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ABSTRACT

With the aim to better understand the phase behavior of alkyl maltosides (n-alkyl-B-D-maltosides,
C,G) under the conditions of membrane protein crystallization, we studied the influence of
poly(ethylene glycol) (PEG) 2000, a commonly used precipitating agent, on the critical micelle
concentration (CMC) of the alkyl maltosides by systematic variation of the number n of carbon
atoms in the alkyl chain (n = 10, 11, 12) and the concentration of PEG2000 (%) in a buffer suitable
for the crystallization of cyanobacterial photosystem Il. CMC measurements were based on
established fluorescence techniques using pyrene and 8-anilinonaphthalene-1-sulfonate (ANS). We
found an increase of the CMC with increasing PEG concentration according to In(CMC/CMCy) =
kpy, where CMCy is the CMC in the absence of PEG and kp a constant that we termed “polymer
constant”. In parallel, we measured the influence of PEG2000 on the surface tension of the
detergent-free buffer solutions. At PEG concentrations x > 1 % w/v, the surface pressure my(y) =
v(0) — y(¢) was found to depend linearly on the PEG concentration according to my(y) = « y, + 15(0),
where y(0) is the surface tension in the absence of PEG. Based on a molecular thermodynamic
modeling, CMC shifts and surface pressure due to PEG are related, and it is shown that kp = « c(n)
+ 1, where c(n) is a detergent-specific constant depending inter alia on the alkyl chain length n and
1 is a correction for molarity. Thus, knowledge of the surface pressure in the absence of detergent
allows for a prediction of the CMC shift. The PEG effect on the CMC is discussed concerning its

molecular origin and its implications for membrane protein solubilization and crystallization.
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1 Introduction

Detergents (or surfactants)"” ? are used in diverse applications ranging from detergency, paint
formulations, food, and pharmacy to the biochemistry of membrane proteins.’ In the latter field,
nonionic amphiphiles, which possess a polar but uncharged headgroup, are of particular usefulness.
They are mild and not only allow for isolation of membrane proteins in a functional state, but have
proven essential in membrane protein crystallization, which is still a prerequisite for attaining
structural information about larger enzymes. Sugar surfactants’ are made of a hydrophilic sugar
headgroup and a hydrophobic n-alkyl chain. Among the detergents of widespread use in membrane
protein research are those sugar surfactants, where the two parts are connected via an ether bond.°
They are referred to as C,G; with n being the number of carbon atoms in the alkyl tail and s the
number of sugar (usually hexose) units in the head. An advantage of these detergents in many
applications is the relative temperature-insensitivity of their physico-chemical properties such as the
critical micelle concentration (CMC), i.e., the detergent concentration, at which the detergent
monomers start to form globular aggregates known as micelles. The significance of the CMC is that
micelles are required to solubilize hydrophobic compounds in the aqueous phase, e.g., dyes’ or
membrane proteins.®

The n-alkyl-B-D-maltosides (C,G2), which are in the focus of the present study, have been
used in many cases as solubilizing agents to achieve membrane protein crystallization.
Representative examples of a successful application of C,G, are photosystem I (PSI)’ and
photosystem II (PSI)''? as well as the cytochrome (cyt) bef complex13 of oxygenic photosynthesis,
a bacterial multidrug efflux transporter,'* a cyt ¢ quinol dehydrogenase,'” human leukotriene Ci

1617 and the rotor of the V-type Na™-ATPase.'® The homologous detergent C;,G, was used

synthase,
in the case of the yeast cyt be; complex,'” *° C1oG, for a glutamate transporter,”’ and CsG, for a
chloride channel.”* In addition, mixtures of alkyl maltosides have been applied in the crystallization
of bacterial cyt ¢ oxidase,” fumarate reductase,”* and mitochondrial respiratory complex I1.%
Protein crystallization requires the addition of a precipitating agent to change the protein-
protein interactions in a supersaturated solution such as to promote crystal assembly in favor of
amorphous aggregation. In essentially all of the above cited work, the soluble polymer poly(ethylene
glycol) (PEQG) has been used for this purpose. Despite the extensive use of PEG in connection with
alkyl maltosides, information about the effects of this cosolute on the aggregation behavior of C,G;
is scarce. Among the few studies that we were able to find in the literature, one work reports the
influence of PEG20K (average molecular weight of approximately 20,000 Da) on the CMC of
C12Gy, but only for one concentration of PEG.?® In another paper, the CMC of CgG; at three

different concentrations of PEG400 was determined in the context of membrane protein

crystallization.27 Both studies showed that PEG increases the CMC of C,G,. These results are in
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agreement with studies of n-alkyl-B-D-glucosides (C,G;) reporting an increase of the CMC due to
PEG3350 for n = 8 and 9 (in the presence of 0.5 M ammonium sulfate)*® and an increase of the
CMC of mixtures of CoG, with n-octyl-2-hydroxyethylsulfoxide due to PEG2000.%

Yet, the CMC shift induced by the precipitating agent is usually not the central object of
these investigations. Rather, the focus is on the effective interactions between detergent micelles
and protein-detergent complexes (PDCs) induced by PEG. The interest in these interactions
originates from the seminal work of George and Wilson™ who used the second osmotic virial
coefficient (By;) as a measure of intermolecular potential to define crystallization conditions for
soluble proteins. They found the B,, values under crystallization conditions to fall into a fairly
narrow range below zero, which they referred to as “crystallization slot” and which indicates small
attractive interactions between protein molecules. Later, the existence of a crystallization slot for
membrane proteins was demonstrated, and it was conluded that the detergent portion of the PDC is

important in determining the By values.? !

This finding implies that the detergent belt surrounding
the hydrophobic part of the protein surface in the PDC remains fully intact in the course of
crystallization and that detergent-detergent interactions (i.e, between detergent belts) are weakly
attractive. Then, a simple picture emerges, according to which the PDC is a fixed entity behaving
like a soluble protein and its aggregation behavior should be similar to and can be inferred from that
of free (i.e., protein-free) micelles. However, there are several objections that can be raised against
this simple picture: (i) Protein-protein interactions contribute to crystal contacts. Detergent belts in
crystals usually show a high degree of disorder, and their role in stabilizing a crystal is difficult to
assess. (i1) There are examples for membrane protein crystallization under conditions, where the
detergent-detergent interactions are essentially absent’ or even repulsive.”’ (iii) Many crystals show
a packing that does not allow for the accomodation of a fully developed detergent belt between the
protein molecules. Prototypical examples are the type-I crystals® of plant light-harvesting complex
I** and the hexagonal crystal form of bacterial porins,® in which the protein seems to be completely
stripped of bound detergent. In other cases, the detergent belt is partially removed or squeezed at
certain contact points as in the trigonal crystal form of bacterial porins®® or the monomeric
cyanobacterial PSIL"

