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Abstract

Sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) is the most widely accepted internal standard for protein NMR stud-
ies in aqueous conditions. Since its introduction as a reference standard, however, concerns have been raised surrounding
its propensity to interact with biological molecules through electrostatic and hydrophobic interactions. While DSS has been
shown to interact with certain proteins, membrane protein studies by solution-state NMR require use of membrane mimet-
ics such as detergent micelles and, to date, no study has explicitly examined the potential for interaction between membrane
mimetics and DSS. Consistent with its amphipathic character, we show DSS to self-associate at elevated concentrations
using pulsed field gradient-based diffusion NMR measurements. More critically, DSS diffusion is significantly attenuated
in the presence of either like-charged sodium dodecyl sulfate or zwitterionic dodecylphosphocholine micelles, the two most
commonly used detergent-based membrane mimetic systems used in solution-state NMR. Binding to oppositely charged
dodecyltrimethylammonium bromide micelles is also highly favourable. DSS-micelle interactions are accompanied by a
systematic, concentration- and binding propensity-dependent change in the chemical shift of the DSS reference signal by up to
60 ppb. The alternative reference compound 4,4-dimethyl-4-silapentane-1-ammonium trifluoroacetate (DSA) exhibits highly
similar behaviour, with reversal of the relative magnitude of chemical shift perturbation and proportion bound in comparison
to DSS. Both DSS and DSA, thus, interact with micelles, and self-assemble at high concentration. Chemical shift perturba-
tion of and modulation of micellar properties by these molecules has clear implications for their use as reference standards.

Keywords Internal chemical shift standard - Aqueous detergent micelle solutions - Solution-state NMR spectroscopy -
Membrane-mimetic environments

Introduction to database values (Cornilescu et al. 1999) is a major source
of structural restraint. Any bias introduced by even a slight

Accurate chemical shifts relative to a standardized refer-  change in the reference frequency might, therefore, affect

ence frequency are critical for the comparison of NMR data
between studies, and for assignment of signals to nuclei
within a molecule of interest. In protein NMR, quantification
of deviation of chemical shifts from either random coil val-
ues (Wishart et al. 1992; Wishart and Sykes 1994) or relative
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structural accuracy. The [UPAC-IUBMB-IUPAB-endorsed
secondary chemical shift reference molecule for biomolecu-
lar NMR in aqueous environments is sodium 4,4-dimethyl-
4-silapentane- 1-sulfonate (DSS, Fig. 1) (Wishart et al. 1995;
Markley et al. 1998).

DSS has been shown to interact with a variety of
biomolecules. Reported examples include interac-
tions with adenosine triphosphate (Lam and Kotowycz
1977), B- and y-cyclodextrins (Li et al. 1993), peptides
(Laurents et al. 2005; Nowick et al. 2003), and partially
unfolded proteins (Shimizu et al. 1994). To circumvent
the issue that DSS may not be inert to a biomolecular
system under investigation, other derivatives of tetra-
methylsilane (TMS) have been prepared with differ-
ent polar groups to substitute for DSS. As an example,
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Fig. 1 Chemical structures DSS:
of the chemical shift internal
standard molecules, 4,4-dime-
thyl-4-silapentane-1-sul-

fonate (DSS) and 4,4-dimethyl-
4-silapentane-1-ammonium
trifluoroacetate (DSA), and the
three detergents, dodecylphos-
phocholine (DPC), sodium
dodecyl sulfate (SDS), and
dodecyltrimethylammonium
bromide (DTAB), employed
herein. Note that all molecules
are shown without counterions

DPC:

SDS:

) |

NN

DSA:

H
~. |+
/Sl\/\/g\H
o@
\ O ®_~
| N

P NN N4

DTAB:

4,4-dimethyl-4-silapentane-1-ammonium trifluoroacetate
(DSA, Fig. 1) was introduced as a cationic alternative to
the anionic DSS to avoid interaction with a set of engi-
neered P-turn peptides that interact with DSS (Nowick
et al. 2003). The chemical shifts of DSA have also been
shown to be less affected by complex biofluids compared
to other reference standards (Alum et al. 2008).

While DSS is not an inert internal reference for certain
systems, its perturbations in many cases are not so obvious
unless studied in isolation. In solution-state NMR stud-
ies of membrane proteins, membrane mimetics such as
detergent micelles or phospholipid bicelles are typically
employed (Opella 2013; Pandey et al. 2016). Since DSS,
DSA and other soluble TMS derivatives are, by necessity,
amphipathic molecules, they have the potential to interact
with other amphipathic molecules to form mixed supra-
molecular systems. These derivatives of TMS also have
the potential to form self-micelles or other aggregates in
solution at sufficiently high concentrations.

