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A first attempt to enhance the 2-D single-crystal growth of a
protein at an air/water interface from hydrodynamics
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An alternative technique to grow a 2-D crystal of protein at a functionalized air/water interface is proposed. The first
part of this paper briefly reviews 2- D crystal growth at a fluid interface and deals with our first experiments on
streptavidin whose 2-D (poly)crystallization ability is well known. In the experiments, the involved air/water interface is
functionalized with a mixed lipidic monolayer made of DOPC and biotinylated lipids. The second part of the paper
relates to an alternative strategy we propose in order to enhance the 2-D single-crystal growth of a protein at a liquid
interface. The idea is to get benefit from an axisymmetric swirling flow driven in a water sub-phase confined within an
annular channel. The swirl is expected to control the distribution of the proteins at the air/water interface and to
promote the growth of a 2- D single crystal from the smallest to the largest radii (radial segregation). An analytical
modelling based on a low Reynolds number asymptotic development demonstrates how two control parameters, the
mean channel curvature and the Reynolds number of the shear flow, can be helpful in tuning the magnitude of the swirl
and therefore the crystal growth.
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Proteins

1. Introduction or X-ray scattering are typically involved. These
techniques require 2-D or 3-D protein crystals. Yet

In order to determine the molecular structure of many proteins of great importance for molecular

a protein, techniques such as electron microscopy biologists, e.g. membrane proteins, do not crystal-

lize in 3-D. A typical alternative is to promote the
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fax: +33476825271. water interface. The general method devoted to
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exposed 20 years ago by Kornberg et al. [1,2]. The
technique is based on a lipidic monolayer spread at
the interface and is able to support the crystal-
lization process. The proteins, initially solubilized
in the bulk, are binding to the lipids by means of a
high protein-affinity ligand [1,3] or by use of
metal-chelating lipid in connection with surface
histidines [4-6].

Although chelating lipids have been involved in
numerous studies for the last 10 years, specific
binding of proteins is currently the most common
technique. This crystallization process has been
assumed to be a simple three-step mechanism for a
very long time [1,7,8]: (i) molecular recognition
between protein and ligand; (ii) 2-D diffusion of
the protein—ligand complexes within the plane of
the interface; and (iii) self-assembly leading to 2-D
crystallization. The latter point indicates that 2-D
crystals will preferentially grow in high protein
density areas for which the locations within the
interface mainly depend on the diffusion of the
proteins initially solubilized in the sub-phase. As a
consequence, diffusion-based techniques will pro-
vide polycrystals at the air/water interface limiting,
thus, the resolution during structural determina-
tion. The aim of this work is to use hydrodynamics
to control the spatial distribution of the proteins at
the air/water interface and then to promote the
growth of a 2-D single crystal expected to provide
a better resolution during the determination of the
protein structure.

2. Experimental set-up and hydrodynamics
modelling

2.1. State of art

Most common 2-D crystallization experiments
are currently made in cylindrical Teflon troughs
filled with buffer solution. The lipidic monolayer is
spread on the interface and a solution of proteins
is injected within the sub-phase after equilibrium is
reached. Among the numerous proteins studied for
such crystallization processes, streptavidin is cer-
tainly the most popular [9-15]. Its structure was
determined many years ago [16—18] and this has
made possible the understanding of fundamentals

Fig. 1. X-shaped streptavidin crystals produced in a static well
observed with BAM (scaling 1.4mm x 2.4 mm).

of 2-D crystallization processes [19]. Its ability to
form X- or H-shaped 2-D crystals easily (Fig. 1)
makes it appropriate for developing, testing and
qualifying new instruments.

2.2. 2-D streptavidin crystals

Streptavidin was purchased from Sigma and
diluted in a (150 mM NaCl; 10 mM Tris—-HCI; pH
7.5) buffer solution. The lipid monolayer consists
in a 0.5mg/mL mixture of (B-LC-DPPE:DOPC)
(1:4)M/M. Experiments were conducted in a SmL
Teflon trough with a 20mg/mL solution of
streptavidin. About 10min after streptavidin
injection, X-shaped 2-D crystals, 250 um long
approximately, are observed within the interface
(Fig. 1) with a commercial brewster angle micro-
scope (miniBAM, NanoFilm Technologies,
Gmbh).