Very recently, it was demonstrated for the first time that detergent-rich type-II crystals can
be transformed into detergent-depleted type-I crystals.*® Normally, however, it is believed that type-
I crystals are formed directly. The latter process requires crystallizing membrane proteins under
conditions that promote the degradation of the detergent belt. Then, the question arises of how this
can be accomplished without an amorphous precipitation of the protein. A prerequisite for an
understanding of these complicated processes is a sound knowledge about the influence of the

precipitating agent on the aggregation behavior of the detergent, as this will likely also affect the
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formation of detergent belts and the location of crystallizations slots. To this end, we investigated
CMC shifts of C,G, (n = 10, 11, 12) caused by PEG2000 by using two different fluorescence

probes. One is the well-established /,//5-fluorescence ratio” 26 37> 38

of the polycyclic aromatic
hydrocarbon pyrene and the other the fluorescence enhancement of 8-anilinonaphthalene-1-
sulfonate.”*! The observed CMC shifts are analysed on the basis of two different strategies of
molecular themodynamic modeling and related to the change of the surface tension of detergent-free
buffer induced by PEG. It will be shown that knowledge of the surface pressure of PEG solutions
can be used to predict CMC shifts. On the basis of these results, the role of the CMC and its relation

to the critical solubilization concentration (CSC) of membrane proteins® under crystallization

conditions will be discussed.

2 Materials and Methods

Detergents were purchased from Glycon (Luckenwalde, Germany), all other chemicals from Sigma-
Aldrich, and used without further purification. All experiments were performed with buffered
aqueous solutions containing 100 mM piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES), adjusted
to pH 7.0 with NaOH, and 5 mM CaCl, corresponding to the crystallization conditions of PSIL.'
Pyrene was suspended in buffer as in earlier work® to give an excimer-free stock solution of
approximately 0.5 uM. Fluorescence spectra were taken with a Horiba Jobin Yvon FluoroMax-2
spectrometer. The determination of the CMC was carried out by exploiting the /,//3-fluorescence
ratio’ of pyrene as in earlier work® as well as by using the fluorescence enhancement of 8-
anilinonaphthalene-1-sulfonate (ANS).*! For pyrene, fluorescence spectra were recorded between
360 and 400 nm with the excitation wavelength set to 320 nm and an integration time of 0.3 s. In the
case of ANS, the fluorescence was recorded in the range between 460 and 530 nm with an
integration time of 0.5 s, and excitation was at 370 nm.

The surface tension of buffer solutions with various concentrations of PEG2000 was
measured by drop shape analysis using a DataPhysics OCA 15 instrument with the pendant drop
method and Young-Laplace fitting (drop size 10 — 25 pL, needle diameter 1.83 mm). For density
correction, the density of the same buffer solutions was determined by using a Mettler Toledo DA-
100 M digital density meter. All measurements (and theoretical modeling, see Section 3.2) were

performed at room temperature (7 = 298 K).
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3 Results

3.1 Determination of CMC

We determined the CMC of the alkyl maltosides as a function of PEG2000 concentration, 7y, by
using two different fluorescence probes. ANS exhibits a marked increase of its fluorescence
intensity with a peak maximum around 500 nm, /xns, in the presence of micelles.*’ This property
can be used to determine the CMC as illustrated for C;»G; in Fig. 1A. We observe Ixns to remain
essentially constant below a certain threshold value, Cans, of the total detergent concentration and to
increase above that value. Cans 1s determined graphically by linear extrapolation of the constant part
and the initial rise of the titration curve as shown in Fig. 1A. In Fig. 2A are shown various titration
curves for C;;G, at different concentrations of PEG2000. It can be seen that the rise of the curve
above Cans becomes flatter with increasing PEG concentration, and Cans increases (ESL, Tables
2-4). This behavior is observed for all C,G; (Fig. 3). In the following, we shall identify Cang with
the CMC. For later analysis, we show in Fig. 4 the dependence of In(Cans/Cp) on x, where Cj is the
CMC of the respective detergent in the used buffer in the absence of PEG. Within the error limits,

In(Cans/Co) depends linearly on the PEG concentration according to

CANS _
In (C—oj =kKpx (1

where by analogy with the salt constant, we introduced the polymer constant kp. We find kp = 0.040
+ 0.005 (% w/v) ' for n =10, kp = 0.045 + 0.002 (% w/v) "' for n =11, and kp = 0.046 = 0.005 (%
w/iv) ! forn=12.

The richly structured fluorescence spectrum of pyrene is known to be sensitive to the
polarity of the environment of the pyrene molecule. In particular, the intensity ratio of the first
vibronic band at 370-372 nm to the third band at 381-383 nm (/;//5-ratio) is decreased, when the
pyrene molecule is transferred from the highly polar aqueous phase to the less polar interior of a
micelle. This effect allows to monitor micelle formation via the [ 1/[3-rati0.7 A typical titration curve
for C,,G; is shown in Fig. 1B. At low detergent concentration in the absence of micelles, /;/Iz = 1.7,
whereas after micelle formation at high detergent concentration, /,//5 = 1.2. In between, there is an
interval of the detergent concentration, in which the 7)/I3-ratio decreases gradually. There are
different prescriptions in the literature for the extraction of the CMC from such a titration curve. In
principle, there are three characteristic points in the curve: (i) the inflection point (denoted x in Fig.
1B), (i1) the interception of the tangent to the inflection point with the horizontal line representing
the final /,/Is-ratio (x,, green arrow in Fig. 1B), and (iii) the interception of the tangent to the
inflection point with the horizontal line representing the initial /;//5-ratio (x;). The characteristic

detergent concentrations related to these points can be determined graphically as indicated by the
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green lines in Fig. 1B. However, Aguiar et al.”® suggested a more precise method that is based on an

approximation of the titration curve by a Boltzmann-type sigmoid

V= Ve @)

where the variables x and y are the total detergent concentration and the /;/;-ratio, respectively, y;
and y, are the upper and lower limits of the sigmoid, xj is the inflection point, and Ax is the slope

parameter. The meaning of the latter parameter can be illustrated by calculating the first derivative

at x = xo:
[ﬂ) — Yo~ Y1 (3)
dx /)., — 4AX

which is the slope of the tangent to the inflection point. This slope is negative for y, < y; as in the
case of y = I}/I5, and the decrease of y is steeper the smaller Ax. The tangent itself is given by the

equation

Y. tY, Yo=Y
= — 4
2 i 4AX (X XO) @

Yi

Equating y; with y; and y, allows for a straightfoward determination of the interceptions of the
tangent with the lines representing the initial and final ,/I5-ratio, respectively:*®

Xy, = Xo F 2AX (5)
There is no consensus as to whether x¢, x; or x; should be identified with the CMC. Comparisons
with other methods for the determination of the CMC yielded a variety of assignments. Here, we
compare with the ANS data and find

Cans = X, = X, —2AX (6)
(Fig. 3 and ESL Tables 2—4). This result is in agreement with Aguiar et al.”® who suggested CMC
= x; for nonionic detergents. We note that we used CMC = x;, (green arrow on Fig. 1B) in our earlier
work.® A possible meaning of x, in the context of membrane proteins is discussed below. In
accordance with Aguiar et al.,”® we find xo/Ax < 10 for the nonionic detergents (ESL T Tables 2—4).

