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Abstract

The most important physico-chemical characteristics describing detergent micelles are the CMC
value and the aggregation number. These parameters depend critically on external conditions
such as pH, ionic strength, buffer composition or temperature. However, the influence of these
conditions on CMC or aggregation number is a priori not to predict, but the most important para-
meter. This holds especially for the aggregation number. Here, we present a simple, reliable and
fast method for the analysis of detergent containing buffer systems. It enables the determination
of CMC values and aggregation numbers of detergents as well as detergent mixtures in a 96well
plate standard device relying on steady state fluorescence and fluorescence quenching. To prove
the general applicability of our approach, we analyzed DDM as a prime example of a detergent and
mixtures of DDM with six other detergents at different ratios to demonstrate the potential of our
method.
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1. Introduction

Detergents are widespread tools in many active areas of research including material and surface sciences as well
as life sciences. In the latter, detergents are important prerequisites for an in vitro analysis of integral membrane
proteins (IMP). Initially, IMPs are solubilized from cellular membranes and further purified until biochemical,
biophysical or even structural studies can be performed. Each of these steps requires a stable and homogenous
IMP in detergent solution. Often not a single detergent is used for all intermediate steps, in some cases the de-
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tergent is exchanged during purification or even detergent mixtures are used to keep the IMP stable in solution.
One underestimated parameter pitfall lies within the physical behavior of detergents in buffers of different ionic
strengths [1] [2]. For example, the critical micellar concentration (CMC) differs for DDM in a buffer with no
salt compared to for example a 250 mM sodium chloride solution. Although and in comparison to other deter-
gents, the change of the CMC for DDM from 0.12 to 0.098 mM is rather small [1], the effect of salt on a solu-
tion containing a single or multiple detergent(s) is complicated and cannot be estimated. Another important pa-
rameter of a detergent micelle is the aggregation number. Changes in the physico-chemical condition of the buf-
fer (temperature, pH, ionic strength or additives) might change the aggregation number of the micelle in an un-
predictable fashion.

The choice of the “right” detergent can be crucial, as shown for the Ca**-ATPase from Sarcoplasmic Reticu-
lum. For this membrane protein, more than 30 detergents have been tested for preserving the activity of this IMP.
The analysis focused on chain length, influence of double bonds and character of the head group. A reduced ac-
tivity was observed for shorter chain length (<10 C-Atoms) and bulky head groups just to mention two examples
of this study [3]. Also for the multidrug transporter LmrA from Lactococcus lactis the choice of detergent has
been shown to be important. Here, LmrA after solubilisation is active in FC16 whereas after reconstitution it is
not. For successful reconstitution, the detergent DDM had to be used for regaining LmrA specific activity [4].

Optimal detergent (or detergent mixture) conditions for IMPs cannot be predicted and an analysis is required
for every single IMP or for each individual purification step. Due to the hydrophilic and hydrophobic parts of
membrane proteins the exact size of the detergent micelle can play a crucial role for any experiment designed
after the IMP has been purified. Therefore, the most detailed knowledge of the physico-chemical parameters
(CMC or aggregation number) of the detergent used in these studies is of great help when screening for suitable
conditions.

An example for such a screening procedure was described for the crystallization of the Na'/H* antiporter
NhaA from E. coli [5]. Here, 14 different detergents were screened in the crystallization process yielding differ-
ent crystal forms resulting in varying quality of X-ray diffraction. Finally, a mixture of a-dodecylmaltoside
(DDM) and p-octyl-glucoside (OG) yielded the best diffracting crystals. The author’s assumption is that the ad-
dition of 5-OG to NhaA purified in a-DDM reduced the micelle size thereby allowing the formation of stable
crystal contacts [5]. This phenomenon has been suggested as a general strategy for the crystallization of mem-
brane proteins (for other examples see also [6] [7]).

Here, we present a simple “tool-box” combining different, based on already published procedures [1] [8]-[10]
to determine the CMC values as well as and most importantly the aggregation numbers of detergents or deter-
gent mixtures. As a representative detergent, we choose DDM as this is the most widely used detergent in mem-
brane protein purification, analysis and crystallization [11].

