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A novel approach for the investigation of proteins or macromolecules is outlined in this conceptual study.
The preparation of grapho-epitaxial layers on nanotemplated substrates is proposed as an alternative to
the preparation of single crystals by vapour diffusion techniques. Crystal structure investigations of such
layers may then be performed via grazing-incidence diffraction (GIXRD) in the Laue mode. Quantitative
expressions for the position and intensities of XRD peaks in this geometry are presented that fully con-
sider the effects of refraction and absorption. A simulation of the Laue-GIXRD pattern of single-crystalline
layers of Concanavalin A is given. The main challenges of the approach are concluded to relate to the
preparation of single-crystalline protein layers. However, if those obstacles could be overcome, a 10-
100-fold faster sample throughput would become possible.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

X-ray diffraction (XRD) still is the essential characterization
technique to elucidate the three dimensional structure of proteins.
Although the required crystallization constrains the protein into an
artificial association, in which it never occurs under natural condi-
tions, XRD supplies the decisive structural information for under-
standing the molecular function. It might be hoped that someday
bio-informatics will allow the prediction of a protein 3D structure
from the sequence of amino acids. Although remarkable steps were
taken in this direction [1], macromolecular crystallography still
faces the task of preparing single crystals, which represents the
rate-determining step for the structure solution as requested by
biophysics and the life sciences in general [2].

In this work, a concept will be outlined how functionalized sur-
faces may be applied to the preparation of thin protein films or, in
general, macromolecular films and their subsequent structural
investigation by X-ray diffraction. The technology of thin films
has become an important branch of materials science [3] and a
large set of experimental knowledge has been gathered describing
thin film growth, morphology and structure [4]. These many expe-
riences justify to seriously elucidate the perspectives of thin mac-
romolecular films as a complement to single crystals. It will be
argued here that the numerous nanotemplating methods available
in nowadays semiconductor technology allow for the preparation
of well adopted substrates for the locally controlled immobiliza-
tion of protein molecules, monolayers and fully crystalline layers.
The approach is motivated by the fact that recent minimum feature
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dimensions in the fabrication of semiconductor circuits have en-
tered the sub-100 nm range [5] and have thus arrived on the order
of spatial dimensions of large biological molecules.

In the first part of the paper, the major aspects in XRD of single
protein crystals and perspective thin films will be compared. Also,
the challenges in the preparation of such layers will be considered.
The main part will outline how the GIXRD technique (grazing-inci-
dence X-ray diffraction) in a multiple wavelength Laue mode may
be modified for the collection of a sufficiently large set of Bragg
peaks from macromolecular layers. The concept will be illustrated
by simulating the diffraction pattern of concanavalin A (ConA), a
26 kDa protein from the group of lectins the structure of which
has been thoroughly worked out [6-8] and which is considered
for biomedical applications in a continuously operating glucose
sensor [9].

2. The basic approach

The optimum sample volume in a scattering experiment is
determined by the linear attenuation coefficient u of the radiation
and should attain values on the order of V,. ~ 1/. This choice as-
sures the interaction of radiation with the sample to become both
sufficiently large, to induce a strong enough scattering, and suffi-
ciently weak, to reach the detector. The density of protein crystals
ranges from 1.22 to 1.47 gcm~> [10,11], while their elemental
composition can be approximated by the chemical formula
C4NO. The latter derives from averaging over all naturally occur-
ring amino acids in their polymerized form, if low-scattering
hydrogen atoms and low-concentrated components like sulphur
and metals are neglected. Inserting the elemental mass absorption
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coefficients [12] and an average density of 1.35 g cm >, the linear
attenuation coefficient u of protein crystals is calculated to lie be-
tween 21 and 0.62 cm™! for standard X-ray wavelengths from 6 to
20 keV. Accordingly, the specimens’ extension in protein XRD
crystallography would advantageously amount from 0.5 to
16 mm. Although crystals with edges in excess of 1 mm are rarely
prepared, samples of some 100 pum are routinely measured. These
values also fit well to the widely used Cu Ko line (8 keV,
w=12cm™ ') and to typical diameters of collimated X-ray beams.
Even smaller crystals with volumes on the order of (50 um)® be-
came measurable by the introduction of microdiffraction [13]
and the usage of highly brilliant synchrotron radiation. Altogether,
the volume of specimens investigated in protein crystallography
roughly obeys the golden rule of single-crystal diffraction,
Vsc ~ 1/,[13