2.3. Experimental device

The experimental trough of interest here stands
as a Teflon annular channel with a free air/water
interface, the side walls of the channel being
maintained stationary (Fig. 2). Twelve magnets
are mounted into a sealed annular Teflon ring
lying on the floor. This ring rotates slowly by
means of a magnetic coupling with magnets fixed
on an independent annular brass plate mounted on



a motoreducer axis. Rotation speed (0.1-1 rpm) is
controlled with a Hall-effect sensor set at the
channel’s periphery. The use of a closed-bottom
channel geometry associated to a remote-control
electromagnetic tool is original (if compared to
previous similar set-ups [20-22]) and prevents us
from loss of biological materials.

NdFeB Magnets

Water Tank

T

Hall effect sensor

Fig. 2. Description of the three-parts rotating well (r; = 40 mm,
ro = 50mm, 4 = 10mm). The Teflon ring is rotating by means
of a magnetic coupling.

Radial segregation

Slow motion of the floor yields a main
azimuthal shear flow. The subsequent centrifugal
inertia gives rise to a secondary recirculating flow
within a meridian cross-section of the annular
channel (Fig. 3). The basic idea is to get benefit
from this recirculation not only to decrease the
time for proteins to transport to the interface but
also to radially segregate the proteins and conse-
quently induce high-protein density areas which
are expected to promote the growth of single 2-D
crystals. In order to predict and understand the
influence of the flow on the interfacial dynamics
and to further thoroughly identify control para-
meters which could be representative of the quality
of the crystals so-obtained, we propose an
analytical modelling of the swirling axisymmetric
flow within the sub-phase.

2.4. Mathematical formulation

Fig. 2 shows the geometry of the annulus and
the coordinate system, with r taken along the
radial direction and z along the vertical direction.
The inner and outer radii of the trough are
indicated by r; and r,, respectively, and the depth
is denoted by A. All quantities are made non-
dimensional taking the outer radius r, as the
length scale and 1/Q as the time scale, where Q is
the angular speed rate of the floor. We also

HE Protein
% Diluant lipid

$ Ligand lipid

Fig. 3. Cross-section of the channel and description of the crystallization process as expected. The recirculating flow drives the proteins
to the interface. For those already adsorbed, the flow is expected to be responsible for a radial segregation from the outer to the inner

radii.



introduce the non-dimensional Reynolds number
defined by Re = (12Q)/v and a geometric aspect
ratio defined by 6 = e/r,, where e = r, — r; stands
as the width of the annulus. The 3-D flow field into
the domain D = [ri/r,, 1] x [0,//r,] will be de-
scribed by the azimuthal flow vgpuy and the 2-D
meridian flow v, = v,(r, 2)u, + v.(r, z)u, with com-
ponents (v, v,) derived from the stream function
and the vorticity :

_ o 1oy

T T Tar
w=uy - (Vxvy).

The Navier—Stokes equations can be written as a
set of equations coupled to each other from their
non-linear forcing terms
E*(vg) = Re{V x (vgup)

X [V x yug]} - ug, (1)

E*(w) = Reuy - V x {(V x vy)
X Vg + oug X [V x Yugl}, 2

EXY) = ~o, 3)

the differential operator E?() being defined by
E* =(8°/02%) + (8% /or?) + (1 /r)d/or — 112

The associated no-slip and no-penetration
boundary conditions at the floor and at the walls
can be written as

0
vg=0, Yy =0, —l/j=0
or
i h
atr:r— and 0<z<< —, 4)
To T'o
vy =0, Yy =0, %:0
or
h
atr=1and 0<z< —, ©)
rO
0
vg=r, =0, a—f=0
at ﬁ<r<1 and z = 0. (6)
I'o

The impermeability of the free air/water inter-
face and the interfacial tangential momentum

balance lead to

Y =0,
=0,
ovp o [1 d(rvg)
5—53"5[; or
at£<r<1andz=ﬁ, 7N
rO rO

with the Boussinesq number Bo = ¢/pe, the inter-
facial shear viscosity ¢, the bulk shear viscosity p.
The Bo number is the non-dimensional number
which gives information about the interfacial
rheology.