Several studies have shown that pyrene quenching is suitable to determine aggregation numbers of detergents
[8] [9] [12]-[14]. However, in most biochemical laboratories this is not commonly used, because the above refe-
renced methods are time consuming and require high sophisticated fluorescence equipment. With our method—
using 96well standard microtiter plates—it is possible to analyze most properties of the detergent micelles in any
buffer system. This can provide valuable information for example when screening for reduced micelle size, or to
visualize the amount of free detergent within only a couple of hours.

2. Materials and Methods

Triton X-100, LDAO, and Pyrene were purchased from Sigma Chemicals. All other detergents used in this study
were received from Affymetrix.

2.1. Fluorescence Measurements

2.1.1. Determination of the CMC Value

CMCs were determined according to the set-up described earlier [1]. In brief, Hoechst33342 is highly fluores-
cence in hydrophobic environment whereas it hardly emits fluorescence in aqueous solution. Therefore,
Hoechst33342 fluorescence was monitored at increasing detergent concentrations. When fluorescence starts to
increase (first inflection point), micelles start to form and an interpolation to the X-axis leads to the CMC value.

For further details see Equation (1).
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2.1.2. Determination of the Partitioning Coefficient
The partitioning coefficient of Hoechst33342 (Pmoechstzzsaz)) between the aqueous (w) and micellar phase (m) is
given by Equation (1):

[Hoechst33342]
(Hoeet33542) ™ | Hoechst33342]

p &)

As described earlier [8], it is possible to calculate the partitioning coefficient by measuring the fluorescence
intensity of the dye at different a, values. a, corresponds to the ratio of micelle volume to total volume of the
aqueous solution. If F, >> F,,, where F is the fluorescence of Hoechst33342, one obtains Equation (2):

F a, [ Hoechst33342] @

F, [Hoechst33342]
a, [Hoechst33342] +(1-a,) o

F., corresponds to the fluorescence when all Hoechst33342 molecules are located in micelles. A plot of the
inverse fluorescence versus inverse a, yields a linear function, which provides the partitioning coefficient as the
intercept divided by the slope (Equation (3)).
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2.1.3. Steady State Fluorescence Quenching Studies

Detergent concentrations used in the assay were five folds above the CMC, determined with the method men-
tioned above, except for detergents with a very high CMC (=5 mM). In these cases, the detergent concentration
was adjusted to 2 mM above CMC. For example, the aggregation number of SDS was measured at 10 mM
(CMC = 8 mM). Pyrene concentration was adjusted to at least 10 fold below the concentration of micelles
present as calculated from literature values for the aggregation number to avoid excimer formation. The
quencher concentration varied from 0 to 20 uM.

Steady-state fluorescence quenching experiments were carried out either using a Fluorolog-3 (Horiba Jobin
Yvon GmbH, Germany, Unterhaching) or a 96well plate reader (Fluorostar, BMG labtech, Offenburg, Germa-
ny). Excitation wavelength was set to 335 nm (filter: 330 £ 10 nm), emission was monitored from 365 to 450
nm or with a filter of 372 £ 10 nm. Fluorescence data were corrected for background fluorescence and analyzed
according to Equation (4):

nt___NIQI 4
l,  (C,—cmc)

Here, | and |, are the intensities of the first vibronic peak of the fluorescence emission spectra of pyrene in the
presence (I) and absence (ly) of varying quencher concentrations. C, is the total detergent concentration, N the
aggregation number and CMC is the critical micellar concentration [12].

2.1.4. Theoretical Treatment of Mixed Detergent Systems: Ideal Mixing

To analyze whether it is necessary to measure the CMC of the mixed detergent system or if one can rely on
theoretical data, we compared our data with the ideal mixing model [15]. This model relates the CMC of an
ideal detergent mixture (CMC") with the experimental CMC of the pure components using the following equa-
tions:

¢, = xCMC, = a,CMC" ()
and
¢, =X,CMC, =(1-a,)CMC’ (6)
Equation (7) can be obtained by combining Equations (5) and (6):
1 o N l-o
CMC CMC, CMC,
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where ¢;is the amount of detergent i in aqueous solution and x; is the amount of detergent i in the micelles in
aqueous solute or in the mixed micelle. CMC; and CMC,, ¢, and c, are the CMCs and the overall concentrations
of detergent 1 and 2, respectively. If both detergents do not obey ideal mixing, one has to add a correction factor,
the micellar activity coefficient f:

1 o (1—0[1)
cMCc fcwmc, f,CMC,

©)
For a more detailed description of this theory, see Sarmoria et al. [16] for further details.

