Where Does an Enzyme Reside in a Bicontinuous Structure?
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Abstract. Using enzymes as catalysts in biochemical processes requires to bring them into close contact with
the substrates to be processed. For oil-soluble substrates and water soluble enzymes this might be achieved by
bringing the water and oil phase in a bicontinuous microemulsion into close contact. In this contribution we
review two possible scenarios of how the enzyme and the interface influence each other. Small angle neutron
scattering (SANS) and neutron spin echo spectroscopy (NSE) act as a microscope to look into the details of the

interfacial region of microemulsions.

1 Introduction

Microemulsions as thermodynamically stable mixtures of
oil, water and surfactant, can provide a very unique envi-
ronment for enzymatic catalysis. The thermodynamically
stable compartmentalization of polar and non-polar phases
by a large internal interface in the range of m?/ml inspired
the use of microemulsions as reaction media for a series
of catalytic reactions, e.g. [l]. Among them, enzyme-
catalyzed reactions are of particular interest. Domains of
water and oil are only nanometers apart from each other,
and provide therefore a very elegant way of bringing wa-
ter soluble enzymes and often unpolar substrates together
[2H4]. Depending on their macromolecular structure, the
enzymes can accumulate either within the aqueous phase
or directly at the amphiphilic interface. It can be assumed
that an enzyme without enrichment at the interface has no
influence on the mechanics, whereas an interfacially active
enzyme should lead to changes in the mechanical prop-
erties in a concentration-dependent manner. Correspond-
ing effects have already been observed with the addition of
amphiphilic polymers (boosting).

Additives to microemulsions on the other hand can mod-
ify the location of phase boundaries in the phase dia-
gram [SH7]. Mainly the elasticity of the surfactant layer
separating oil and water is modified by incorporation of
molecules [8] or co-surfactants [9, [10]]. Neutron small an-
gle scattering (SANS) and neutron spin echo spectroscopy
(NSE) are scattering techniques which can provide a valu-
able insight into these systems structured on nanometer
length scales, by combining structural information from
SANS [11] and dynamic information about fluctuations
from NSE [7, [12]. The influence of enzymes has been
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investigated with SANS and NSE for two different sys-
tems [13} [14]. This contribution reviews briefly how ad-
ditives modify microemulsions, and how scattering tech-
niques can scrutinize their enzyme induced changes in
nanoscale structure and motion. The focus is thereby on
the addition of proteins as bio-catalysts to microemulsion.
Besides different interactions between enzymes and sur-
factant layers of the microemulsion, also the domain size
of the microemulsion itself influences the physical proper-
ties of the system. The question of the relevance of density
fluctuations or breathing modes in microemulsions will be
addressed.

2 Microemulsions and Enzymes

Two main aspects of enzyme containing microemulsions
will be briefly reviewed. On the one hand, the elastic prop-
erties of the surfactant membrane of microemulsions, de-
scribed by the bending rigidity « and saddle splay modulus
k relate the structure of the microemulsion to its dynamics.
The addition of enzymes to the water phase of the emul-
sion might influence both, structure and dynamics depend-
ing how and where the enzymes reside. This is illustrated
in figure showing in sketch a) the different possible loca-
tions and in b) an SEM measurement of the bicontinuous
structure. [13].

2.1 Microemulsions as Compartments and
Reaction Media

Microemulsions form two types of compartments, droplets
(oil-in-water or water-in-oil) and bicontiuous structures.
Here we focus only on the bicontiuous case. In bicontin-
uous microemulsions the two immiscible liquids (such as
oil and water) are stabilized by a surfactant and are dis-
persed into each other, forming continuously connected
but separated networks of both phases. The key advan-
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Figure 1. a) Top: Scenarios of enzyme — membrane interactions in microemulsions. Enzymes can be purely dissolved in water, rather
unaffected by the presence of the lipid or surfactant interface, or they can interact and adsorb (for some residence time) at the interface.
Bottom: When residing at the interface the presence of the enzyme can influence the bending elasticity of the interface and therefore

the thermally activated fluctuations.

b) Freeze fracture SEM micrograph of a bicontinuous microemulsion structure which serves as the host medium in the discussed

experiments.

tage is their enormous interfacial area, which facilitates
mass transfer across the interface enhancing reaction con-
stants of the reaction kinetics. Additionally, the bicontin-
uous structure also provides a highly stable environment
for the reactants, potentially preventing unwanted side re-
actions or product degradation, since products and reac-
tants are mainly separated via the interface. For example,
the activity of DFPase remained high also in the complex
environment of a mircoemulsion [[13]].