The effect of PEG2000 is to increase both x¢ and Ax (ESI,{ Tables 2—4) so that the titration

curves are shifted to higher detergent concentrations and widened (Fig. 2B). The changes are such
that x; is increased in accordance with Cuans (Fig. 3). Thus, the increase of the CMC due to

PEG2000 as inferred from the ANS data is confirmed by the pyrene data.
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3.2 Thermodynamic Modeling
3.2.1. Modeling of Cy. The CMC is related to the free energy change per detergent molecule

Ap’. for the transfer of the detergent monomer into the micelle by

0
O = 3 =10 X ™)
where CMC = Xewmce - ¢iot(0), Xome 1s the mole fraction of detergent at the CMC, kg is Boltzmann's
constant, 7" the absolute temperature, and c(0) the total molarity of the solution defined further
below in Section 3.2.2. The application of eq. (7) implies the assumption that Xcye = X with X
being the mole fraction of detergent monomers at the CMC. Modeling of the CMC is possible by
using the traditional molecular thermodynamic (TMT) approach*? or the more recently proposed so-
called computer simulation-molecular thermodynamic (CS-MT) approach.*

3.2.1.1. TMT approach to Cy. In this model, gmic is decomposed into different contributions:

8mic = ur T Zint T Zpack T Gst - 3
Here, the transfer term g determines the free energy change of transferring the alkyl chain of the
detergent molecule from water into a liquid hydrocarbon phase representing the hydrophobic core of
the micelle, the interfacial term gj, respresents the free energy change associated with the formation
of an interface between the hydrophobic alkyl tail or micelle core and the surrounding water, the
packing term gpack accounts for free energy changes due to packing constraints of the alkyl chains in
the micelle core forcing them to adopt different conformations than in a pure hydrocarbon liquid,
and the steric term g describes headgroup interactions in the micelles. The exponential dependence
of the CMC on the alkyl chain length can be traced back to g, which is a linear function of n, the
number of carbon atoms in the alkyl chain:

g = gu(CH3) + gu(CHy) (n — 1) 9)
with gi(CH3) and gi(CH,) being the contributions of the methyl and methylene groups, respectively,
to the transfer term. At this point, we note that an error has occurred in the theoretical estimation of
the CMCs in ref. 8, where a factor of 10° got lost for unknown reasons. In fact, the values of gp;c
deduced from the experimental CMCs based on eq. 7 and the values of g calculated from eq. 9
differ by ~7 (depending slightly on »). Thus, if the drastic approximation gmic = g is made as in ref.
8, the CMC values are underestimated by three orders of magnitude, which demonstrates the
importance of the other terms in eq. 8. Recently, Stephenson et al.* performed molecular dynamics
(MD) simulations of alkane droplets in water and inferred values of g for octane, dodecane and
hexadecane. From these data, we can deduce gi(CH3) = —3.72 + 0.07 and g(CH,) = —1.45 + 0.02
(ESL+ Fig. 9) in agreement with earlier estimates.*” The values of g calculated from these values
on the basis of eq. 9 are denoted as g, (TMT) in ESL T Table 5.

The interfacial term is modeled as*?
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Ohw _
T (A=A) (10)

Qine =
where oy 1s the interfacial tension between the hydrophobic micellar core and the aqueous
environment, A is the surface area of the micellar core per detergent molecule (see below), and 4 is
the area per molecule of the core shielded from the aqueous phase by the sugar head group of the
detergent. Following Nagarajan and Ruckenstein,** we choose opy as the macroscopic interfacial
tension between an aliphatic hydrocarbon (h) of the same molecular weigth as the detergent’s alkyl
tail and water (w). This interfacial tension can be calculated in terms of the surface tensions y;, and

Yw» respectively, of the hydrocarbon and water (i.e., liquid-air interfacial tensions) according to*> 4

45

G = Vn +Vw — 2017w (11)
with @ ~ 0.55 forn=10-12,

vy, =35.0-325 M " —0.098 (T —298) (12)
and

v, =72.0-0.16 (T —298) (13)

where 7 is the absolute temperature and M the molecular weigth of the hydrocarbon in atomic mass
units. From these egs., we obtain Gy, = (50 £ 1) mN/m at 7= 298 K.

In contrast to other applications of the TMT approach, it is not our intention here to predict
aggregation numbers and micellar shape. Rather, we use constraints from experimental information
to model the various free energy contributions to Co. Lipfert et al.*® analysed the aggregation
number m and micellar shape of C;oG, and C;;G, by means of small-angle X-ray scattering
(SAXS). In particular, the forward scattering intensity was shown to be a rather direct measure of
the aggregation number that is independent of form factor models. We use their values for C;0G>
and C2G; (ESLt Table 5) together with an interpolated value for C;;G,. The values are in good

agreement with data from independent sources*” *

(see also ref. 8). The SAXS data suggest a
model, in which the micellar core is an oblate spheroid with minor radius a and major radius b, and
the shell of detergent head groups has a thickness of d = (6.15 + 0.15) A (Fig. 5). The experimental
values*® of @ and b for C1¢G, and C1,G; are listed in ESL,t Table 5 together with the eccentricity (or

ellipticity)

a2
8_1/1_b_2 (14)

Note that a, b, and € depend on n. Note also that a < /. < b, where /; is the maximum extension of an

alkyl chain of length n given approximately as** I = (1.50 + 1.265 n) A, but . is closer to a than to
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b (ESLT Table 5). The molecular volume V, of the alkyl chain can be calculated from the group
contributions according to*

V.=V(CH3) + V(CH,) (n— 1) (15)
with V(CHj3) = 54.6 A® and V(CH;) = 26.9 A% at T =298 K. It is found that m V. = V within the
error limits (ESI,{ Table 5), where

V, = mab’ (16)

is the volume of the spheroidal core. Thus, we can calculate a and b for n = 11 by setting Vo=m V.
and assuming a value of ¢ = 0.86 midway between the eccentricity values for C;¢G; and C;,G,,
resulting in @ = (13.0 £ 0.2) A and b = (25.5 = 0.4) A. From these data, we can determine the
surface area of the micellar core as
-2 o 2) -
With 4 = A/m and Ay =21 A? (see ref. 42) we have all we need to calculate giy (see ESLT Table 5).
For the analysis of the PEG effect in the framework of the TMT approach (see below), it is
advantageous to treat g, on an equal footing with giy: by expressing it phenomenologically in terms

of the interfacial tension oy, as

th th
Nt

KT KT

[S(CH,) +S(CH,) (n-1)] (18)