To simplify calculations, the mathematical
model is solved in the case of a free (non-
contaminated) interface (Bo =0). The RHS of
the last boundary condition Eq. (7) consequently
vanishes leading to the typical free-surface bound-
ary condition

%:O atﬁ<r<landz:ﬁ. 8)
62 ro rO

In order to solve this mathematical problem, two
main difficulties have to be overcome: (i) the
forcing terms of Egs. (1)-(2) are non-linear;
and (ii) y-boundary conditions are overspecified
at the expense of w-boundary conditions. Taking
advantage of the slow rotation speed of the
floor (Re<1), Egs. (1) and (2) can be linearized
making use of a regular perturbation series
with Re as small parameter, leading to a set of
linear problems [23] which can be solved sepa-
rately. The general solution of the flow is written
as

Vg = Vg0 + Re Vg1 + R82 Ug2 + .. (9)
Y=g+ Rey, + Ry + - - (10)
®=wy+ Rew, + R®wy+ - (1

Solution to the second difficulty mentioned above
is inspired from Quartapelle [24] making use of an
integral vorticity boundary condition derived from



the second Green identity generalized to E°

/ rd(r, z)o(r, z) dA4
D

1
=— / re (r, ﬁ) % (r, ﬁ) dr, (12)
"/ro ro) Oz o

where @ is, an arbitrary scalar field defined in such
a way that E*(®) = 0. By using this new integral
condition, the three overnumerous iy boundary
conditions can be reformulated as boundary
conditions for the vorticity function w.

At each order in Re, the three different
unknowns vy, @ and y will be developed as double
series on three different bases of orthogonal
eigenfunctions depending on the nature of the
interfacial boundary conditions (Dirichlet or
Neumann).

3. Discussion

To our knowledge, our analytical treatment is
original in that inertia which gives rise to the
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Fig. 4. Comparison of the analytical non-dimensional azi-
muthal flow field vpug at the interface (z = /1/r,), calculated up
to O (Re®) with numerical computations [22] and experiments
[21] (Re = 2Q/v = 73 for r;/ro = 0.8 and h/r, = 0.2).

meridian recirculation is fully taken into account
to solve the Navier—Stoke equations and is not
neglected as in the usual case of the Stoke’s
equation [20,25].

In order to allow comparison with formerly
published numerical results [22] and experimental
studies [21], rj, 7o and & are set to values such as
ri/ro = 0.8 and h/r, = 0.2. As shown in Fig. 4, our
results for the azimuthal flow vguy at the interface
limited to O(Re®) are quite consistent with the
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Fig. 5. Stream function i isovalues for three different
geometries at O (Re?) for Re = 1: (A) 10%) with ri/ro = 0.8
and h/r, = 0.2. (B) 10% with r;/r, = 0.8 and //r, = 0.06. (C)
105y with ri/ro = 0.1 and h/r, = 0.2.



former published results even for large Re values
(Re = 73) (Fig. 4). This unexpected result not only
confirms the analytical formulation for the azi-
muthal flow field but also allows the validity range
in Re of this model to be extended.

As regards the secondary flow field, no results
are available in the literature in our Re range.
Here, different recirculating flows are made
evident (Fig. 5) by means of the stream function
isovalues and the channel geometry is found to
play a key role (i.e. ri/ro = 0.8 and h/r, = 0.06,
ri/ro = 0.1 and h/r, = 0.2, r;/ro, = 0.8 and A/r, =
0.2 as a reference case). The reference geometry
exhibits a main recirculation with a weak counter-
rotating cell near the rotating floor. As a matter of
fact, reduction of the sub-phase depth or extension
of the channel width can break the secondary flow
symmetry or can give rise to two independent
recirculations in the meridian plane. As crystal-
lization experiments with this rotative well are still
in progress, this information reveals to be of great
interest in understanding the 2-D crystallization
process at the interface.

4. Conclusion

A new device devoted to enhance the growth of
2-D single protein crystals has been proposed. The
main advantage relates to the hydrodynamical
flow the device produces in the underlying bulk. In
this way, the technique is generic and could be
applied to any protein able to crystallize in 2-D.
This flow has been fully analytically modelled and
appears to be greatly dependent on the channel
geometry. Later this will consequently have to be
well adapted to further crystallization studies.
Experiments with this new device are in progress
and should be compared in the near future with
producing 2-D crystals with classical (static)
techniques.
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