Bicontinuous microemulsions have been successfully
employed in a wide range of chemical reactions, includ-
ing organic synthesis, enzymatic reactions, and cataly-
sis[T5H17]]. The potential of bicontinuous microemulsions
in various fields such as pharmaceuticals, materials sci-
ence, and biotechnology makes them a promising area of
research for future applications.

2.2 Bicontinuous Microemulsions

As mentioned before, the bicontinuous structure resembles
a sponge. The structural parameters, that is the domain
size Drg and the correlation length &7 are obtained from
fit of SANS measurements with the well-known Teubner-
Strey formula [11]:

8n(v?) /érs
= e W
with p* = (21/Drs)* + 1/é35 and Qf,, = (27/Drs)* =

1 /f%s. These measurements are performed in "bulk con-
trast", where D,O and hydrogenated oil provide different
scattering length densities for the two main domains in the
sample.

2.3 Bicontinuous Microemulsion Membrane
Dynamics

The Helfrich free energy is typically the starting point for
considerations about the membrane structure and dynam-
ics [18]. It reads

Fy= de[g(cl +c3 = 2¢0)” +Kep0] 2

where the principal curvatures ¢; and c¢;, the mean
curvature ¢ and the bending rigidities « and k are related.

Here, the bending rigidity « determines the energy
required to deviate the interfacial film from the spon-
taneous curvature cq at the given minimum of the free
energy. The saddle-splay modulus k gives the energy cost
for saddle-splay deformations [19]. The bending elasticity
constant is highly sensitive to any changes in topology
and interfacial composition. And it is directly accessible
by scattering in an easy way. A softening of the interfacial
film is observed when undulations are thermally activated
in the order of kgT. This leads to a length scale dependent
modification of the bare bending rigidity o, the so-called
renormalized bending elasticity constant:

KsANS _ KoSANS _ 3 In Drs
kBT kBT ar 21;

where the renormalization term contains the menbrane
thickness /i and therefore Dtg/2[s is the membrane vol-
ume fraction.

This quantity is connected to the structural length
scales inside the bicontinuous structure by [20]:
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KSANS _ 107 V3 s
kgT 64 Drs

“4)

Simulations [21] in combination with measurements
of the phase behavior, SANS and NSE experiments [22]]
revealed that the bending rigidity obtained with SANS are
a combination of « and &, kg sans = (aiko + az|kgl). Also
the renormalization term in Equation [3] is modified and
reads (3a; +10/3|az|)/(4n) In(D7s /2l5) with a; = 0.19 and
ay = —0.84 [22]]. These corrections have been applied for
the values of the bending rigidity from SANS measure-
ments discussed here.
While the main structural features are obtained by fits
with the Teubner-Strey structure factor [5[11]] as described
above, the height fluctuations of the interface layer, gov-
erned by the film elasticity, are obtained in the frame-
work of the Zilman-Granek model [12] from NSE mea-



surements. The contrast applied here is typically "film
contrast”, with only the interface layer made up from hy-
drogenated components, water and oil are deuterated (al-
though at higher scattering vectors also "bulk contrast”
samples provide the interface fluctuations in NSE). For rel-
atively stiff membranes the intermediate scattering func-
tion from NSE can be approximated by a stretched ex-
ponential function, for softer membranes some modifica-
tions are required, e.g. by numerical integration of the
correlation function [7]. But also the approach with the
stretched exponential function results in the correct length
scale dependence (i.e. the relaxation rate I' oc ¢*) and the
right curve shape of S(q,t) with a stretching exponent of
B = 2/3. NSE experiments provide therefore the bend-
ing rigidity determined from height fluctuations in a rather
direct way, while also SANS provides elastic properties
from the ratio of the involved length scales of domain size
and correlation length, which includes length scale depen-
dent renormalization effects and also includes contribu-
tions from the saddle splay modulus [21} 22].