Here, the potential of both DSS and DSA to interact
with various micelles is examined through systematic anal-
ysis of chemical shift and pulsed field gradient-based dif-
fusion ordered spectroscopy (DOSY) NMR experiments.
Three detergents with identical dodecyl tailgroup but dif-
ferent headgroup/charge profile have been employed: zwit-
terionic dodecylphosphocholine (DPC), anionic sodium
dodecyl sulfate (SDS) and cationic dodecyltrimethylam-
monium bromide (DTAB) detergents (Fig. 1). The poten-
tial for DSS to aggregate at high concentrations has also
been investigated using these methods.
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Materials and methods

All chemicals were used as purchased or received without
further purification. DSS was either diluted from a com-
mercially-prepared 50.6 mM stock in D,0O (C/D/N Isotopes,
Pointe-Claire, QC) or prepared from powder (Wilmad, Vine-
land, NJ) in D,O (Sigma-Aldrich, Mississauga, ON). DSA
was a gift from James Nowick (University of California,
Irvine). Deuterated SDS-d,5 (Cambridge Isotope Laborato-
ries, Tewksbury, MA), DPC-d;; (Cambridge Isotope Labo-
ratories), and DTAB-d,, (C/D/N Isotopes) were used. All
NMR experiments were performed at 11.74 T (500 MHz
'H frequency; Avance, Bruker Canada, Milton, ON) using
a double-resonance BBFO SmartProbe (Bruker Canada).
Unless otherwise noted, experiments were performed at
37 °C in D,0O and the pH was adjusted to 5.0+ 0.1 using
NaOD and DCI (neglecting deuterium isotope effects).

NMR experiments at DSS or DSA concentrations of
0.05-50 mM were performed in pure D,0, and in the pres-
ence of 100 mM DPC-dsg, 100 mM SDS-d,s, or 100 mM
DTAB-d;, (only at 0.1, 0.5 and 1 mM DSS or DSA). Addi-
tional experiments were performed on DSS up to saturation
in D,0. Samples containing 0.5 mM DSS and 25-200 mM
DPC-d;5 or SDS-d,5 were also studied. Experiments at
0.5 mM DSS in 100 mM DPC-d;g or SDS-d,5 pH 5.0+0.1
were performed at 22 and 52 °C in addition to 37 °C. Finally,
samples containing 0.5 mM DSS in 100 mM DPC-d; or
SDS-d,5 at 37 °C were also prepared at pH 7.0+0.1.

1D "H NMR experiments were performed using pre-
saturation to suppress the residual HOD signal (1-2 s
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relaxation delay; 16—128 scans; 2 s acquisition time with
~28,000 acquired points). 'H DOSY (Morris and John-
son 1992) experiments were performed using a stimulated
echo pulse program that includes presaturation during the
relaxation delay, bipolar pulse gradients and eddy current
delays (Wu et al. 1995). Sixteen spectra were collected at
increasing gradient strengths of 2-95% calibrated such that
the final increment attenuated all signals by at least 95%.
A diffusion time (A) of 100 ms was consistently employed,
with gradient pulse lengths (8) of 1000 ps (HOD), 1250 ps
(DSS or DSA in D,0), or 3000-4000 us (DSA or DSS in
detergent) as required to achieve 95% or greater attenua-
tion. In the case of DOSY experiments observing diffusion
of HOD, presaturation was not applied during the relaxa-
tion delay (Wu et al. 1995).

NMR spectra were processed using Bruker TopSpin 3.1.
Referencing in all instances at pH 5.0 and 37 °C was based
upon a 0.000 ppm reference methyl peak of the correspond-
ing chemical shift standard in D,0O at 0.1 mM. For experi-
ments where temperature or pH were varied, the methylene
peak of a given detergent at pH 5.0 and 37 °C was employed
as a reference (i.e., 1.2372 ppm for DPC, 1.2427 ppm for
SDS, and 1.2541 ppm for DTAB) for experiments in that
detergent under different temperature or pH conditions.
Translational diffusion coefficients (D) were calculated
using the TopSpin Relaxation Module for the strongest
peaks corresponding to DSS (0 ppm), DSA (0 ppm), DPC
(~1.24 ppm), SDS (~1.24 ppm), DTAB (~ 1.25 ppm), and
HOD (~4.62 ppm) by non-linear least squares fitting of
the observed signal attenuation (I) under a given gradient
strength (g) relative to the unattenuated signal (I;) to the
Stejskal-Tanner equation (Stejskal and Tanner 1965) in a
form appropriate for the DOSY experiment in question (Wu
et al. 1995):

= Ioe—[looo x D(znygs)z(A—g )] )
where 0 is the length of time the gradient is applied, A is the
delay between the two gradient pulses (the diffusion time),
and y is the gyromagnetic ratio of the nucleus. Experiments
were performed twice and D values reported are the aver-
age + average deviation of these trials.