where S is the molecular surface (solvent-excluded surface (SES) or Connolly surface™) of the
hydrocarbon and S(CH3) and S(CH,) are the group contributions. Tufién et al.”® found a strictly
linear correlation between the molecular surface and the transfer free energies of alkanes forn =1 —
10 with a slope of (69.2 = 1.1) cal/(mol A?). This can be translated into (48 + 1) mN/m in
remarkable agreement with the value for oy, calculated above for n = 10 — 12. To obtain the group
contributions, we can plot the surface area values over n — 2 (ESL 7 Fig. 10) resulting in S(CH;) =
35.02 A% and S(CH,) = 19.85 A%. However, the values of g calculated in this way are consistently
larger than g(TMT). The reason is that the transfer free energies used in ref. 50 are somewhat
larger than those in ref. 42 and 43. Since the smaller values have proven to be suitable for the
modeling of micelle formation, we introduce here a correction factor a to match the surface-based
model of g to the traditional model. We set o = 0.71 corresponding to the ratio of transfer free
energies of octane, which is the only alkane that occurs in both, ref. 43 and 50. The resulting values
of gy are labeled g(SES) in ESI,{ Table 5. Thus, we can understand g and gj, jointly as a term
representing the contribution to gmic due to a change of the effective molecular surface of

hydrocarbons exposed to water:

10
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0y + G = 2 (A=A ~0S) (19)

kB
The packing term gpack is used to model the energetic and entropic consequences of a
different conformational distribution of the alkyl chains in the micellar core compared to a liquid
hydrocarbon phase. This is necessary, because the spatial constraints affect the conformational
distribution and one end of the alkyl chain is required to stay at the surface of the micellar core due
to its connection to the maltose head group. Nagarajan and Ruckenstein** proposed an empirical
formula based on lattice models
_3n°R?
Ik = o7
Here, L = 4.6 A is the lattice constant, N = (n + 1)/3.6, and R; is the radius of the micellar core

(20)

assumed to be a sphere. For simplicity, we assume this formula to be approximately valid also for
an oblate spheroid with R, = (ab®)"? representing the radius of a sphere that has the same volume as
the spheroid.

Finally, g is modeled by assuming a hard core repulsion interaction between headgroups at

the micellar surface, resulting in**
Oq =—In[1—%j (21)

where 4, = 40 A? is the effective cross-sectional area of the maltose headgroup.

The Cy values calculated on the basis of g(SES) are closer to experiment than those
calculated from g (TMT) (ESL Table 5). Thus, the decomposition of gnic involving g(SES) is a
reasonable basis for the further analysis of the PEG effect (see below).

3.2.1.2. CS-MT approach to Cy. Stephenson et al.* °" ** studied micelle formation by
applying MD simulations. Based on their analysis, which they referred to as computer simulation-
molecular thermodynamic (CS-MT) modeling approach, they proposed a different decomposition of
&mic:

&mic = Zdehydr T hydr T Zpack + st - (22)
in which the traditional terms g and gin are replaced with ggehyar and ghyar- The dehydration term
Zdehydr accounts for the change in free energy associated with the dehydration of detergent monomers
that accompanies the self-assembly into micelles. In the approach by Stephenson et al.,* Zdehydr 1S
further decomposed according to

Mhydr

Dgenyar = 20— ;) g{? (23)
j=1

where nnygr 1s the total number of hydrophobic groups in the detergent molecule, (1 — f)) is the

fractional dehydration associated with group j upon micelle formation, and g.” is the free energy

11
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for the transfer of group j from the aqueous solution into the micelle. Hydrophilic groups are
assumed to have a negligible effect on the dehydration free energy. Nonetheless, the contributions to
Zdehydr do not soley originate from the alkyl tail, depending on the chemical nature of the headgroup.
Finally, the hydration free energy term gnyq- in €q. 22 accounts for free energy changes experienced
by water molecules that remain in a hydrating contact with the detergent upon micelle formation.

Stephenson et al.>! analysed gdchyar and ghyar for C12Go on the basis of MD simulations. We
use their values for C,G; as well. As there are no such data for the other two detergents and MD
simulations are beyond the scope of the present work, we assume for simplicity that gnyqr is the same
for all n between 10 and 12. Values of ggenyar for C11G, and CioG, are approximated by subtracting
from the value for C;,G; once and twice, respectively, the term (1 — ') go(CH>), where g(CH,) is
the transfer free energy of a methylene group (see Subsection 3.2.1.1.) and /= 0.19 is the average
fractional hydration of a group in the alkyl tail as determined for C,G, from the MD simulations.”!
The values obtained in this way are denoted ggchya(CS-MT) in ESL{ Table 6.

Similar to the treatment of g, above, it will be advantageous for the analysis of the PEG

effect to express gaenydr in terms of the interfacial tension Gy This is possible by rewriting eq. 23 as

nhydr

=— h. 24
gdehydr kBT ; j ( )

where /; = (1 — f;)S;, o is the correction factor and S; is the molecular surface of group j. The sum is
evaluated by averaging over similar groups in the detergent molecule:
% h; =h(CH,;) + (n-1)h.(CH,) + 2h,_,.(CH,) +10h_.(CH) (25)
j=1
Here, h(CHj3) represents the final CH; group of the alkyl tail, 4.(CH;) the methylene groups in the
alkyl tail, Ama(CHz) the methylene groups in the maltose headgroup and /ma(CH) the CH units of
the sugar moieties in the maltose headgroup. The average f values for the different group types are
derived from the data of Stephenson et al.,”' resulting in 2(CH3) = 0.81 S(CH3), h.(CH,) = 0.81
S(CH3), hmai(CHz) = 0.17 S(CH3), and Ama(CH) = 0.30 S(CH) with S(CH3) and S(CH;) as above
(see Section 3.2.1.1.) and S(CH) estimated to 5 A* by extrapolating the difference between S(CHj3)
and S(CH,). The values obtained in this way are denoted ggenya:(CS-SES) in ESI,{ Table 6.

The Cy values calculated on the basis of ggenya(CS-SES) are clearly closer to experiment
than those calculated from ggehyar(CS-MT) (ESL{ Table 6), but the quality of the data depends on
the estimate of S(CH) as well as the way of calculating gpack and gs. Note that we use different
values of gpack and gy than Stephenson et al.,5 ! which explains the difference between our value of
Co(CS-MT) for C1,G; and their value of (0.14 £ 0.01) mM.

3.2.2. Modeling of kp. The CMC shift as a function of PEG concentration y can be related to
the shift in free energy change by

12
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|n[ﬂ] _ |n( X emc (X)j n In(ctot (X)] (26)
Co X emc (0) Cit (0)

where cioi(y) and co(0) are the total molarities of the buffer in the presence and absence,

respectively, of PEG. Neglecting the molarities of other components of the solution besides the

buffer (PIPES), we have

(p_CPwMMP)"'E L - L ]X"‘Cplp (27)

1
Cot (X) =
“ M I\/IPEG Mwat

wat
Here, p is the mass density of the solution (see ESI, Fig. 11), cpp the molar concentration of the
buffer and Mya: , Mpip, and Mpgg are the molar masses of water, PIPES, and PEG2000 respectively.