3 Experimental Aspects

3.1 The Microemulsion Systems

The results discussed in this contribution were obatined
from scattering experiments with two microemulsion sys-
tems. A bicontinuous microemulsion from the ternary
system pentaethylene glycol monodecyl ether(CioEs)-
D,0O/NaCl(4 wt.%)-d(18)-octane was used. Details of the
phase behavior of the pure system and the system with ad-
ditional lipase calB can be found in the literature [14]].
The amphiphilic component of the second microemulsion
system consists of a sugar surfactant (Cs;10G;3) and a
medium chain alcohol (pentanol). In this case, instead
of the temperature the alcohol content is used to tune
the curvature of the amphiphilic film and to control the
phase behavior. The quaternary system cyclohexane-D,O-
Cs/10G1 3-pentanol resembles all structural features of a
ternary system using the pentanol content as tuning pa-
rameter.[ 13|

All samples were prepared near the X-point of the respec-
tive phase diagram. The position of the phase boundaries
for each sample was visually determined prior to the mea-
surements. All bicontinuous samples used in the experi-
ments were prepared at an oil-to-water ratio @=0.5. The
surfactant concentration vy in case of the ternary system
was y=0.15 irrespective of the enzyme concentration. The
temperature was 35.5° C for the blank microemulsion go-
ing down to 24.5° C when the enzyme concentration was
raised up to 100mg/ml. In case of the quaternary system,
the surfactant concentration was at y=0.21 with a concen-
tration 6=0.06 of pentanol serving as cosurfactant in the
amphiphilic component.

3.2 The Enzymes lipase CalB and DFPase

Lipases show the technically interesting tendency to ad-
sorb to oil-water interfaces which leads to a restructuring
of the enzyme at the interface and in fact activates the en-
zyme (at least the wild type).

The enzyme diisopropyl fluorophosphatase (DFPase) from

Protein conc. Surfactant Oil phase
(mg/ml)
CalB 0 CioEs octane
CalB 10 CioEs octane
CalB 50 CioEs octane
CalB 100 CioEs octane
DFPase 0 Cg;10G1 3/pent. | cyclohexane
DFPase 5 Cg;10G13/pent. | cyclohexane
DFPase 10 Cs/10G13/pent. | cyclohexane

Table 1. Sample composition of the investigated
microemulsions.

the squid Loligo vulgaris belongs to a group of enzymes
that efficiently detoxify highly toxic organophosphorus
(OP) compounds, which act as irreversible inhibitors of
acetylcholinesterase [23]]. DFPase has a remarkable ther-
mal stability and is very tolerant toward organic solvents
which makes it an excellent candidate for an catalytic ad-
ditive inside a microemulsion. Moreover, DFPase can rou-
tinely be produced by heterologous expression in E. coli.
The lipase from Candida antarctica B (CalB) is from a
broad class of enzymes which have the potential of acting
as catalyzers for organic reactions with often only poorly
water soluble substrates, which makes such microemul-
sion systems with the proximity of water and oil phases a
very attractive environment.

Experimental details related to the expression, purification
and characterization of the enzymes and their introduc-
tion with different concentration into the buffered aqueous
phases of the microemulsions were previously described
in the literature [13} [14]].

The enzyme concentrations used vary widely and were
mainly chosen with regard to the technically desirable
quantities in each case.

3.3 Measurement of Membrane Fluctuations

Neutron spin echo spectroscopy (NSE) uses spin encod-
ing and decoding of the neutron spin velocity by a large
number of spin precessions in a magnetic field before and
after the scattering in the sample [24]. This decouples the
energy resolution from the wavelength spread dA/1 of the
neutron beam and allows to use a relatively broad wave-
length band (typically 10-20 %) by providing a very high
energy resolution. The actually measured signal is the
Fourier transform of the scattering function from the en-
ergy domain to the time domain, the intermediate scat-
tering function S(Q,7ysg). A high energy resolution is
equivalent to a large Fourier time obtained at the NSE. For
a Lorentzian line broadening with a FWHM I in energy
space, the Fourier transform leads to an exponential decay
with relaxation time 7 [ns] = 1.317 /I'[ueV] (see e.g. [25]).
The intermediate scattering function is the time correlation
function in reciprocal space, in the case of bicontinuous
microemulsion this reflects the height fluctuations of the
surfactant membrane on the relevant NSE length scales.