The bound fraction of chemical shift standard in a given
micellar condition was estimated on the basis of the follow-
ing four assumptions: (i) the observed diffusion coefficient
(D, pserveq) 18 a linear combination of the diffusion of free
(Dy,,) and bound (D,,,,,,,) species:

Dobserved = fbaund (Dbound) + ( 1 _.ﬁwund) (Dfree) (2)

where f, ., 15 the fraction of the observed species bound;
(i1) far above the critical micelle concentration of the deter-
gent, almost the entire population is bound in micelles and

the diffusion coefficient of the detergent (D e gen,) COTTE-
sponds to the micellar diffusion coefficient; (iii) a micelle-
bound species of DSS or DSA diffuses at the same rate as
the micelles; and, (iv) free DSS or DSA diffuses at the same
rate at the same concentration in the absence of detergent.
These assumptions give rise to the relationship:

D observed D free
f bound = D D (3)
detergent — free

It should be explicitly noted that D4, Will actually
have a non-zero contribution from free detergent (in a linear
combination as in Eq. (2), ~ predictable if the critical micelle
concentration and aggregation number are known under
the given conditions). The fractions of DSS or DSA bound
estimated by Eq. (3) will, thus, consistently be expected to
be underestimates given that the expected increase in the
observed Dy, re0n, WOUld increase the magnitude of the
denominator.

Results and discussion
DSS self-association

Given its amphipathic character (Fig. 1), micelle formation
by DSS is a plausible phenomenon. To test for this, 'H 1D
NMR and DOSY experiments were performed for DSS in
aqueous solution at concentrations of 0.05-300 mM. Each
'H resonance exhibits a concentration dependent chemical
shift perturbation (CSP) at concentrations of 50 mM and
above, relative to the chemical shift at 0.05 mM concentra-
tion, with the perturbation being greatest for the Si-(CHj;);
singlet and least for the SO; —CH, multiplet (Fig. 2a, with
inset provided to clearly illustrate lack of perturbation at
low concentrations). Correspondingly, DSS exhibits a con-
centration-dependent decrease in diffusion coefficient over
the entire regime examined, with translational diffusion at
higher concentrations being hindered relative to lower con-
centrations (Fig. 2b; Table 1). The diffusion coefficient of
HOD also decreased over this DSS concentration regime,
but to a lesser extent (Table 1), implying that viscosity and/
or crowding are not the primary source(s) of the observed
decreased translational diffusion by DSS.

Amphipathic molecules below their critical micelle con-
centration are known to transiently form dimers or other
small structures termed pre-micellar aggregates (Bakshi
et al. 2002), which would be consistent with the decrease in
the diffusion coefficient of DSS over the 0.1-5 mM regime.
The lack of a corresponding CSP correlates with the finding
that DSS incorporated into f-ball structures overlaps com-
pletely with DSS isolated from the rest of the sample within
a capillary (Laurents et al. 2005).
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Fig.2 Concentration dependent
a 'H chemical shift perturba-
tion (CSP) and b translational
diffusion coefficient (D) of DSS
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Further decrease in DSS diffusion coefficient at elevated
concentrations implies that it self-assembles at sufficiently
high concentrations. Observation of greater CSP for the
hydrophobic trimethylsilyl moiety relative to the meth-
ylene group attached to the sulfonate would be consist-
ent with micellar-type behaviour. Over the concentra-
tion regime studied, however, the decrease in diffusion
coefficient is not as large as might be expected for the
formation of a perfect micelle. The diffusion coefficient
of SDS, for example, decreases by a factor of ten above
its critical micelle concentration (Misselyn-Bauduin
et al. 2000), though the aggregation number of SDS is
likely much higher than that of DSS based upon the rela-
tive size of these amphiphiles. While the critical micelle

