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a b s t r a c t

Prevention of aggregation is critical for analyzing protein structure. Non-detergent sulfobetaines (NDSBs)
are known to prevent protein aggregation, but the molecular mechanisms of their anti-aggregation effect
are poorly understood. To elucidate the underlying mechanisms, we analyzed the effects of dimethyle-
thylammonium propane sulfonate (NDSB-195) on acidic fibroblast growth factor (aFGF). NDSB-195
(0.5 M) increased both aggregation and denaturation temperatures of aFGF by 4 �C. Chemical shift pertur-
bation analyses indicated that many affected residues were located at the junction between a b-strand (or
310-helix) and a loop, irrespective of the chemical properties of the residue. The apparent dissociation
constants of the interaction ranged from 0.04 to 3 M, indicating weak interactions between NDSB and
protein molecules.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Protein aggregation is one of major obstacles in protein struc-
ture analyses since it impedes crystallization [1] and results in
poor resolution and low sensitivity of solution nuclear magnetic
resonance (NMR) signals [2]. To prevent the aggregation of calci-
neurin B, Anglister et al. added CHAPS (a small zwitterionic deter-
gent) to the sample, and observed well resolved resonances [3].
More recently, Golovanov et al. found that the equimolar mixture
of glutamic acid and arginine (at 50 mM) greatly enhanced the sol-
ubility of many proteins without interfering NMR measurements
by their proton resonances or disrupting intrinsic protein/RNA
interactions [4]. Here, we report the application of non-detergent
sulfobetaine (NDSB [5]) in NMR measurements of an unstable pro-
tein. NDSBs are a group of small compounds with a zwitterionic
sulfobetaine moiety and a small hydrophobic moiety, and are
known to prevent protein aggregation [5]. In fact, dimethylethy-
lammonium propane sulfonate (NDSB-195, Fig. 1) has been suc-
cessfully used to crystallize proteins [6,7]. However, the
mechanisms by which NDSBs prevent protein aggregation are un-
clear. Thus, to explore the applicability of NDSB-195 in NMR mea-
surements and to elucidate the stabilization mechanisms, we
examined the effects of NDSB-195, by solution NMR, on human
ll rights reserved.
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acidic fibroblast growth factor (aFGF)1—a protein that tends to
aggregate at low ionic strengths [8].

We selected NDSB-195 from 6 commercially available NDSBs
because (1) unlike NDSB-201, -256, and -256-4T, it does not con-
tain aromatic protons which would give rise to noises in the amide
proton region, (2) it is stable against UV light unlike NDSB-201 and
-256-4T, (3) it has a relatively simple proton spin system unlike
NDSB-221 which has a cyclohexane moiety, (4) it is relatively inex-
pensive compared with NDSB-211, and (5) it has been studied
most extensively [5–7].
2. Results

2.1. NDSB prevents the thermal aggregation and denaturation of aFGF

Fig. 2 shows the temperature dependence of the 1D [15N, 1H]
HSQC spectra of aFGF in the absence or presence of 0.5 M NDSB-
195 (both samples contain 150 mM NaCl). In the absence of
NDSB-195, signal height decreased with increasing temperature
due to thermal aggregation of the protein, and the maximum
height at 35 �C was less than 40% of the one at 25 �C (Fig. 2a). Con-
versely, in NDSB-195 presence, the height at 30 �C increased rela-
tive to that at 25 �C due to more rapid tumbling motion and the
1 Abbreviations used: aFGF, acidic fibroblast growth factor; CSP, chemical shift
perturbation, HSQC, heteronuclear single quantum coherence; Kd, dissociation
constant; NDSB, non-detergent sulfobetaine; Ta, aggregation temperature.
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Fig. 2. Temperature dependence of the 1D-HSQC spectra of aFGF in the absence (a)
or presence (b) of 0.5 M NDSB-195. Temperatures were 25 �C (magenta), 30 �C
(green), and 35 �C (cyan).
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Fig. 1. Chemical structure of NDSB-195.
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Fig. 4. CSP (Dd) of aFGF on addition of 0.5 M NDSB-195 as a function of the residue
number.
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intact structure of the protein molecules (Fig. 2b). Although a fur-
ther temperature shift to 35 �C decreased the signal height, the
maximum height retained 96% of the one at 25 �C. These observa-
tions indicate that NDSB-195 effectively prevents aFGF
aggregation.

Prevention of thermal aggregation of aFGF by NDSB-195 was
also demonstrated by turbidometric measurements. Fig. 3a shows
the temperature dependence of sample turbidity at 350 nm. In the
absence of NDSB-195, the turbidity began increasing at approxi-
mately 42 �C due to light scattering by the protein aggregates,
whereas the turbidity began decreasing at 51 �C due to precipita-
tion of the aggregates (i.e., removal from the light path). The mid-
point temperature of the turbidity increase (Ta) was 45.8 �C.
Inversely, the corresponding Ta value in the presence of 0.5 M
NDSB-195 was 50.2 �C, and about 4 �C higher than that in its
absence.