For y =0, we have

Coot (0) = Mp +(1_ MPIPJ Coip (28)

wat |vlwat

that is, c(0) = 54.68 mol L™' for 100 mM PIPES. cot() 1s a linear function of y (ESL{ Fig. 12).

For y <25 % w/v, the logarithmic correction term in eq. (26) is approximately proportional to y
with proportionality constant n =—0.01 (% wiv) ' (ESLT Fig. 13), so that

,n[cAst _ Mg (0 = Aug(0) ,n(ctLoo

C, KgT Cy (0)

where gmic(¥) = In Xcme(y) and gmic(0) = In Xemce(0) are the free energy changes in the presence and

j: gmic(X)_gmic(0)+nX (29)

absence, respectively, of PEG. In the following, we will evaluate the PEG effect based on the
decomposition of gnic according to the TMT and the CS-MT approach. In both cases, we assume
that the geometric characteristics of the micelles are not affected by PEG, so that gpack and gy remain
unchanged.

3.2.2.1. TMT approach to kp. In this model, the CMC change is due a shift of g, + gint,

which according to eq. (19) can be expressed as

C A
In( S:S} ih:T(X) (A=A, —aS)+1y (30)

where AGhy = Ghw()) — ohw(0) is the change in interfacial tension due to PEG and oy,,(0) is given by
eq. (11). As shown in Section 3.3, the surface tension 7y, depends linearly on y for PEG
concentrations y > 1 % w/v:

Y () =74 (0) =7 (0) =y, G
where my(0) and k are constants characterizing the linear part of the function (see Section 3.3). We

assume the same linear dependence to be valid for opw(y), 1.€., we make the ansatz

G (1) = 04, (0) =1y (32)

13
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with the same constant k as in eq. (31). This assumption is discussed in Section 4.1. The analysis of
experimental data based on eq. (31) yields k = 0.179 + 0.009 mN m "' (% w/v) . Thus,
Aoy, (1) = = (33)

Inserting into eq. (30) and comparing with eq. (1) results in a formula for the polymer constant:

K AAZ0S L 80+0,O)

’ kgT o (0) i ©4)

where g,(0) and gi,(0) are the values for gi(SES) and g, respectively, for y = 0 as listed in ESL T
Table 5 (The sum g(0) + gin(0) is listed in Table 1). The values of kp calculated in this way
(kp(TMT) in Table 1) are in remarkable agreement with the experimental values kp(exp.) and show
the same tendency to slightly increase with increasing n.

3.2.2.2. CS-MT approach to kp. Here, we make the assumption that the CMC change is
exclusively due to a shift of gyenyar. Accordingly, we write

C o AG,, W
In| =ANS | = _ hw h, + 35
( c. j T Z‘ L+ (35)

With eq. (33), this results in

nhydr O
o Zhl K+m= gdehydr( ) K+M (36)
kBT =1 Ohw (O)

K, =—

where gehyar(0) corresponds to gaenya( CS-SES) for y = 0 as listed in ESL{ Table 6 and Table 1. The
calculated values of kp (kp(CS-MT) in Table 1) are slightly higher than those of kp(TMT) and the

experimental values kp(exp.).

33 Effect of PEG2000 on surface tension
To obtain a model for the dependence of Ghy on y, we measured the surface tension of the
used buffer as a function of x. The result is shown in Fig. 6. It can be seen that there is a very steep
decrease of y,, for small values of y followed by a flatter linear decrease at higher PEG2000
concentrations. Thus, the surface pressure my(y) = yw(0) — yw()) is characterized by a straight line
with slope k and intercept m5(0) for x > 1 % w/v:
s () = Yw (0) =7y, (1) = xx + 7, (0) (x> 1% wiv) (37)
Here, the constant 7y(0) accounts for the strong decrease of () in the range y < 1 % w/v. (The
blue line shown in Fig. 6 is yw(0) — (%), i.e., eq. (31).) As discussed below, we use the linear
dependence characterized by the slope k as model for the dependence of the interfacial tension oy,

on the PEG concentration .

14
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4 Discussion

4.1 Modeling of the polymer constant and its relation to the surface tension

In order to understand the effect of PEG2000 on the CMC of alkyl maltosides, we
performed a molecular thermodynamic modeling following two different strategies, the traditional
MT* and the more recent CS-MT.**>">% In both approaches, the free energy for micelle formation,
Zmic (In units of kg7T), which is the relevant thermodynamic quantity that determines the CMC, is
decomposed into various contributions. Only part of these contributions depend on the hydrophobic
effect. Upon micelle formation, detergent molecules are dehydrated in the sense that fewer
hydrophobic groups of one detergent molecule are exposed to the aqueous phase in the micelle
compared to the detergent monomer. Hence, the hydrophobic effect is central to the understanding
of the CMC. Those parts of gni. that represent this dehydration are gy + gine in TMT (eq. (19)) and
Zdehydr In CS-MT (eq. (23)).

Our modeling of the polymer constant kp, characterizing the PEG effect on the CMC, is
based on the assumption that PEG influences the interfacial tension oy related to the molecular
surface of hydrophobic groups in the detergent molecule in the same way as it influences the surface
tension Yy, of the solution at PEG concentrations x > 1 % w/v. This assumption results in a fairly
good agreement between measured and calculated polymer constants (Table 1). It allows relating k
and kp in a simple way via the terms of gmic that depend on oyy. The details of this relation depend
on the type of molecular thermodynamic modeling employed, but in both approaches, TMT and CS-
MT, the essential result is

ko =xc(n) +n (38)
where c(n) is a detergent-specific constant that depends inter alia on the alkyl chain length n (see
eq. (34) for TMT and eq. (36) for CS-MT) and m is a correction for molarity valid for PEG
concentrations y < 25 % w/v. A practical consequence of eq. (38) is that knowledge of the surface
pressure of buffers with varying PEG concentrations (eq. (37)) entails the possibility to predict
CMC shifts in these buffers via eq. (1). In the following sections 4.2 and 4.3, we shall discuss, why
the CMC shifts might be of importance in the context of membrane protein research.