3. Results

To measure the most important physico-chemical parameters of detergents or mixtures of detergents, the CMC
and the aggregation number, respectively, we developed a new assay that is based on a combination and im-
provement of existing protocols [8]-[10]. Due to the information gained with this assay, it is now possible to ad-
just buffer conditions of the purification and/or subsequent activity assay, in a controlled and almost high-
throughput manner.

As recently described, fluorescence of Hoechst33342 in detergent solutions can be used to calculate CMCs
for different detergent-water or detergent-buffer systems [1]. Hoechst33342 is highly fluorescence in hydro-
phobic environments but shows nearly no emission in water-based solutes. In addition to the method to measure
the CMC of detergents [1], we further developed our method allowing now also the investigation of the influ-
ence of salts or pH on the CMCs of detergent mixtures as well as the determination of aggregation numbers.

To calculate aggregation numbers of detergents, pyrene quenching has been used extensively in the past [8]-
[10]. Hoechst33342 absorption spectra and pyrene fluorescence emission spectra overlap. This implicates that
Hoechst33342 can quench pyrene fluorescence in micelles as described in detail before [8] [9]. Figure 1 shows
the fluorescence spectra of pyrene in the absence and presence of increasing Hoechst33342 concentrations. Here,
the DDM concentration was 5 fold above CMC (1 mM) and the pyrene concentration used was adjusted to an
expected micelle to pyrene ratio of 10:1. Under these conditions no fluorescence peak at 470 nm was observed,
indicating that no pyrene excimers were formed.

We first analyzed the partitioning of Hoechst33342 into different micelles. Partitioning coefficients (Pm)
were calculated according to Equation (3) (see Materials and Methods). Hoechst33342 greatly migrates into the
micelles as shown by the Pm values listed in Table 1. The Pm value for DDM is 2500 demonstrating, that al-
most all Hoechst33342 molecules are in the micellar phase under the conditions used in the assay. To phrase it
differently, 2500 molecules of Hoechst33342 will be present in micelles, but only a single molecule of Hoechst33342
will reside in the aqueous phase. The same holds true for all other detergent tested (see Table 1).

Pyrene quenching by Hoechst33342 was analyzed measuring the emission peak of pyrene at 373 nm at dif-
ferent quencher concentrations. The intensity of pyrene fluorescence decreases with increasing quencher con-
centration (Figure 2). A plot of InF/InFo versus quencher concentration results in a straight line from which the
aggregation number can be calculated by using the slope. Here, an exactly measured CMC and as well as an ac-
curate knowledge of the detergent concentration used in the assay are an absolute prerequisite (see Equation (4)).

Table 1. Calculated partitioning coefficients and literature values for CMC and aggregation number taken from
www.affymetrix.com unless otherwise indicated.

Detergent Pm Nagg Lit. CMC Lit. (mM)

DDM Nonionic 2500 78 - 149 0.17

DM Nonionic 390 69 1.8

Triton X-100 Nonionic 3500 75-165 0.15-0.24

FC-14 Zwitterionic - 108 0.12
LDAO Zwitterionic 1352 74° 1-28

0oG Nonionic 100 27 -100 18-20
SDS anionic 80 62 - 101 8

8: [29], $: [30].
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Figure 1. Corrected emission fluorescence spectra of a 5.0 x 10" M solution of py-
rene in an aqueous solution of 1 mM DDM at 25°C. The black curve was collected in
the absence of the quencher Hoechst33342; grey and blue curves were recorded in the
presence of increasing (5 to 20 uM) quencher concentrations.
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Figure 2. Quenching of Pyrene fluorescence by Hoechst33342 at three different de-
tergent concentrations. The logarithm of the fluorescence intensity of the first vibronic
peak of pyrene is shown as a function of Hoechst33342 concentration. Pyrene was ex-
cited at 335 nm and emission monitored at 372 nm. Aggregation numbers were calcu-
lated from the slope of these three measurements and are 104, 135 and 154, respec-
tively.