The NSE bending rigidity is obtained from the full in-
tegration of the Zilman-Granek model [7, [12]:
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with the Bessel function Jy(kr) and the integration limits
of the membrane undulations, K;, and ky.x, which corre-
spond to the maximum and minimum undulation wave-
length respectively present in the microemulsion mem-
brane.

4 Results

4.1 On the Analysis of Intermediate Scattering
Functions in the Case of a Bicontinuous
Microemulsion

Two main dynamical processes may occur in the time
and length scale window of typical NSE experiments.
On larger length scales, density fluctuations or "breathing
modes" might be present, which show a typical Q> depen-
dence of the relaxation rate similar to simple diffusion. On
shorter length scales, the Q3 behaviour and the stretched
exponential decay of the Zilman-Granek model dominates
[22, 26]. Density fluctuations may well be observed with
dynamic light scattering [9]]. Their contribution can be in-
cluded into the data modelling by an additional diffusive
Q’-dependent decay, a path which has been followed in
Ref. [13]. If one assumes, both modes of motion to be
decoupled from each other, the result is an additive super-
position of their contributions. However, if the breathing
motion and interfacial fluctuations depend on each other
in the time and size range accessible with a NSE measure-
ment, their contributions must be considered accordingly.

S(Q,7ns£)/S(Q,0) = exp(—Teotyse)A + (1 — A)
exp(-(T,tysef)  (6)

The two relaxation rates here are the collective relaxation
rate T'.,;, which is related to a diffusive Q> dependent de-
cay, and the undulation relaxation rate of a membrane
patch, T,,. Plotting the resulting values of T, vs. Q? yields
the bending elastic constant kyg g according to

(N

ksT )”2 kT
KNSE

T, = 0.025)/K( p
eff

Here, 1, s/ is the effective solvent viscosity of the fluid sur-
rounding the fluctuating membranes and vy, is a numerical
parameter.

Taking a look at the microemulsions used there and fit-
ting the dynamics for a series of scattering vectors simul-
taneously either purely with the full Zilman-Granek model
with numerical integration from Ref [7]], or with the addi-
tional diffusive contribution. Figure [2]shows the data with
this simultaneous fits. Only including the diffusion allows
to reproduce the decay of the intermediate scattering func-
tions correctly, the diffusion constant D.,;=I",;/Q? with
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Figure 2. Normalized intermediate scattering functions of a pure
film contrast microemulsion, used for the measurements on the
microemulsions dynamics in case of addition of DFPase in Ref.
[13]. The blue symbols mark the data points for a set of four Q
values (0.05 A~! to 0.24 A™"), the dashed line shows the fits to
the data points calculated with the fully dynamic structure factor
including a diffusive mode while the solid lines in green show
the result where only the undulation mode is visible in the time
and length scale window of NSE (I'.,; = 0 in Eq. @)

this simultaneous fit is 1.49 + 0.02 x10~! cm?/s, very simi-
lar to the 1.75 x10~! cm?/s reported in Ref. [13]] from DLS
measurements. The form of Eq. [|allows for multiplicative
diffusive motion (which is visible on top of the membrane
undulations, i.e. the undulations follow additionally the
density fluctuations), or decoupled to some extend (by the
factor A).

The microemulsions used with CalB in Ref. [[14] had
a significantly larger domain size than the sugar surfac-
tant based microemulsion shown in Fig. The reason
for the difference is most probably the different domain
size and hence different length scale where density fluctu-
ations play a role. A smaller domain size shifts the region
where density fluctuations are relevant into the window ac-
cessible by NSE. Length scale (or g-)dependent evaluation
is then required and possible, and the diffusive contribu-
tion can be deduced, either directly from NSE experiments
(provided the data quality and g-t-range is sufficient), or by
an additional DLS measurement.

An interesting theoretical problem remains in the pre-
diction at which domain sizes the signature of the breath-
ing modes has to be included into the analysis. Up to now,
only the actual analysis process can answer this question
for the respective investigated system.

4.2 On the Effect of the Enzymes on the Membrane
Fluctuation Dynamics

Two experiments will be compared here: the microemul-
sion structure and dynamics of the protein DFPase in a
sugar surfactant based microemulsion, as reported in [13]],



and the enzyme CalB in a nonionic surfactant based mi-
croemulsion [[14].