Nonetheless, a correlation between kp and k according to eq. (38) is not self-evident. To

understand why, we shall have a closer look on the underlying thermodynamics. Assuming that only

water (component 1) and PEG (component 2) enter the buffer-air interface with mole numbers n;

and n; in the surface and chemical potentials p; and p,, the Gibbs-Duhem equation for this surface
at constant temperature reads
— A, dy,, =n;dy, +nydu, (39)
By dividing eq. (39) through by the surface area 4,, we obtain
15
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—dy,, =Ldy, +T,du, (40)
where I; =n; /A, are the surface concentrations. For the bulk phase, the Gibbs-Duhem equation at
constant temperature reads

VdP = n>dy, +nydu, (41)
with n” being the mole number of component i in the bulk liquid. At constant pressure, the

relationship

o
dy, = __idlvlz (42)
n

results, which upon insertion into eq. (40) yields

—dy, = (rz -1 ”-%Jduz - (rz -1 C—Zjduz (43)

n C,

where c; and ¢, are the molar concentrations of water and PEG, respectively, in the bulk. Note that
¢2 = By, where B = 10/2000 (mol L )/(% w/v) for PEG2000. Introducing the partition coefficients
K;=T/c; and assuming du, = RTdInc,, we obtain

—dg—)zszTB(Kz—Kl)=K (44)
Hence, « is a constant, if K, — K| is a constant (at constant 7). This is at least the case, if K; and K,
are independently constants. In other words, the surface tension becomes an approximately linear
function of y at higher PEG concentrations, if the ratio of surface to bulk concentrations becomes
approximately fixed for both components. Note that K, > K; in order for x to be positive. This
implies a significant excess of PEG in the surface. For K, = 0 (no PEG in the surface), the surface
tension would increase with increasing PEG concentration and then could be traced back to the
decreasing water activity in the bulk solution. The decrease of the surface tension with increasing
PEG concentration indicates that PEG is located in the surface.

We can perform a similar analysis for the hydrophobic surface of a molecule like a detergent

monomer in the PEG solution, resulting in

doy, - o
9 g k) ()
Here, K simply represents the partitioning of water between the bulk phase and the hydration shell
of the molecule. However, K; then represents the partitioning of PEG between the bulk phase and

the hydration shell. Thus, K; actually is an association constant that describes the interaction of

detergent monomers with PEG molecules in a way that water molecules of the hydration shell are

displaced. The detergent-PEG association results in a “pre-dehydration” of the hydrophobic

16
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molecular surface of the detergent monomer, so that the free energy gain of forming micelles is
reduced and the CMC increased. This effect is modeled indirectly via the terms of gn;c that depend
on the interfacial tension. The actual problem of this approach is not eq. (45), but the use of the
same « for both, surface and interfacial tension, for this implies

K,-K, =K;-K/ (46)
This equation states that the partitioning of both components is the same for the macroscopic buffer-

air interface and the microscopic molecular interface. It is not clear, why this should be true. Note
that if K, =K7 =0 (no component 2 in any surface), the use of the same k would be easier to

justify, since it could be explained with the decreasing water activity at increasing concentration of

component 2 in the bulk. This is probably true for component 2 being an electrolyte. However, in
the case of PEG, we have to explain why K, = KJ #0.

One possible explanation for the observed dependence of y,, on the PEG concentration (Fig.
6) is that at y > 1 % w/v the surface is saturated with PEG in the sense that any further PEG
molecule entering the surface is actually adsorbed to another PEG molecule. Then, the driving force
for going into the surface, and hence K>, is determined by interactions between PEG molecules that
likely occur between ethylene units. This interaction is probably similar to that between an ethylene

unit of PEG and the alkyl tail of a detergent monomer, so that the driving force for going into the
surface is similar to that for detergent-PEG association and K, = K7 . At present, this explanation is

hypothetical, and further work needs to be done to evaluate it. Other issues to be addressed in future
work are the following:

4.1.1. Analysis of titration curves. The determination of the CMC is based on a
phenomenological assignment of characteristic points in the function y(x) to the CMC, where x is
the total detergent concentration and y is a suitable observable such as the fluorescence intensity or a
fluorescence ratio. The relationship between these characteristic points and the explicit
concentrations of particular molecular species in the sample such as detergent monomers, micelles
or detergent aggregates of various sizes is usually unknown. It is therefore not surprising that
methods employing different observables often yield different values for the CMC (see, e.g., the
discussion by Al-Soufi et al.”®). Consequently, any attempt to link experimental CMCs to the free
energy of micellization as in eq. (7) bears the risk that the measured quantity is not exactly what is
described by gnic. To obtain a better quantitative analysis of CMC data, it will be necessary in the
future to properly define an observable-independent CMC based on a thermodynamic analysis of
self-assembly and then, in a second step, to link this CMC to specific observables by explicit

modeling of the experimental conditions.
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4.1.2. Molecular thermodynamic modeling. Even if the relationship between experimental
CMCs and the free energy of micellization is clarified, there remains the formidable task to link gp;c
to molecular properties. The traditional MT approach® is a basis for a decomposition of gmi into
contributions that depend on the hydrophobic effect and those that do not and for a description of
the PEG effect in terms of the former. However, in TMT, concepts from macroscopic physics are
applied that are not necessarily suitable at a molecular scale. The more recent CS-MT approach™ "
32 offers a promising alternative as it helps to link gmic more directly to molecular properties based
on MD simulations. Nonetheless, the CS-MT approach is not yet fully developed, and more
simulations will have to be done to improve its accuracy. For example, a necessary next step is to
perform explicit MD simulations of C,9G; and C;;G; in comparison to C;,Go.

4.1.3. Understanding the surface tension of PEG solutions. Adsorption of PEG into the air-
water interface is normally studied at very low PEG concentrations (see, e.g., Gilanyi et al.>*), and

information about the surface composition of highly concentrated PEG solutions is lacking. The

latter would help to develop a clear theoretical model of the correlation between kp and «.

4.2 Implications for membrane protein solubilization

In ref. 8, we studied the resolubilization of a detergent-depleted membrane protein in
aqueous solution. The investigated cyanobacterial PSI has the peculiar property of changing its
fluorescence spectrum upon formation of the detergent belt due to a response of protein-bound
pigments to the detergent-protein interaction by a yet unknown mechanism. This effect was
quantitatively analyzed for its dependence on the detergent and protein concentrations in
conjunction with turbidimetry and pyrene fluorescence. In this way, it became possible to correlate
changes of the /;/I;-ratio of pyrene with the resolubilization of the membrane protein. The titration
curves in the presence of PSI are similar to those in its absence, but shifted systematically to higher
detergent concentrations with increasing protein concentration. The point x; in the titration curves
correlates with the detergent concentration, where the turbidity approaches its lowest value
indicating the resolubilization of the membrane protein. Hence, it was assigned to the critical
solubilization concentration (CSC, see Fig. 7). On the basis of the present data, we interpret x; as
the detergent concentration, where micelles start to form, that is, the CMC. As argued in ref. 8, the
free energy of the formation of detergent belts should be very similar to gmic. Therefore, we interpret
the [;/[;-titration curves in the presence of membrane protein in the following way: At x; (the
CMC), micelles and belts start to form. The latter implies that PDCs start to form. In the region
between x; and x,, the concentrations of PDCs and micelles increase. At x, (the CSC), the formation
of PDCs reaches its limit, i.e., the limit of saturation of the hydrophobic (originally membrane-
spanning) protein surfaces with detergent. Hence, x; is the critical detergent concentration for

membrane protein solubilization. Above x,, the concentration of PDCs remains essentially constant,
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but the concentration of (protein-free) micelles may further increase. According to this
interpretation, there is not enough aggregated detergent in the concentration range between x; and x;
to fully saturate the hydrophobic protein surfaces. Therefore, this range might be suitable for the
formation of type-I crystals as discussed in Section 4.3.