Scattering volumes of about (100 um)?, however, are not only
delivered by single crystals exhibiting the same extension in every
spatial direction. Rather, thin single-crystalline layers with lateral
edges elongated at the expense of vertical height may also apply.
For instance, a flat protein slab with a thickness of 1 pum and lateral
edges of 5 x 0.2 mm would equally yield the required scattering
volume of 1/43. This sample geometry points to the field of thin
film technology, where single-crystalline layers of appropriate ver-
tical extension are routinely been dealt with.

A decisive advantage of the thin film approach will be related to
its probably much higher process velocity. The growth of protein
crystals takes days to weeks for the commonly used vapour diffu-
sion techniques in order to arrive at scattering objects of appropri-
ate dimensions [2]. This is essentially due to the low energy of
cohesion between molecules in a protein crystal and the small
growth velocity v on the order of pm/h. In case of a thin film, how-
ever, the decisive process would be the vertical growth, since the
layer growth would start and proceed simultaneously on all cov-
ered areas of the substrate. Assuming that the film growth rate R
would be on the same order of magnitude as for bulk crystal spec-
imen, R ~ v, the preparation of a 1 pm thin layer would take only a
time span of about an hour. The sample preparation would thus be
associated with an acceleration factor of 10-100 compared to sin-
gle crystal preparation techniques. The thin film approach thus ap-
pears very promising from the point of view of high sample
throughput and the question arises: what has been done so far to
arrive at such interesting sample material?

Remarkably, already in 1988 McPherson and Shlichta demon-
strated hetero-epitaxy of proteins on a solid support. In their case
the growth of a layer of hen-egg white lysozyme on apophyllite
was likely to be truly epitaxial as shown by X-ray diffraction
[14]. However, this special case was apparently only one out of
200 combinations from 50 minerals with four proteins that all
failed - except one - with respect to hetero-epitaxy. It seems that
no further examples of epitaxial growth of proteins on other single
crystals have been reported in the literature. The most widely used
technique for biomolecular immobilization is due to covalent
bonding with crosslinking molecules like the covering of SiO, sur-
faces with silanes [15-17]. Complete 3D architectures of protein
layers have been constructed on the basis of such immobilized
monolayers reaching up to a height of some dozen molecules,
but the technique failed in the preparation of 3D crystalline spec-
imens [18].

An alternative route may be taken by the usage of graphoepit-
axy [3], where a template is inscribed into the substrate surface
with a lateral periodicity or pitch p that is a multiple of the lattice
parameter of the epitaxial layer. For an orthorhombic crystal with
cell parameters a, b and c and an intended growth direction along c,
for instance, py=na and p,=mb should hold (n and m integers).
This choice should assure that the different grains starting to grow
at different positions on the substrate will merge into one large

crystal when their lateral growth causes them to coalesce. Various
nanostructuring techniques allow for the preparation of such tem-
plates having pitches p on the order of some 100 nm, among them
the highly developed semiconductor technology. The potentials of
the latter encompass the preparation of Si-based nanotemplates by
use of a buried dislocation array [19] or of surface doping lattices
by patterning of wafer surfaces [20].

Graphoepitaxy has successfully been demonstrated by
Givargizov et al. for the growth of small single crystals of catalase
and concanavalin A [21], where use was made of micropatterned
arrays on oxidized silicon wafers exhibiting pitches of 10 and
15 pum. However, only unconnected crystals were grown, while a
complete homogeneous coverage of the substrate by a thin protein
film was not in the focus of the study and remained unobtained.
The conclusions could be drawn from this work that smaller
pitches of surface templates in the sub-pum range should be used.
There is good reason to assume that the preparational bottle neck
identified by Givargizov et al. might be circumvented by using the
modern techniques for surface nanostructuring and that such sin-
gle-crystalline layer will become available in the near future. It will
thus be developed and elucidated the XRD formalism for the struc-
tural investigations of such samples in the remaining part of this
work.