@ Springer

concentration of DSS is not known, amphipathic mole-
cules with branched hydrocarbon chains are known to have
critical micelle concentrations higher than related straight-
chain compounds (Jalali-Heravi and Konouz 2000). For
reference, heptane-1-sulfonate, a related straight-chain
sulfonate that lacks the trimethylsilyl moiety of DSS, has
a reported critical micelle concentration of 130 mM (Cal-
houn and King 2007). Assuming fast exchange of DSS
between the self-assembled and monomeric states, an esti-
mated critical micelle concentration of > 130 mM means
that even at a DSS concentration of 300 mM, the observed
diffusion coefficient would contain a large contribution
from free DSS (e.g., Eq. (2)). Therefore, the pure micellar
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Table 1 Translational diffusion coefficients (D; x 107'% m? s™) of BEDTAB B DPC [ | SDS ED,O
indicated species (average +average deviation for two trials; + 1 for 2
last significant figure, where deviation is smaller) under given condi-
tions at pH~5 and 37 °C as determined using 'H DOSY (a)
Condition Duob Dpss Dpeergent
D,OatpH5 23.5+0.2 - - (b)
100 mM DPC 22.3+0.1 - 0.980 + 0.004
100 mM SDS 22.7+0.1 - 0.948 + 0.001
100 mM DTAB 219+0.1 - 1.16 +0.01 (C) 4 ]
0.05 mM DSS 24.0+0.1 7.91+0.09 - S
0.10 mM DSS 242 +0.1 7.96+0.06 - 0.06 0.04 0.02 0.00 [ppml]
0.25 mM DSS 233+0.1 7.59 +0.01 -
0.50 mM DSS 23.9+0.1 7.38+0.03 - Fig.3 Overlaid 'H NMR spectra showing Si-CH, resonances of
0.75 mM DSS 23.8+02 7.19+0.01 _ DSS observed in D,O (most shielded) relative to those observed in
100 mM of SDS, DPC or DTAB (from second-most to least shielded,
1.0 mM DSS 227£0.1 7.16£0.02 - respectively). DSS concentrations of a 1.0 mM, b 0.5 mM, and ¢
5.0 mM DSS 229+0.1  7.08+0.02 - 0.1 mM are illustrated. In all cases, experiments were performed
50 mM DSS 22.6+0.1 7.04+0.01 - at pH~5 and 37 °C, with spectral referencing relative to the DSS
100 mM DSS 22.1+0.1 6.81+0.01 _ Si-CH; resonance at 0.000 ppm observed at 0.1 mM in D,0
200 mM DSS 21.8+0.1 6.50+0.02 -
300 mM DSS 20.8+0.1 6.01+0.01 -
0.050mM DSS+100mM  22.6+0.2 279+0.01 0978+0001  DSS interactions with micellar species
DPC
0.10mM DSS+100mM 229 +0.2 2.36+0.04 0.956+0.001 To test for and characterize DSS interactions with common
DPC micellar species, 1D "H NMR and DOSY experiments were
0.]5)(;2M DSS+100mM  22.0+0.1 2.23+0.01 0.964 + 0.003 performed for samples containing 0.05-1 mM DSS and
either 100 mM DPC or 100 mM SDS. For direct compari-
1.0 mM DSS + 100 mM 224 +0.1 2.24+0.01 0.974 +0.001 .. .
DPC son, samples containing 0.1-1 mM DSS were also examined
50 mM DSS + 100 mM 234401 4064001 1.0+ 001 in DTAB at 1.00 mM. "l."hl.s cationic detergent was not exten-
DPC sively investigated as it is not a common choice for mem-
0.050 mM DSS+100 mM  24.0 +0.1 4.54+0.07 0.937+0.002  brane protein NMR studies given the general low abundance
SDS of cationic lipids in biological systems (as reviewed, e.g., by
0.10mM DSS+100mM  23.0+0.1 5.82+0.09 0.917+0.002  Khakbaz and Klauda (2015)). When referenced to DSS in
SDS buffer, the presence of all three detergents caused a system-
Og(l))g“M DSS+100mM 228 +0.1 5.58+0.05 0915+0.008  atic deshielding from O ppm for the DSS trimethylsilyl moi-
ety reference peak (Fig. 3). At all DSS concentrations tested,
1.0 mM DSS + 100 mM 22.6+0.1 6.09+0.02 0.944 + 0.007 . . e
SDS the same trend is observed, with DTAB samples exhibiting
SOmMDSS+100mM  22.540.1 5.67£001 0973+0003 he greatest degree of deshielding, DPC an intermediate
SDS level, and SDS the least deshielding. The chemical shift of
0.1 mMDSS+100mM  225+0.1 1274003 1.76+0.01 DSS was deshielded by up to 60 ppb in 100 mM DTAB,
DTAB 40 ppb in 100 mM DPC, and 20 ppb in 100 mM SDS. Sys-
0.50mM DSS+100mM  22.0+0.1 1.06+0.01 1.40+0.01 tematic perturbation of DSS methyl group chemical shifts is
DTAB indicative of an interaction with each class of micelle, and
1‘%%“:;13]355 +100mM  226+0.1 1.11+£001  1.37+0.01 implies that referencing based upon the DSS chemical shift

