxyl dimers and ar-
range themselves into hydrogen-bonded sheets, forming

crystals of 2/m point group symmetry and either P2; /a
(gentisic acid), P2;/¢ (para-coumaric acid) or P2;/n
(caffeic acid) space groups. The #rans-sinapic acid crys-
tais have the flattest sheet structure of the four. The
structure in figure 2 shows one hydrogen attached to
each oxygen in the carboxylic acid head group of the
molecules. This feature was caused by the inability of
the software used to assign an unambiguous bond for
the hydrogens on the basis of difference mapping.

It is tempting to suggest that there is a correla-
tion between the closely related space group symme-
tries of the best matrix materials and their ability to
bind proteins. This type of speculation is probably un-
founded, because the space group P2;/c is the most
common space group for organic molecules [13]. Also
sinapic acid is on the borderline between monoclinic
and orthorhombic space groups, suggesting that some
orthorhombic crystals may also have the appropriate
properties for protein binding. The following section
suggests that a specific geometrical feature of these
structures is responsible for protein binding rather than
their space group, ie. the presence of flat, polarizable,
hydrogen-bonded sheets.

4,2, Protein inclusion during crystal growth

The presence of the hourglass zones in figure 3 is char-
acteristic of inhomogeneous inclusions [14]. The zoning
pattern observed demonstrated that the protein was in-
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cluded on the (103) face. The lack of incorporation
on the other faces suggests that an extended region of
the (103) plane was necessary for protein attachment:
a kink in the growing face was not sufficient. The in-
tensity of the staining was roughly proportional to the
amount of protein present in the mother liquor. Bovine
serum albumen and chicken egg white lysozyme were
also tested, giving very similar results to those shown in
figure 3.

The presence of low concentrations of sodium dode-
cylsulfate (known to inhibit protein ion production [14])
does not affect the trans-sinapic acid’s crystal habit, but
abolishes crystal staining. This observation implies that
the detergent changes the interaction of the protein with
the (103) face. The presence of sodium dodecylsulfate
in solution with proteins is known to result in rod-like
particles, composed of a protein molecule complexed
with many detergent molecules [15]. The hydrophobic
tail of the detergent molecules bind to the hydrophobic
portions of the protein. The resuiting particle no longer
has the amphiphilic character of the original protein,
suggesting that the amphiphilic nature of the protein
is important for its interaction with the growing matrix
crystal. (Note: amphiphilic molecules have geometri-
cally separate hydrophilic and hydrophobic portions.)

The structure of the (103) face suggests the type
of interactions that may be responsible for protein at-
tachment during growth. It lacks free hydroxyl groups
for hydrogen bonding. The methoxy group Oxygens are
free to act as hydrogen bond receptors, although space
filling models show that the oxygens are sterically hin-
dered from forming hydrogen bonds in most directions.
The non-polar nature of most of the surface suggests
that a ‘hydrophobic’ interaction may be responsibie for
protein attachment, ie. the attachment of the protein
to the surface results in an increased total entropy of
the solvent/protein/crystal surface system. The protein
attachment may be enhanced by the high m-electron
density of this plane, resulting in a relatively polariz-
able surface. Permanent dipoles in the protein near
the surface will be attracted to it by induced charge
distributions. ‘

The idea that hydrogen bonding is not involved in
the protein inclusion process is strengthened by the
pature of the crystal faces that do not bind proteins.
They are all covered with moieties capable of forming
hydrogen bonds (carboxylic acid and hydroxyl groups),
but this does not appear to result in protein attach-
ment. It is unlikely that hydrogen bonding could result
in protein inclusion from an agueous solution, because
of the reduction in entropy produced by the formation
of localized hydrogen bonds at a surface without any
reduction in free energy. Evidence obtained from stud-
ies of protein crystallization and subunit assembly point
to the importance of hydrophobic effects in the stabi-
lization of protein—protein aggregate structures in aque-
ous solvents [16-18]. Here we propose that the same
stabilization can be expected for the protein-surface-
solvent interaction between an amphiphilic protein and
the (103) face of sinapic acid crystals,
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4.3. Effect of protein inclusion on crystal habit

The hypothesis that the (103) face was responsible for
protein inclusion was supported by observations of crys-
tal habit changes in solutions with different protein con-
centrations. The crystals shown in figure 4 resulted
from the extension of the crystal in the [100] and [010]
directions from the seed, leading to extended tablets
with (103) pinacoids and an asymmetrically developed
hexagonal prism. The presence of protein in the mother
liquor produced a sharp decrease in the extension of
the crystal in the [100] direction, allowing the faces of
the prism to become more symmetrical (figure 5). This
change in habit suggests that protein in the mother
liquor has slowed the growth of the (103) face by block-
ing the growing pinacoid with a covering of bound pro-
tein molecules. This type of inclusion interference with
the growth of a particular face is generally referred to
as inclusion inhibition [19].

5. Conclusions

Using the information obtained by x-ray crystallography,
the structural element of sinapic acid crystals respon-
sible for including proteins is the extended hydrogen-
bonded sheet of sinapic acid molecules in the (103)
plane. It is proposed that proteins bind to this surface
because of their amphiphilic nature, ie. the hydropho-
bic portions of the protein become associated with the
relatively hydrophobic (103) face. High concentrations
of protein in the mother liquor have the effect of al-
tering the sinapic acid crystal habit. Comparison of the
crystal structure of sinapic acid with the known struc-
tures of gentisic, caffeic and para-coumaric acid shows
that these materials have planes that correspond to the
(103) plane of sinapic acid. This similarity leads to the
prediction that it is these planar structures that result
in protein binding in the other materials.
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