3. The diffraction pattern

Grapho-epitaxial layers of crystalline macromolecules would
have to be measured by X-ray diffraction in a reflection configura-
tion as sketched in Fig. 1. Scattered reflections would be observed
on an area detector placed at a distance Ry from the centre of the
layer. The incoming X-ray beam must impinge onto the sample
surface under a very small incidence angle o on the order of 1°,
in order to excite scattering in the full sample volume. For the mea-
surement of a sufficiently large set of Bragg reflections, polychro-
matic X-rays have to be applied as in a Laue experiment. XRD in
the Laue mode has become a valuable tool in protein crystallogra-
phy, in particular with respect to time-resolved studies [22,23].
Measurements for the purpose of this work will thus have to be
performed at synchrotron beam lines that allow for the irradiation
with a full X-ray spectrum. In case of protein crystals, the used en-
ergy band may be restricted to 6 < E < 20 keV, because radiation
damage becomes too severe for lower energies and the scattering
cross section diminishes strongly for higher ones.

Orthorhombic crystals will be considered as examples in the
following, which is justified by the fact that the majority of protein
crystals occur in orthorhombic and tetragonal space groups [10].
For reasons of simplicity, the spectrum of the incident radiation
will be assumed to attain the shape of a box function, having
1(7) =0 for wavelengths A< Ay Or A> Ang and =1y otherwise.
An additional simplification is introduced by assuming the crystal
reference frame {c;} = {a, b, c} to coincide with the sample reference
frame {s;} having a||—sy, b||s, and c||ss. If the incidence angle is set
to the constant value «, the positions of reflections in space are ac-
counted for by the exit angle g and azimuth ¢, see Fig. 1. The Laue
equations Q = K — Ky = 27gp of this experiment then read

cosfcos¢p —coso = —hl/a
cos fsing = ki/b (1)
sinf+sino=1i/c

which can be regarded as a system of three equations for the three
unknowns /, g and ¢ of any reflection hkl to occur.

The incidence angle « has to exceed the critical angle o, below
which the incoming X-ray beam would be totally reflected. The
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Fig. 1. Experimental set-up proposed in this work for XRD investigations of thin protein layers. As in grazing-incidence diffraction (GIXRD) the incoming beam impinges on
the sample under a small incidence angle «. In contrast to GIXRD, the beam encompasses a complete band of X-rays of different energies and probes the volume of the layer.
Scattered beams are mapped on a flat area detector at a distance Ry from the layer’s centre of gravity. Detector coordinates of individual Bragg peaks are denoted by x, y and p.
The sample may be set to other spindle angles ¢ in order to scan different parts of reciprocal space.

critical angle o derives from the complex refractive index
n=1- 6 —iui/4n that is usually represented by small deviations
6 and pif4rn from unity (the symbol B is often used to indicate
the imaginary part of n, which is avoided here, since g stands for
the exit angle of the diffracted radiation). According to Snell’s
law the critical angle is related via o, = arccos(1-6-ipi/4m) to the
material constants 6 and p, but for the case of small absorption
uil4m < 6, the approximation o = /26 yields reliable results.
Numerical values of o range between 0.3° and 0.07° in the relevant
energy range for the model compound C4;NO of 1.35 g/cm? density.
By choosing an incidence angle of about 1° one would thus safely
operate above o, for all beam energies.

The system of Eqgs. (1) is an oversimplification in so far as it
leaves the refraction of X-rays unconsidered. Adjusting the inci-
dence angle to values on the order of 1°, however, the effect
should be taken into account, since it will cause a shift of reflec-
tions to higher exit angles 8. If one considers a certain reflection
hkl to appear on the detector, the respective X-ray beam has
been subjected twice to refraction: once while entering the layer
and secondly on exiting from it. Accordingly, only the incidence
angle o and the exit angle g are affected, while the azimuth ¢ re-
mains unchanged. The effect is visualized in Fig. 2 for a reflection
hOl having ¢ = 0. It is realized from the figure that the incidence
angle of the transmitted wave o, and the exit angle of the scat-
tered wave f; are the appropriate quantities to be inserted in the
Laue equations. These differ from both angles to be observed out-
side the sample o and B, and the difference increases the smaller
both angles becomes. The discrepancy can be resolved by apply-