species of DSS is likely to diffuse much more slowly
than observed in these experiments. Given that typically
employed DSS concentrations in biomolecular NMR stud-
ies are on the order of 0.5-1 mM (with 10 mM or less
originally suggested (Wishart et al. 1995)), we opted not
to further investigate this self-assembly process.

will be systematically, and differently, offset from the “true”
0 ppm value in each of these classes of micelle.
Corresponding to the observed chemical shift perturba-
tion, the diffusion coefficient of DSS also decreased in the
presence of 100 mM DTAB, DPC or SDS (Fig. 4a). HOD
diffusion did not change significantly in any of the DPC/
SDS/DTAB mixtures relative to DSS in D,O (Table 1),
implying that the restriction in DSS diffusion is due to
binding rather than a change in solvent viscosity. Following
from Eq. (3), the fraction of DSS binding in each micellar

@ Springer
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Fig.4 D fora DSS and b (a)

detergents observed at indicated 8.0 m
DSS concentration and 100 mM

detergent. For reference, D

of DSS in D,0 is also plotted

(highest values of D in a), with

lower values of D observed,

uniformly at any given DSS 0
concentration, for DSS in SDS, NE
DPC, and DTAB. Detergent )
D values mirror this, with the o
highest values of D observed E
for DTAB, intermediate values (=)
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for SDS. Experiments were
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with DOSY-based (Morris

and Johnson 1992) attenua-
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~0 ppm employed to deter- 0.5
mine D of DSS and that of the 0
detergent methylene resonances

at ~1.24-1.25 ppm used to
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error bars indicating average
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Table 2 Estimated micelle-bound DSS fraction (+0.1) as a func-
tion of concentration in the presence of 100 mM of a given detergent
inferred from relative diffusion coefficients of DSS and detergent
(Eq. 3)

Micelle type SDS DPC DTAB
(DSS)=0.1 mM 0.3 0.8 1.1
(DSS)=0.5 mM 0.3 0.8 1.1
(DSS)=1.0 mM 0.2 0.8 1.0

system has been estimated (Table 2). Interestingly, the frac-
tion bound to a given micelle type follows the observed trend
of chemical shift perturbation.

@ Springer
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DSS-micelle interactions, in turn, modulate the observed
diffusion coefficient (a population-weighted linear combina-
tion of the D for the micelle and the free detergent, Eq. (2))
for each detergent (Fig. 4b). In the case of DTAB, this is
most pronounced, with an elevated D upon DSS incorpo-
ration. Conversely, for both SDS and DPC, the observed
modulation of D is minimal at low (0.05—-1 mM) DSS con-
centrations, ultimately leading to a slight increase in the D
observed at high (50 mM) DSS concentration (Table 1).

Considering the hydrodynamic and chemical shift behav-
iour together, the following trends are apparent. Mixture of
the anionic DSS species with cationic (DTAB) micellar spe-
cies increases the D for the detergent and decreases D for
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the DSS, with the greatest CSP to DSS of the three deter-
gents, consistent with mixed-micelle formation leading to an
increase in population of free detergent species (i.e., consid-
ering the linear combination in Eq. (2) as it would apply to
free vs. micellar detergent species). The mixture of anionic
DSS with anionic (SDS) micellar species, conversely, exhib-
its the least perturbation in chemical shift, consistent with
the least drive for DSS partitioning into the micellar spe-
cies. Finally, mixing DSS with zwitterionic (DPC) micelles
shows, as anticipated, intermediate behaviour.

For the more commonly employed DPC and SDS
micelles, changes in DSS chemical shift were examined as
a function of detergent concentration. DSS was kept constant
at a typically employed concentration of 0.5 mM and titrated
with either DPC or SDS. Titration with both detergents led
to increased CSP of the DSS trimethylsilyl 'H resonance as
a function of detergent concentration (Fig. 5), following the
degree of perturbation observed at fixed detergent concentra-
tion (Fig. 4). The chemical shift of the DSS methyl peak in
micellar solution is also somewhat sensitive to temperature
and pH (Fig. 6), implying that development of empirical cor-
rection factors is not trivial through disparate environmental
influences.