An important result of ref. 8 is that the CSC shows a logarithmic dependence on the protein
concentration cpro Similar to the dependence of the CMC on the PEG concentration observed here:

CSC
In (CMC J = kprotcprot (47)
0

In this formula, CMC, is the CMC in the absence of protein and k,: a constant (the “protein

constant”, termed N, in ref. 8). Note that the CSC is associated with x,, but x; depends on cpro as

well, albeit weaker. The behavior is qualitatively the same as observed for PEG (Fig. 3). The weak
dependence of kpo on the alkyl chain length » of the detergent C,G> could not be resolved, but
likely exists. The important point is that such an influence of the membrane protein on the CSC and
CMC cannot be explained with the binding of detergent molecules to the hydrophobic (originally
membrane-spanning) protein surfaces, as this would require the formation of too large detergent
belts for smaller # (in particular, n = 10, see ref. 8). Instead, the logarithmic dependence on cpro is a
sign of a change of the free energy of detergent aggregation (into belts or micelles) by the protein in
a way similar to the change of gnic by PEG. Therefore, we suggest that proteins influence the free
energy of micellization by binding detergent monomers to their surface in addition to the formation
of the detergent belt. Then, also a water-soluble protein should increase the CMC of a nonionic

detergent. We are presently testing this hypothesis with further experiments.

4.3 Implications for membrane protein crystallization

In Fig. 8A is shown a qualitative phase diagram of a membrane protein solution containing
detergent and PEG with the CMC and CSC as a function of PEG concentration indicated according
to our present knowledge. Note that CMC and CSC depend exponentially on the PEG concentration
x with CMC = CMC, exp[kpy] and CSC = CSCy exp[Kk" %], where CSCy is the CSC in the absence
of PEG and depends on the protein concentration, and k™ > kp. The dependence of the CSC on y is
still hypothetical, but preliminary experiments on PSI performed as in ref. 8 suggest that PEG
increases the CSC (F. Miih, D. DiFiore, A. Zouni, unpublished data). Type-II crystals contain a fully
developed detergent belt and, therefore, can be expected to form in a region of the phase diagram,
where the membrane protein is fully solubilized, i.e., above the CSC curve (Fig. 8B, left). Since at a
given protein concentration, the interactions between PDCs suitable for crystal formation depend on
the PEG concentration, there should be a crystallization slot according to George and Wilson,” i.e.,

a certain range of y, where B, is slightly negative and crystals form preferentially. For type-II
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crystals we call this range “slot II”. Very likely, the concentration of protein-free micelles is
increased with increasing detergent concentration above the CSC. If free micelles perturb
crystallization, the optimal region for the formation of type-II crystals should lie in slot II right
above the CSC curve as indicated by the green diamond in Fig. 8A (see also Fig. 8B, left). In a
batch method, the detergent and PEG concentrations have to be adjusted to these optimal values. In
a vapor diffusion method (hanging or sitting drop), the concentrations of solutes are gradually
increased and the starting conditions have to be adjusted so that the system develops as indicated by
the green arrow in Fig. 8A to reach the optimal region in the phase diagram.

Type-I crystals are depleted of detergent and thus can form directly only in a region of the
phase diagram, where the detergent belts are destabilized. This is likely the region between the CSC
and the CMC curves in Fig. 8A, i.e., below the CSC curve (see also Fig. 8B, right). There is also
likely a certain range of PEG concentrations optimal for crystal formation, which we shall term “slot
I”. The optimal region is indicated by a blue diamond in Fig. 8A. Since the membrane protein tends
to aggregate below the CSC, a batch method might be problematic and a vapor diffusion method
could be advantageous, in which the system starts above the CSC with stable detergent belts and is
then driven slowly below the CSC to destabilize the detergent belts (blue arrow in Fig. 8A).

According to these considerations, the CSC curve plays a crucial role in both, type-I and
type-1I crystallization. The precipitating agent (here: PEG) plays two roles: It not only influences the
protein-protein interaction, but also the stability of the detergent belt. It might, therefore, be possible
to optimize crystallization conditions by tuning the detergent concentration taking the effect of the
precipitating agent into account. However, there are two problems in practical applications. (i) The
CSC curve needs to be known at protein concentrations suitable for crystallization. It is possible that
the fluorescence assay suggested here may not be applicable under these conditions (e..g, if protein-
bound chromophores obscure the pyrene fluorescence) and more involved techniques (e.g.,
dynamical light scattering) have to be used to determine the solubility boundary of the membrane
protein. (i) Membrane protein samples contain an usually unknown amount of detergent originating
from the preparation and concentrating procedures, which perturbs the determination of phase
diagrams, and methods for detergent quantification are required (e.g., thin layer chromatography).
For the moment, the only advice that can be given is to consider the detergent as a critical
component in the crystallization setup, whose concentration should be carefully adjusted in
screening experiments.

Recently, it was demonstrated that type-I crystals can be obtained indirectly, i.e., by
transformation of initially formed type-II crystals®® (red arrow in Fig. 8B). So far, the observation of
such a crystal transformation is unique, and it is unclear at present, whether it can be considered a

general new route to type-I crystals. The transformation requires an extraction of detergent from the
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crystal, which is supported by PEG. More precisely, type-II crystals of cyanobacterial PSII were
incubated successively in detergent-free solutions with stepwise increasing concentrations of PEG
5000 monomethyl ether (MME).*® The transformed crystals showed a significant improvement of
the diffraction quality, which is likely due to a tightening of protein contacts in the crystal between
originally membrane-spanning surfaces (Fig. 8B). This result demonstrates the potential advantage
of type-I over type-II crystals for crystallographic structure analysis. To further optimize the indirect
formation of type-I crystals, it is of interest to know the mechanism of the PEG-induced detergent
extraction. So far, the transformation does not work with C;,G,, but only with crystals containing a
different type of nonionic detergent, octaethyleneglycolmonododecylether (Ci;Eg). The headgroup
of this detergent is itself a PEG-like molecule. It was proposed that PEG stabilizes the detergent
monomers in the solution surrounding the crystal as represented by the increase of the CMC and, in
this way, promotes extraction of the detergent from the crystal. Indeed, it was found that the
polymer constant of PEG 5000 MME is larger for CEg than for C12G2.36 We are presently further

analyzing this effect and its relation to the surface tension of the transformation buffer.