Fig. 2. Schematic representation of the effect of refraction for incoming and exiting
X-ray beam.

ing Snell’s law again, that yields for refraction on the incidence
side

Ccos o

This complex number o, = Re(a,) + ilm(a;) may be rewritten as
o = arccos(A —A;) —iln(AT + A + /(A +A;)* - 1) 3)

with the abbreviations having the meaning

(u2/4m)* cos 2a
(1= 0)" + (uz/4m)*)*
(4)
The angle of the transmitted wave o, thus consists of purely real
and imaginary components accounting for the effects of refraction

and absorption, respectively. Comparable expressions are valid for
Bs» where angle « and index t have to be replaced by p and s

2
s 1 (1—=6)cos o
‘72 ((1 o+ U 1)

B, = arccos(B; —B;) —iln(B! +B; + /(B! +B;)*—1)

(12/4m)* cos 2B

((1-6)" + (ui/4m)*)°

(5)
In fact, the shift of reflections is small, but for a quantitative evalu-
ation of lattice parameters, it has to be taken into account. The cor-
rection may be applied by usage of o, and B instead of & and 8 in Eq.
(1), which results in the new system of Laue equations
(B —B;)cos ¢ — (Al —A;) = —hi/a
(Bf —B;)sin ¢ =ki/b (6)

V1= B =B +/1— (A —A ) =ly/c

relating the scattering parameter 4, ¢» and S to lattice parameters a,
b, c and material constants ¢ and .

A decisive quantity for the experimental set-up proposed here is
the average information depth 7, from which the structural infor-

Bl (1—-20)cos p
2\ \(1-6)* + (uijam)?
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mation derives [4]. This quantity is calculated from the weighted
sum over all depths z contributing to scattering

. f(;[zexp(—Mz)dz @
Jo exp(—Mz)dz

with integrals limited by the layer thickness t. For small incidence
and exit angles the damping factor M may not simply be described
by 2u/sin 0 (as appropriate for a 6/20 scan), but the analysis of a
plane electromagnetic wave traversing a phase boundary shows
that the damping of intensity is governed by the imaginary part
of the product of refractive index and the sine of the transmitted
wave [4]. Inserting the sine of o and s as appropriate for the case
considered here, one ends up with the result

4n

M=--

(Im(nsin a;) + Im(nsin f;)) (8)
The minus sign on the rhs is required in case of the usual notation of
n=1- ¢ — iui/4n. The integral is solved to yield

_ 1 1
) o

The course of 7/t for C4NO as a function of energy is displayed in
Fig. 3, which shows monotonic behaviour, since no X-ray absorption
edges of C, N or O occur in the energy range of interest. It is realized
from the plot that a setting of o = 1° would be a reliable choice for
an intended information depth of a few 100 nm for a 1 pum thin film.

Regarding the integral intensity I of a Bragg peak from a sin-
gle-crystalline protein layer, the use of kinematical diffraction the-
ory appears reliable due to the low-Z composition and the large
unit cells of protein crystals. I, then depends on the square of
the structure factor |Fpyl|? the Lorentz-polarization factor Lp, the
sample to point-of-detection distance R and an instrumental scal-
ing factor SCF. For polychromatic exposure and a stationary speci-
men, it may be written

Iy = / SCFR™2 72 Lp|Fp* 1dV (10)

with the integration to be performed over the full scattering volume
[24]. The Lorentz factor in single-crystal diffraction is 1/sin 20, while
the polarization of the incident radiation may be assumed in syn-
chrotron experiments to exhibit a dominant component in the y-
direction yielding a cos?¢ polarization for the scattered beam and
Lp = cos® ¢ [sin 20 finally results. For homogeneous single-crystal-
line layers, most factors in the integral kernel become independent
of where the scattering occurs and can be placed before the integral.

0.50 f/t a=12° mt=1pm .