DSA follows similar trends to DSS
with opposite binding affinity

'H 1D NMR and DOSY spectra were acquired over the range
of 0.05-50 mM DSA in D,O and, for 0.05-1 mM DSA, in
the presence of DPC, SDS, and DTAB. As with DSS, all
DSA concentrations employed are below the critical micelle
concentration of related straight chain amphiphiles such as

Fig.5 CSP of DSS (0.5 mM) 40
Si-CH; resonance as a function ebpPC
of SDS (lower perturbation at ®SDS

a given detergent concentra- 35

tion) or DPC (higher pertur-

bation) concentration. DSS 30
is deshielded (e.g., Fig. 3) in

the presence of detergent in

all instances. All experiments -~ 25
o)
were performed at pH~5 and o

37 °C, with averages +average o 20
deviation of two independent %
replicates shown ()

15

10

5

0

0

!
(@) \

(b)
22°C (pH 5)
(c) 52°C (pH é)
22°C(pH5)
(d) 52 °C (pH é)

0.00 [ppm]

Fig.6 Overlaid '"H NMR spectra showing Si-CH, resonances of DSS
observed in D,0 with 100 mM DPC (a) and (c) or SDS (b) and (d).
In a, b, pH~5 (more deshielded in DPC, more shielded in SDS) is
compared to pH~7 (less deshielded in DPC, less shielded in SDS)
at 37 °C. In ¢, d, temperatures of 22, 37 and 52 °C are compared at
pH~5, with lower temperature leading to greater deshielding in DPC
versus higher temperature leading to greater deshielding in SDS. In
all cases, the chemical shift of the methylene peak of the detergent at
~1.25 ppm was maintained at a consistent value to that observed at
pH~5and 37 °C

octylammonium chloride (175 mM) and hexylammonium
hydrochloride (900 mM) (Mukerjee and Mysels 1971). The
DSA concentrations studied therefore likely also fall in the
pre-micellar concentration regime, consistent with a minor
concentration-dependent decrease in the diffusion coefficient
of DSA in D,O (Fig. 7a; Table 3).

Like its structural analogue DSS, the behaviour of DSA
changes dramatically in micellar solutions. Distinct from

é [
®
(2]
* ®
50 100 150 200

[Detergent] (mM)
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Fig.7 D for a DSA (major (a)
and minor species observed in

detergents) and b detergents

observed at indicated DSA

concentration and 100 mM

detergent. D of DSA in D,0 is 6.5
also plotted (highest values of

D in a), with lower values of —
D observed, uniformly at any h“\”
given DSA concentration, for £
DSA in: DTAB (major), SDS e
(minor), DPC (minor), DPC =
(major), and DTAB (minor) x
and SDS (major). Detergent D (]
values are highest for DTAB,

intermediate values for DPC,

and lowest values for SDS.

Experiments were performed at

pH~5 and 37 °C, with DOSY-

based (Morris and Johnson n
1992) attenuation of the Si-CHj, 0.5
resonance at ~0 ppm employed 0

to determine D of DSA and

that of the detergent methylene

resonances at ~ 1.24-1.25 ppm

used to determine D of each

detergent. Values are shown as

average of two replicate experi- (b)
ments with error bars indicating

average deviation

1.2

D (x10-1° m?/s)

1.0

0.9

DSS, DSA surprisingly exhibits two peaks in the ~0 ppm
region (one major, one minor) in the presence any of the
three detergents employed but not in D,0O, implying two
states in slow exchange on the NMR timescale when
micelles are present (Fig. 8). While the identities of the two
states are not known, they could reflect two different bind-
ing modes of DSA, perhaps differing in degree of solvent or
micellar hydrophobic core exposure. The relative intensities
of the DSA peaks observed in a given micelle type do not
show a simple concentration dependent ratio, although the
minor peak generally becomes less intense with respect to

@ Springer

m

H DSA — major species
€ DSA - minor species

¢ .
2
o
©
d *
o o
0.2 0.4 0.6 0.8 1
[DSA] mM

D,O DTAB DPC SDS

12 @Detergent .

&
° (]
©
0.2 0.4 0.6 0.8 1
[DSA] mM

the major peak as a function of increasing DSA concentra-
tion at a fixed detergent concentration. Diffusion coefficients
were calculated for each peak separately when possible, but
the low intensity of the minor peaks tended to lead to poor
fits to the Stejskal-Tanner equation resulting in large error
in the associated diffusion coefficients.