5 Conclusions and outlook

We have analyzed the influence of PEG2000 on the micelle formation of alkyl maltosides
(C,Gy with n = 10, 11, 12). The approximately linear dependence of In(CMC/CMCy) on the PEG
concentration y is traced back to a linear shift of the free energy of micellization that correlates with
the change of the surface tension of detergent-free aqueous solutions at x > 1 % w/v. The effect is
interpreted as due to binding of detergent monomers to PEG, which is postulated to be similar to the
binding of PEG to a PEG-saturated buffer-air interface at bulk concentrations of PEG between 1 and
25 % w/v. A similar mechanism is postulated for the influence of proteins on micelle formation.
Membrane proteins influence the formation of micelles and the detergent belt surrounding their
originally membrane-spanning surface by additional interaction of their water-exposed surfaces with
detergent monomers. Consequently, they change the free energy of micelle and belt formation,
which explains the approximately linear dependence of In(CSC/CMC,) on the protein concentration
Cprot. When used as precipitating agent in membrane protein crystallization experiments, PEG
determines the CSC curve in the phase diagram, which is hypothesized to be crucial for a
quantitative understanding of the crystallization process and the finding of optimal crystallization
conditions. In particular, the existence of different crystallization slots for type-I and type-II
membrane protein crystals is postulated, where the former is at detergent concentrations below the
CSC and the latter above the CSC. To further test the roles of CMC and CSC, future experiments

will aim at a direct determination of the CMC and CSC curves for C,G, and C,Eg in the presence
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of the membrane proteins PSI and PSII and the effects of PEG variants with different molecular

weights.
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Tables

Physical Chemistry Chemical Physics

Table 1 Parameters used to relate the effect of PEG2000 on the CMC of C,G,, represented by the

polymer constant kp, to the effect on the surface tension of detergent-free buffer solutions.

n 10 11 12
gu(0) *+ gin(0) ~14.0+0.6 -16.3£0.6 ~18.2+0.7
Qaehydi(0) -16.8+0.4 -182+04 ~19.6+ 0.4
kp (TMT) (% w/v)™" 0.040 = 0.006 0.048 + 0.006 0.055 + 0.007
kp (CS-TMT) (% w/v) ™ 0.050 = 0.006 0.055 + 0.006 0.060 + 0.007
kp (exp.) (% wiv) ™ 0.040 = 0.005 0.045 + 0.002 0.046 + 0.005
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Figure captions

Figure 1. Representative titration curves of the ANS fluorescence intensity /ans (A) and the pyrene
I,/I;-fluorescence ratio (B) versus total detergent concentration for C;,G, in 100 mM PIPES (pH
7.0), 5 mM CaCl,. The straight lines illustrate the extrapolation procedures to determine the CMC
discussed in the text (Section 3.1). The sigmoidal curve in B is a fit of the experimental data points
to eq. (2) to determine the parameter x; that is identified with the CMC of the detergent and equals
the value Cans determined with ANS as indicated in A. The parameter xy is the inflection point of
the sigmoid, and x; is of interest for membrane protein solubilization as discussed in Section 4.2

(see also Fig. 7).

Figure 2. Representative titration curves of the ANS fluorescence intensity /ans (A) and the pyrene
I,/I;-fluorescence ratio (B) versus total detergent concentration for C;;G, in 100 mM PIPES (pH
7.0), 5 mM CaCl, for different concentrations of PEG2000. The straight lines illustrate the
extrapolation procedures to determine the CMC discussed in the text (Section 3.1) and the effect of

PEG on the shape of the titration curves.

Figure 3. Dependence of parameters characterizing the titration curves of the ANS fluorescence
intensity (Cans) and the pyrene /,/I3-fluorescence ratio (xy, inflection point, and x; = xo — 2Ax) on the
PEG2000 concentration y for three different alkyl maltosides C,G; in 100 mM PIPES (pH 7.0), 5
mM CacCl,. The straight lines serve as guides to the eye. Numerical values are listed in ESI,{ Tables

2 —4. The good match of Cans and xo — 2Ax support the assignment of the latter to the CMC.

Figure 4. Dependence of In(Cans/Co) on the PEG2000 concentration y, where Cj is Cans (i.€., the
CMC) at y = 0, for three different alkyl maltosides C,G; in 100 mM PIPES (pH 7.0), 5 mM CaCl,.
The straight lines are fits to eq. (1) to determine the polymer constant kp (kp(exp.) in Table 1). The
error bars at each point indicate the interval £ 0.1 corresponding to the error of In(Cans/Cp) due to

the error of £ 5 % of Cans estimated from the graphical analysis of the titration curves.

Figure 5. Micelle model used for the molecular thermodynamic modeling of the free energy of
micelle formation, gni. (see Section 3.2). The ellipsoidal shape (oblate spheroid) is motivated by
SAXS experiments*® and the parameters a and b characterizing the size of the micellar core as well

as d determining the thickness of the layer of headgroups are inferred from these experiments.

Figure 6. Dependence of the surface tension yy, of the buffer-air interface (100 mM PIPES, pH 7.0,
5 mM CaCl,) on the concentration of PEG2000 . The blue line is a fit of data points for y > 1 %
w/v to eq. (37).
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Figure 7. Schematic titration curve (blue) of the /;//5-ratio of pyrene as a function of detergent
concentration in the presence of a membrane protein as determined in ref. 8. The green lines
illustrate the graphical determination of the two characteristic points x; and x,, which are related to a
Boltzmann-type sigmoid as described in Section 3.1. x; is assigned in this work to the critical
micelle concentration (CMC) of the detergent based on a comparison with ANS fluorescence data.
X, 1s assigned in ref. 8 to the critical solubilization concentration (CSC) of the detergent/membrane
protein combination based on a comparison with turbidity data. The detergent concentration range
between x; and x, is hypothesized to be suitable for the formation of type-I membrane protein
crystals, since the detergent belts surrounding the originally membrane-spanning protein surfaces

can be expected to be incomplete.

Figure 8. (A) Schematic phase diagram of a membrane protein solution containing detergent and
PEG with the CMC and CSC as a function of PEG concentration indicated according to our present
knowledge. The green and blue diamond indicate the optimal region for the formation of type-II and
type-I membrane protein crystals, respectively. With each region is associated a hypothetical
crystallization slot,30 in which the second virial coefficient By, of protein-protein interactions is
slightly negative. The arrows indicate the development of the system during a vapor diffusion
crystallization experiment. Note that for type-I crystals, it might be necessary to cross the CSC
curve during this development. (B) Illustration of the crucial role of the stability of detergent
aggregates (belts in PDCs and free micelles) in membrane-protein crystallization. Both, belts and
micelles, are stable above the CSC curve, but the concentration of the latter is likely minimal close
to the CSC curve. In this region of the phase diagram, type-II crystals form (green arrow), which
contain fully developed detergent belts (left). Direct formation of type-I crystals (blue arrow), which
are depleted of detergent and allow for thight protein contacts, require a destabilization of detergent
belts (right). This is likely the case below the CSC curve. An alternative route to type-I crystals,
discovered recently,’® is indirect via type-II crystals and requires detergent extraction from these
crystals (red arrow). Agents like PEG that stabilize detergent monomers in aqueous solution (and

increase the CMC) likely promote this extraction.
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Figure 4
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Figure 5
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Figure 6

Y.,(x) (mN/m)

Physical Chemistry Chemical Physics

75
70 -
65 3
60 -

55 -

50 -

10

20 30
1 (% wiv)

40

50

33



Physical Chemistry Chemical Physics Page 34 of 35

Figure 7
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Figure 8
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