0.49

0.48

Relative average information depth

0.47 T T T T T T
6 8 10 12 14 16 18 20

Energy / keV

Fig. 3. Relative average information depth 7/t for an exit angle  of 5°. Parameters
indicate different incidence angles and layer thickness.

The incoming intensity Iy, however, is attenuated during its passage
through the sample and thus becomes a function of sample depth z.
Rewriting the infinitesimal volume as dV = Sdz/sin «,, with S being
the incident beam area, the integral intensity becomes

I = SCFIT2 }vz Lp |Fhkl|2

t
e /0 I(2)dz (11)
The depth variation may again be described by the M factor intro-
duced in Eq. (8) and we may express the integral intensity by

S 1

I = SCFR2 22 Lp |Fp* ———Io— (1 — exp(—M 12
n = SC P Fhal” oo % oy (1~ exp(=Mt)) (12)
Introducing the absorption factor A(t) =1 — exp(—Mt) [4] and lump-
ing the beam area S into SCF one finally ends up with the equation

I = SCFIgR™ 22 Lp |Fyu|® A(t) (13)

M sin o
This equation represents the final expressions for the integral inten-
sities of Bragg reflections scattered from a single-crystalline layer in
a grazing-incidence configuration under full consideration of refrac-
tion and absorption.

Among other factors, the applicability of the thin film ap-
proach will depend on the divergence of the scattered reflections
and a sufficient separation of Bragg peaks on the detector screen.
The divergence w will be determined by (i) the divergence of the
incoming beam, (ii) the geometry of scattering and (iii) sample
properties, mainly the mosaic spread of single-crystalline do-
mains in the macromolecular layer. The first factor may be re-
duced to very small values when operating the experiment at a
synchrotron beam line. The third factor is difficult to estimate
on the current state of knowledge, but the second factor can be
estimated from geometrical considerations. A close inspection of
Fig. 1 reveals the geometrical divergences in x and y direction
to scale with wy, = Lsin  and wy = Lsin ¢, when L is the irradiated
length of the sample. For a 200 x 200 mm detector at a distance
of R=500 mm, a sample length of L =5 mm would thus induce
extensions of X-ray peaks maximally on the order of 2 mm. In
general, the geometry-related divergence in this experimental
configuration will remain small, since it operates in a nearly for-
ward scattering mode due to the large lattice parameters. Factor
(i) and (ii) thus would not prevent the application of the approach
proposed here.

Concanavalin A from Canavalia ensiformis served as an exam-
ple for testing the approach. ConA crystallizes in an orthorhombic
unit cell P2,12,2, or 1222, depending on bonded glucoligands, ste-
ric interactions of monomers and crystallization conditions [7]. A
computer program GlLaue [25] was developed to simulate the
diffraction pattern from a ConA layer in the assumed configura-
tion as shown in Fig. 2. Eq. (6) was solved by setting the inci-
dence angle « =1°, and cell parameters a, b and c of 6.32, 8.74
and 8.93 nm were inserted according to PDB structure 1DQ6
[7]. The final result is shown in Fig. 4, where the calculated posi-
tions of reflections and their integral intensity on a
200 x 200 mm detector screen are given for Ry amounting to
500 mm and X-ray energies confined to 6-20 keV. Individual
peak profiles were modelled to be of Cauchy/Lorentz type to
sum up to the complete pattern via

Ixy) =Y I (14)

7 (14 (X — Xopa)® /W2 + (y *YO,hkl)z/Wﬁ)

with the sum running over all reflections hk! to be observed, when
the experimental resolution d,;, is set to 0.25 nm™'. Divergences w
were assumed to be composed of a small instrumental contribution
Wp = 0.2 mm (as easily possible for most diffraction set-ups at syn-
chrotrons) and the geometrical terms w, and w, given above. The
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Fig. 4. Simulated Laue reflection pattern of a 1 pm thin epitaxial concanavalin A
layer irradiated by white X-rays from 6 to 20 keV. Intensities are given on a
logarithmic scale calculated according to Eq. (13).

constants SCF and I, were set to unity. Squares of the structure fac-
tor |Fp|® were calculated by inserting the atomic positions as spec-
ified by the PDB file 1DQ6 and atomic scattering factors f of C, N and
O (as though as 2 S and 2 Mn atoms per molecule). The simulated
pattern in Fig. 4 shows the typical Laue pattern characteristics with
families of reflections lying on conic sections through reciprocal
space.