The chemical shifts of both the major and minor DSA
trimethylsilyl peaks in each micellar environment were
deshielded relative to that observed in D,O (Fig. 8). Mir-
roring the behaviour of DSS, the major peak was per-
turbed most in the presence of the oppositely charged
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T i s
Cifsion oeffiients (D Condition Pron Poss Poseren
x 1071 m? s of indicated 0.05 mM DSA 229+0.1 8.08 + 0.06 -
leif:t’fofzs;i%fi f‘;:aiel o 010mMDSA 232 +0.1 8.05+0.02 -
last sig. figure, where deviation 0.25 mM DSA 23.2+0.1 7.83 +0.06 -
is smaller) under given 0.50 mM DSA 23.0+0.1 7.60+0.05 -
conditions at pH ~5 and 37 °C 0.75 mM DSA 23.1+0.1 7.71+0.07 -
as determined using 'HDOSY 4 iy pga 229+0.1 7.61£0.03 -
5.0 mM DSA 23.0+0.1 7.62+0.01 -
50 mM DSA 22.44+0.1 7.43 +0.02 -
0.050 mM DSA + 100 mM DPC 223 +0.1 2.13+0.01 1.04 + 0.01
Minor DSA peak 2.32+0.02
0.10 mM DSA + 100 mM DPC 220+02 2.78 +£0.02 1.09 + 0.01
Minor DSA peak 3.19+0.05
0.50 mM DSA + 100 mM DPC 222+0.1 2.07+0.01 0.997 +0.001
Minor DSA peak 2.72+0.08
1.0 mM DSA + 100 mM DPC 22.3+0.1 2.24 +0.01 0.994+0.001
Minor DSA peak 1.96+0.02
50 mM DSA + 100 mM DPC 22.0+0.1 3.48+0.01 0.860+0.028
Minor DSA peak 3.48+0.01
0.050 mM DSA + 100 mM SDS 224 +0.1 0.794 +0.008 1.01+0.01
Minor DSA peak 5.19+0.04
0.10 mM DSA + 100 mM SDS 224+0.1 0.781+0.003 0.953+0.001
Minor DSA peak 5.69+0.06
0.50 mM DSA + 100 mM SDS 22.3+0.2 0.787+0.001 0.975+0.002
Minor DSA peak 3.71+£0.01
1.0 mM DSA + 100 mM SDS 22.1+0.1 0.783 +0.001 0.999 + 0.001
Minor DSA peak 3.60+0.06
0.1 mM DSA + 100 mM DTAB 21.7+0.1 6.92+0.21 1.21+0.01
Minor DSA peak 1.03+0.02
0.50 mM DSA + 100 mM DTAB 22.1+0.1 6.50+0.10 1.23+0.01
Minor DSA peak 1.22+0.02
1.0 mM DSA + 100 mM DTAB 22.6+0.1 6.78 £0.01 1.30+0.01
Minor DSA peak 1.30+0.07

SDS (~ 60 ppb), to an intermediate degree in zwitterionic
DPC (~40 ppb), and least in like-charged DTAB micelles
(~20 ppb) at 0.5 and 1 mM DSA. For SDS and DPC, the
minor peak was more shielded relative to the major peak;
for DTAB, it was less shielded.

As with DSS, the diffusion coefficient of DSA was
decreased in the presence of each type of micelle without a
corresponding decrease in the diffusion of HOD (Table 3).
This was true for either the major or minor peaks (Fig. 7a
squares vs. diamonds; Table 3). The observed detergent
diffusion rates (Fig. 7b; Table 3) in the presence of DSA
exhibited some clear differences relative to in the pres-
ence of DSS. As with SDS-DSS mixtures, like-charged
DTAB-DSA mixtures exhibited minimal change to detergent
D. With DPC, however, slightly enhanced detergent diffu-
sion was apparent at low DSA concentrations (e.g., perhaps
due to an increased free detergent concentration), stabilizing

at higher concentrations and becoming attenuated at 50 mM
DSA. In the case of SDS, the detergent diffusion coefficient
was generally observed to increase, contrary to that of DSA
itself which decreased to a value below SDS itself. This
implies a fairly strong perturbation to the SDS micelle-free
detergent equilibrium in the presence of DSA, with a slight
turbidity also apparent in these mixtures. Increasing DSA to
2 mM or above led to precipitate formation, consistent with
other studies of mixed-micelles formed with anionic and
cationic species, especially when the charged groups are not
sterically hindered (Bakshi et al. 2002). The perturbation of
SDS behaviour by DSA even at concentrations typical for
chemical shift standard application implies that this would
be a non-ideal combination.