From the protein point of view, there is one major dif-
ference which is worth a direct comparison. The bending
elasticity measured with NSE and SANS should both de-
pend in the same way on the protein concentration.

Figure 3] compiles the bending rigidities determined
with NSE and SANS for the two systems from Refs. [13]]
and [[14]. The observed « values are within the observation
window constant with protein concentration for the DF-
Pase, but not equal between NSE and SANS. For CalB, the
NSE bending rigidity slight increases, while the one de-
termined from the structure via SANS slightly decreases.
The slight decrease from the structural determination is in-
terpreted similar to the effect of adding homopolymers to a
bicontinuous microemulsion [27] ("anti-boosting effect").
It is obtained from SANS, which measures a snapshot of
the fluctuating structure, which is then averaged over many
"snapshots" during the time of the measurement. NSE on
the other hand provides insight into the local shape fluctu-
ations on nanosecond time scales and provides therefore a
different view on the elasticity. Adsorption may result in a
stiffening of the membrane visible in the increase in k from
NSE. This behaviour might reflect the temporary adsorp-
tion of the lipase at the interface and a kinetic exchange
equilibrium with the lipase residing in the aqueous phase.
This is in contrast to the DFPase mainly dissolved in the
water phase. The bending rigidities of the DFPase con-
taining microemulsion differs significantly between NSE
and SANS. The pure ko ys g shows this behaviour with the
full integration of the Zilman-Granek model (which takes
into account the undulation spectrum of the membrane) as
well as the stretched exponential simplified model (which
might take a too broad undulation spectrum, often cor-
rected for with an adapted viscosity of the surrounding
medium). The reason for the difference might be the rather
medium efficient technical grade sugar surfactant, which
requires a high surfactant concentration and a locally very
croweded environment. The additional distance to the X-
point in the phase diagram might change the contribution
of k and « to the SANS bending rigidity, or in a simple
picture the time averaged structure seems to be rather dis-
ordered compared to the high energy needed to bend the
membrane. The role of the average viscosity which affects
the diffusive as well as the undulation modes in the mi-
croemulsion is more complex in such technical grade high
concentration microemulsions and need further attention.
A more detailed view into this question requires additional
experiments.

5 Conclusion

Two bicontinuous microemulsion systems with enzymes
introduced in the aqueous phase are revisited and com-
pared. The structure and dynamics measured with SANS
and NSE provide interesting insights and details about the
effect of the enzyme on the elastic properties of the sur-
factant membrane of the microemulsion. The enzyme can
either be mainly dissolved in the water phase with no sig-
nificant influence on the membrane elasticity as in the case
of DFPase which lacks an amphiphilic character, or it can
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Figure 3. Comparison of bending rigidities from DFPase and
CalB determined from structural data (SANS) and from mem-
brane height fluctuations (NSE). Data are from Refs. [14] and
[L13].

modify the bending elasticity as in the case of CalB which
can undergo conformational changes at a water-oil inter-
face, where NSE reveals on nanosecond time scales a stiff-
ening of the amphiphilic membrane, while SANS with its
time averaged measurement shows the opposite effect. It
has been suggested that the residence time of the protein
CalB at the surfactant interface is the origin of this result.
The reason why the DFPase does not change « signifi-
cantly, for example similar to the reduction in « observed
upon homopolymer addition into microemulsion phases as
in Ref. [6], is a bit speculative. It may be that having
the not surface active component only in the water phase
is not sufficient for affecting the conformational space of
the membrane and thus reducing x. However, since also a
combined effect of x and k could lead to this results, fu-
ture measurements on both bending elasticity constants in
droplet microemulsions could provide additional insights.

A second observation between the two systems under
investigation is the relevance of breathing modes observ-
able in the membrane dynamics depending on the charac-
teristic size of the domains of the microemulsion. With
smaller structures, the importance of breathing modes ob-
served on the length scales accessible with NSE increases.
The coupling of breathing modes with the undulation
modes might be also a topic of further study.

Further experiments might shed light on the interfacial
activity of enzymes in microemulsions and on the influ-
ence of the structural length scales of the microemulsion
on its dynamics as well as on possible enzymatic activi-
ties. Such experiments can in future support theoretical
considerations to predict the potential interfacial activity
of enzymes.
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