More than 900 reflections would then occur in the experiment,
with 734 single reflections, while the other are double reflections
and higher harmonics. Next to the peaks displayed in the figure a
further high intensity reflection would arise in this experimental
configuration that is caused by the specular reflection of the inci-
dent beam and that has not been included in the simulation. In a
recent GID/GISAXS study on thin films of bacteriorhopsin, i.e. pur-
ple membrane patches on Si wafers [26] we showed that only a
small part of the detector is affected by the specular reflection
and that the majority of diffraction peaks remained analyzable in
the scattering configuration sketched in Fig. 1.

4. Discussion and conclusion

It can be concluded that the availability of grapho-epitaxial thin
films would enable the determination of a large set of reflection
positions and intensities. At the current state of knowledge, it is
difficult to give an estimation of the spatial resolution to be ob-
tained with the technique. In conventional protein crystallography
the part of reciprocal space to be mapped typically reaches down
to resolutions of 0.2-0.5 nm™', in the full range of which the inten-
sities of some 10%-10° peaks are measured. For the example given
above, azimuthal and exit angle ranges amounted to about 22°
yielding some 900 reflections. By rotating the sample around the
spindle angle ¢ further positions would contribute to an estimated
total of about 15,000 reflections. This number may further be en-
larged by tilting and positioning the detector plate to higher polar

positions. For too large exit angles 8, however, reflections will not
be well resolved, since the divergence of the beam scales with
Lsin B, causing an increased broadening and probably too severe
peak overlap for increasing 8. The collection of additional reflec-
tions hkl might then become only possible by reducing the sample
length L, i.e. at the expense of reflection intensity. Further exten-
sions of the number of measurable reflections would become pos-
sible with the usage of single-crystalline layers of different
crystallographic orientation. Conceptually, such a perspective
could be approached by using nanotemplated substrates with sur-
face structures and pitches p adapted to the crystallographic char-
acteristics of differently oriented layers. Altogether, the presented
measurement is concluded to principally allow the collection of
the required number of Bragg reflections to investigate the struc-
ture of proteins to a resolution that compares to bulk single crystal
studies.

The most significant part of work for establishing the method
will be related to the development of successful preparation tech-
niques for grapho-epitaxial protein layers. In this respect, possible
drawbacks of the approach should be considered. Firstly, proteins
are frequently observed to denaturize when approaching an inor-
ganic surface from solution. Evidently, the complete denaturisation
of the bottom-most layer in an intended single-crystalline protein
film would severely complicate the subsequent crystal growth.
Secondly, proteins have been observed to adapt a different three
dimensional structure when adsorbing to a solid support compared
with that attained in a bulk solid crystal. The obtained crystal
structure then differs from the latter. Both effects have to be taken
into account, but at the current state of knowledge it is difficult to
decide whether they will turn out as fundamental obstacles to the
preparation of single-crystalline layers and it can just be concluded
that more experiments are required to extend our spare experi-
mental data base.

To summarize, a novel approach to protein crystallography has
been proposed in this work. It has been argued that instead of the
commonly used single crystals, the preparation of grapho-epitaxial
layers of proteins on nanotemplated substrates might represent a
reliable complement or alternative. Such sample material may be
analyzed by the established crystallographic techniques as applied
to their single crystal counterparts. This work has shown how the
GIXRD technique has to be adopted for this purpose and quantita-
tive expressions for the position and intensity of Bragg reflections
were given. In order to measure a large number of XRD peaks poly-
chromatic radiation as in the Laue technique must be applied and
investigations thus have to be performed at synchrotron beam
lines. The diffraction pattern from a single-crystalline Con A layer
has been simulated in the given framework demonstrating that
the approach would allow the collection of a sufficiently large
number of Bragg peaks to solve for the protein structure. The major
advantage of the new ansatz is due to the perspective time savings
being so significant that they will probably become the decisive
argument to firmly pursue the approach.
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