Following the same approach as for DSS, DSA and deter-
gent diffusion rates under each condition were used to esti-
mate DSA binding to each micelle type (Table 4). In almost
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Fig.8 Overlaid 'H NMR spectra showing Si-CH, resonances of
DSA observed in D,O (most shielded) relative to those observed in
100 mM of DTAB, DPC or SDS (from second-most to least shielded,
respectively, for the major peak). Minor DSA Si-CH; peaks mirror
this, with SDS being most shielded, DPC being intermediate, and
DTAB being least shielded; arrows indicate the positions of the minor
DTAB peaks in (a, b). DSA concentrations of a 1.0 mM, b 0.5 mM,
and ¢ 0.1 mM are illustrated. In all cases, experiments were per-
formed at pH~5 and 37 °C, with spectral referencing relative to the
DSA Si-CHj; resonance at 0.000 ppm observed at 0.1 mM in D,0

all cases (with the exceptions being ~equal), the more
deshielded peak exhibited a greater attenuation of diffusion
than the less deshielded peak, with a correspondingly greater
proportion of DSA estimated to be bound. DSA-SDS micelle
binding was ~100%, with DPC binding being intermediate
and similar for both the major and minor species in slow
exchange, and the major species of DSA in DTAB consist-
ent with ~20% binding and the minor species being strongly
micelle associated.

Concluding remarks

The propensity for DSS to self-associate at high concen-
trations and to interact with the commonly used deter-
gents DPC and SDS, as well as DTAB, above their critical
micelle concentrations was investigated by both 1D 'H
and DOSY NMR experiments. The latter phenomenon was
also investigated for the DSS analogue DSA. The decrease
in the diffusion coefficient of DSS as a function of con-
centration increase implies the potential for self-assembly

of this relatively small amphiphile. However, this process
appears to take place only at concentrations that are orders
of magnitude higher than the typical range of DSS used as
an internal standard in aqueous conditions and should not
affect its use as a reference molecule.

This amphipathy has ramifications in that both DSS
and DSA exhibit interactions with DPC, SDS and DTAB
micelles at typical experimental concentrations of
0.1-1 mM DSS/DSA and 25-200 mM detergent. In each
case, the chemical shift standard interacted most favour-
ably with the micellar species of opposite charge, at an
intermediate level with the zwitterionic DPC, and least
with the like-charged species. The largest chemical shift
perturbations observed herein (~ 60 ppb) are equivalent in
magnitude to the secondary chemical shift threshold that
we previously found to be appropriate under some circum-
stances for secondary structure prediction (Tremblay et al.
2010), implying that this is not an insignificant degree of
modulation to the 0 ppm reference. Both reference com-
pounds also appear to perturb the hydrodynamics of SDS
and DPC micelles, or at least the equilibrium between
micellar and non-micellar detergent species, over the typi-
cal concentration regime of 0.1-1 mM. Hence, DSS and
DSA may both impact and be perturbed by membrane-
mimetic systems even at low concentrations.

One potential solution for the issue of a reference stand-
ard molecule interacting with a given membrane mimetic
is to employ the CH, or CH; chemical shift from the tail-
group of a detergent or lipid species as an internal refer-
ence (e.g., the referencing method employed for Fig. 6).
These nuclei should be protected from solution and experi-
ence a relatively consistent environment given a high stoi-
chiometry relative to the membrane-associated or -span-
ning species in question and stable self-assembly state.
This, in turn, avoids issues with CSP by, e.g., changes
in dielectric constant (Tremblay et al. 2010) or pH (De
Marco 1977). Care, of course, must then be taken in the
value assigned to this reference chemical shift; however,
given an accurate reference chemical shift value for the
conditions in question, this would provide a rigorous and
robust referencing method for membrane protein NMR
spectroscopy.

Table 4 Estimated micelle-bound DSA fraction (0.1 for major species; + 0.3 for minor species) as a function of concentration in the presence
of 100 mM of a given detergent inferred from relative diffusion coefficients of DSA and detergent (Eq. 3)

Micelle type SDS DPC DTAB

DSA species Major Minor Major Minor Major Minor
(DSA)=0.1 mM 1.0 04 0.8 0.7 0.2 1.0
(DSA)=0.5 mM 1.0 0.3 0.8 0.7 0.2 1.0
(DSA)=1.0mM 1.0 0.5 0.8 0.9 0.2 =

*Insufficient signal for determination
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