Pyrene quenching was measured for three different DDM concentrations. Increasing DDM concentrations re-
sulted in a decrease in the slope of the logarithmic fluorescence ratio, due to the fact that the presence of an in-
creased number of micelles decreases the probability to pair a donor and an acceptor molecule in the same mi-
celle. The calculated aggregation numbers of 104, 135 and 154 show a similar tendency as measured by Lipfert
et al. using SAXS (Table 2) [17]. To support our interpretation and the ease of our assay, we like to note that
increasing aggregation numbers with increasing detergent concentrations were also observed for other deter-
gents using different techniques for example SANS, NMR, and SAXS as well (Table 2) [8] [17]-[19], but in our
case they are determined using a standard equipment present in virtually any biochemically focused laboratory.
Furthermore, we analyzed the influence of salt on the behavior of the detergent in terms of CMC and aggre-
gation number. Information about the influence of salt, pH, denatured reagents or further parameters on the phy-
sico-chemical nature of a detergent micelle can be very useful to optimize buffer conditions especially to reduce
the amount of free detergent. Therefore, we analyzed the influence of increasing ionic strength on the aggrega-
tion number. The non-ionic detergent DDM shows only small changes in aggregation number under increasing

()
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Table 2. Concentration dependency of aggregation numbers.

Detergent Concentration [mM] Aggregation number Method Literature
1 104
DDM > 135 Steady Stj; g:]t;grescence This study
3 154 a g
5 136
DDM 10 140 SAXS [17]
100 69 NMR [19]
200 78
300 85
400 90
500 95
SDS 30 84 SANS [18]
70 100
100 113
125 122
160 129
250 142
1.6 111
. 3.2 125 Steady state fluorescence
Triton X-100 48 140 quenching (8]
6.4 156
50 83
75 99
0oG 100 1 SAXS [17]
150 120

salt concentrations (Figure 3(a)) [20]. Through addition of 800 mM NacCl, the aggregation number of DDM in-
creases only little from 98 to 105 (+7%). We exemplarily show the effect of the NaCl concentration on the ag-
gregation number of SDS, an ionic detergent. Here, a more drastic change could be detected. The addition of al-
ready 250 mM NaCl resulted in a change of almost 25% when compared to SDS in buffer lacking NaCl (Figure
3(b)). These data are line with data obtained by ultracentrifugation [21], time-resolved fluorescence quenching
[22], light scattering [23] or EPR [24].

Often large micelles might stabilize an IMP, but might interfere with activity or for example with the forma-
tion of crystal contacts on the other hand [7]. With the pyrene quenching method, it is possible to measure sev-
eral detergent mixtures in a 96-well plate reader within a couple of hours. DDM is a very widely used detergent
for IMP purification and activity measurements. Therefore, we decide to mix DDM with other detergents in the
studies described below and shown in Figure 4. Different ratios of DDM and a second detergent where analyzed
for their influence on CMC and aggregation number and plotted against the molar ratio of added detergent. Most
of the calculated CMCs showed an almost ideal mixing behavior according to Equation (7), shown in Figure
4(b), Figure 4(c) and Figure 4(e) (straight line). Here, we refer to the thermodynamic model described by Clint
and Motomura [15] [25]. In our study, however, little deviation from ideal behavior is observed. One example
for non-ideal behavior of a detergent mixture is DDM mixed with SDS as depicted in Figure 4(f). Here, the
values of CMC of a 1:4 and 1:9 mixture of DDM and SDS lie below the expected values demonstrating that the
influence of SDS on the CMC of DDM is rather low. This behavior was also measured by Zhang et al. using
surface tension measurements [26] [27]. The opposite is true for Triton x 100. In Figure 4(d), mixing of DDM
and Triton is shown. The measured values for CMC are above the theoretical values when the ratio of Triton x
100 to DDM is higher than 0.5 (black triangles). This non-ideal behavior could also be detected for the aggrega-
tion numbers of these mixtures. A drastic decrease of the aggregation number for DDM/SDS mixtures could
only be measured after 80% of all detergent present in the sample was SDS, again showing the small impact of
SDS on DDM micelle formation (black rectangles in Figure 4(f)). A much higher influence again shows Tri-
ton x 100 (Figure 4(d)). For a 20% Triton x 100 in a DDM solution, the aggregation number measured is even
beyond that of the two solutions of the pure components. Thus, small amounts of Triton x 100 really forces
DDM micelles to swell. Increasing the amount of Triton x 100 in the solution further reduces the aggregation

)
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Figure 3. Salt dependency of aggregation number of SDS. Increasing salt concentrations result in a swelling of the micelle.
Aggregation numbers calculated from this plots resulted in a value of 68 and 86 monomers per micelle, respectively.