NDSB-195 also increased the denaturation temperature of aFGF.
In an aFGF molecule, there exists one tryptophan residue with its
side chain buried in the protein core [9]. On heating, the emission
wavelength of the maximum fluorescence of aFGF shows a red
shift from 302 to 330 nm (Fig. 3b) due to the exposure of the side
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Fig. 3. Effects of NDSB-195 on the thermal stability of aFGF. (a) Turbidity at 350 nm as a fu
(solid line). (b) The maximum fluorescence emission wavelength as a function of temp
Excitation wavelength, 280 nm. (c) NDSB-195 concentration dependence of the aggrega
chain in the aqueous phase. The midpoint temperature of the
wavelength shifted from 48.5 �C in the absence of NDSB-195 to
52.6 �C in the presence of 0.5 M NDSB-195; an increase of 4 �C as
in the case for turbidity at 350 nm.

2.2. Residues affected by NDSB-195

To determine the amino acid residues of aFGF affected by NDSB-
195 and the strength of the interactions, a series of 2D HSQC spectra
were recorded at increasing NDSB-195 concentrations, and the
chemical shift perturbations (CSPs) on adding 0.5 M NDSB-195 are
shown in Fig. 4 (CSPs at other NDSB concentrations are shown in
Supplementary Figure S1). Although many residues were shifted to
some extent, residues Thr48–Arg49, Gly129, and His138–Lys142
were affected more intensely than others, suggesting stronger ef-
fects of NDSB-195 on these residues. Since spatially proximate resi-
dues (<8 Å: the maximum length of NDSB-195) having similar
apparent Kd values may constitute the same interaction site for
NDSB, the inter-residue distance and apparent Kd values were ana-
lyzed for the affected residues, and were grouped into 11 possible
interaction sites (Table 1). Although lysine and glycine residues ap-
pear frequently, acidic (Glu), neutral (Ser, Thr, and Gln), and hydro-
phobic (Val and Leu) residues also appear to constitute the
interaction sites.

The residues listed in Table 1 are mapped along the protein se-
quence (Fig. 5). Interestingly, more than two-thirds of the affected
residues (13 of 19) are located in the junction between a secondary
structure (b-strand or 310-helix) and a loop. The residues in Table 1
are mapped on the tertiary structure of aFGF [10] (Fig. 6). Residues
exhibiting large shift changes were also mapped, although their
apparent Kd values could not be determined reliably: His93,
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Table 1
NDSB-interaction sites in aFGF and their apparent dissociation constants

Apparent Kd (M) Site number Residues

�0.04 1 G140, K142
0.1–0.5 2 K114, K115

3 K132
0.5–1.0 4 G43

5 Q57
1.0–3.0 6 S31, G34

7 T48, R49, G129
8 G66, V68
9 G76
10 E105, L147
11 L149, S152

The underlined residues are located in the junction between a b-strand (or 310-
helix) and a loop.
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Tyr107, Tyr139, and Asp154. Such affected residues are widely dis-
tributed throughout the structure.

3. Discussion

3.1. NDSB-interaction sites on aFGF

We analyzed the interaction of NDSB with aFGF by solution
NMR analysis. Although in some cases, NDSB-195 molecules are
observed in the crystal structure of proteins crystallized in the
presence of this additive [6,7], such observations are rather rare
since only sites with high affinities are determined by this method
[6,11]. Since solution NMR analysis can detect weak molecular
Kd < 0.1 M 0.1 M Kd < 0.5 M

21 41 61 81
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Fig. 5. The residues whose chemical shifts were affected by NDSB-195 with apparent Kd v
of the interaction are indicated by different symbols.

Fig. 6. NDSB-interaction sites are mapped on the t
interactions, it is appropriate for the analyses of NDSB–protein
interactions. We identified 19 residues with an apparent Kd value
of <3 M whose chemical shifts appeared affected. Because the
CSP of a residue does not necessarily indicate its direct interaction
with NDSB-195, we grouped the spatially close residues with sim-
ilar Kd values to find the possible interaction sites (Table 1). NDSB-
195 exhibits an obvious weak preference for particular chemical
structures of protein residues. This may be since NDSB-195 pos-
sesses all of the basic, acidic, and hydrophobic moieties in one mol-
ecule, which enables ionic and hydrophobic interactions as well as
hydrogen bonding. In fact, in the crystal structure of purine nucle-
oside kinase, the NDSB-195 molecule was in close proximity to res-
idues with different chemical properties (valine, glycine, serine,
arginine, etc.) [6]. More than two-thirds of the affected residues
are located in the junction between a secondary structure and a
loop (Fig. 5), and most interaction sites contain such residues in
the junction (Table 1). The observation that glycine residues are af-
fected by NDSB-195 more frequently than other residues may be
due to the frequent occurrence of this residue in loops [12] and
to the flexibility of this residue (larger susceptibility to conforma-
tional perturbations). Acidic FGF contains a b-trefoil motif with a 3-
fold symmetry axis [9]. The distribution of the interaction sites,
however, does not demonstrate 3-fold symmetry (Fig. 6).