1.51
150 &
«Q
= o
E s
£ o
o 3
= 2
© 3
o
@
0.0 T T T T 0
00 0.2 04 06 08 1.0
a DM
@
1.5+ 150
[V]
[(e]
Q@
= 100 &
E s
£ o
O =}
b =}
c
3) F50 5
(o2
®
00 L] L) L} L 0
00 02 04 06 08 1.0
a LDAO
(©)
20+
-150 §
s 157 3
£ 2
£ o
o =}
E 3
& 3
o
o

0.207
s 0.157
£
£
o 0.10
=
(&)
0.054
0.00 T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0
a FC14
(b)
0.281 r200
0.264 i
= 150
€ 0.249
= - 100
2 o0.221
(&)
0.209 50
0.18 T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0
a Triton X-100
(d)
6-
150
c -100
Q
3 2
50
0- T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

a SDS
®

Jaqunu uonebaibbe Jaqunu uonebaibbe

Jaqunu uonebaibbe

Figure 4. CMC and aggregation number determination of mixtures of DDM with different detergents via the 96-well plate
reader set-up. Triangles show the behavior of the CMC at different ratios of a second detergent. Quadrangles indicate aggre-
gation number measured for different detergent mixtures.
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number but never drops below that of the aggregation number of a 100% Triton x 100 solution. This demon-
strates that although theoretically it is possible to calculate the behavior of detergent mixture while mixing, the
two detergents do not behave ideally.

These findings strongly recommend investigating the CMC and aggregation number of the detergent mixture
in a buffer of interest should be investigated before the experiment is started. Our method allows this point to be
addressed in a matter of a couple of hours, which could help finding an optimal buffer system for the planned
experiment.

4. Discussion

Quenching of pyrene fluorescence by Hoechst33342 can be used as a simple and rapid method to determine ag-
gregation numbers of single detergents and detergent mixtures. Together with the usage of a 96well plate reader,
ten or more detergent mixtures can be measured in less than one hour. Although other fluorophor combinations
can be used, pyrene was chosen due to its long fluorescence lifetime (=400 ns) [28] and similar to Hoechst33342
it is relatively cheap and widely available.

Hoechst33342 greatly partitions into the micellar phase and shows an overlap with the fluorescence spectrum
of pyrene. Furthermore, it does almost not fluorescence in the region of the pyrene fluorescence peak maximum
(273 nm). Hoechst33342 fluorescence can be used to determine CMC values [1]. Combining these two charac-
teristics provides the opportunity to determine the aggregation number even in a 96-well plate as shown in this
study. Furthermore, the physical behavior of detergent mixtures can be measured using basically every imagina-
ble ratio of two or more different detergents. Here, we used DDM as detergent to demonstrate the efficiency of
our set-up. To the best of our knowledge, this method is applicable to any detergent/mixture.

We show that not all detergents mix very well with DDM (e.g. SDS or Triton X-100). A comparison of our
data with theoretically calculated mixing behaviors shows deviances of more than 50%. The reason for this be-
havior remains unknown. Therefore, one has to be even more careful when mixing detergents with known large
differences in their CMC or head groups (for example nonionic or ionic).

Another argument for determining these parameters for every buffer individually is the wide range of known
CMCs and aggregation numbers. Anatrace (www.anatrace.com) states that the CMC values of OG lie between
18 to 20 mM depending on the buffer system used. Even more drastic is the variance in aggregation number,
which can be between 27 and 100 monomers per micelle according to Anatrace. Another example is CMC of
LDAO indicated as being between 1 and 2 mM, a variance of 100%. Here, our set-up provides an easy and ro-
bust approach to determine appropriately the cmc and aggregation number under the conditions of the exact ex-
perimental conditions.
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