3.2. Comparison of NDSB-195 with heparin analogs

For its biological activities, aFGF requires the association with
heparin, and heparin and its analogs are known to stabilize aFGF
[13]. Heparin binds to the C-terminal region of aFGF, and the bind-
ing sites have been analyzed in detail, using heparin analogs that
0.5 M Kd < 1.0 M 1.0 M Kd < 3.0 M

helix

101 121 141

e No.

alues smaller than 3 M are indicated along the sequence of aFGF. Different affinities

ertiary structure of aFGF (PDB ID: 2ERM [10]).
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do not induce protein oligomerization [13]. Eleven residues—
Phe122, Asn128, Cys131, Lys132, Arg133, Gly134, Thr137,
His138, Tyr139, Lys142, and Ala143—exhibited large (Dd > 0.15)
CSPs with Lys132 being the largest (Dd > 0.9) on addition of su-
crose octasulfate (SOS) [13]. CSPs were also observed at the C-ter-
minal region on adding NDSB-195 (Fig. 4). The residues exhibiting
CSPs—Gly129, His138, Tyr139, Gly140, and Lys142—differ, how-
ever, from those in the case of SOS, and the perturbation value
did not exceed 0.10 for any residues (Fig. 4). Because two residues
in this region—Gly140 and Lys142—exhibited the highest affinity
to NDSB-195 (�0.04 M), we investigated whether this high-affinity
interaction between NDSB-195 and aFGF had a greater impact on
the protein stabilization than the interaction with other residues.
The aggregation temperature (Ta) increased almost linearly with
the NDSB-195 concentration (Fig. 3c). This observation excludes
the possibility of the larger impact of the interaction of NDSB-
195 with Gly140 and Lys142. Since the affinities are widely distrib-
uted in the range of 0.04–3.0 M (Table 1), Fig. 3c suggests that the
interaction of each site with NDSB-195 contributes fairly equally to
the protein stabilization.

3.3. Possible Hofmeister effect of NDSB-195

Because NDSBs contain a sulfonate group, the stabilization by
NDSB might be ascribed to their Hofmeister effect as observed
for sulfate ions [14]. Direct comparison of the stabilizing effects
of NDSB-195 and sulfate ions is difficult, however, because sulfate
ions strongly stabilize aFGF at a low concentration (0.1 M) [8]. This
particular stabilizing effect of sulfate ions on aFGF may be ascribed
to the direct specific binding of sulfate ions to the heparin-binding
site on aFGF rather than to the Hofmeister effect. It is because the
Hofmeister effect requires high concentration (0.2–1 M) of salts
[15]. On the other hand, the stabilization by NDSB-195 is not as-
cribed to the specific binding to the sulfate/heparin-binding site(s)
on aFGF as described in the previous section. The elucidation of the
protein stabilizing mechanisms of NDSB-195 will require further
analyses.

3.4. Stabilization of other proteins by NDSB-195

NDSB-195 increased the aggregation temperature of G protein a
subunit, c-globulins, and even ubiquitin (Ishii et al., to be pub-
lished) as well as aFGF. NDSB-195’s preference for particular amino
acid types was found to be rather weak, and NDSB-195 was found
to affect the residues in secondary structure/loop junctions.
Although the mechanisms whereby NDSBs prevent protein aggre-
gation are still elusive, it is possible that NDSB-195 stabilizes many
proteins since most proteins have such junctions.

3.5. Application of NDSB-195 to NMR measurements

NDSB-195 may be beneficial for stabilizing protein samples
used for heteronuclear solution NMR measurements. NDSB-195
(0.5 M) prevented signal loss due to thermal precipitation (Fig. 2)
with no increase in pulse width and a negligible increase in sample
viscosity (data not shown). The absence of pulse length increase by
the addition of 0.5 M NDSB-195 is quite beneficial because the
addition of regular salts such as sodium chloride and ammonium
sulfate results in the longer pulse length, lower sensitivity, more
sample heating, and sometimes prohibition of using cryogenic
probes with high sensitivity. The distortion in water resonance,
which would lower the sensitivity, was not observed at all (data
not shown). No precipitate was observed in the aFGF sample con-
taining 0.5 M NDSB (and 0.15 M NaCl) at 20 �C for 1 month, while
in the presence of 0.15 M NaCl alone, the sample exhibited consid-
erable precipitation (data not shown).
We recommend trying 0.5 M NDSB-195 at first to unstable pro-
tein samples. When this concentration of NDSB is effective but not
satisfactory, we increase the concentration up to 1 M. When 0.5 M
NDSB-195 exhibits satisfactory stabilization, we may try lower
concentrations to decrease noises in 13C–1H planes and to increase
receiver gain.

The very limited perturbation in chemical shifts for amide res-
onances (Dd < 0.1 at 0.5 M) and for methly resonances (Supple-
mentary Figure S2) suggests that protein structure is not
perturbed significantly upon adding NDSB-195. The weak pro-
tein–NDSB-195 interactions (Kd > 10�2 M) preclude the possible
inhibition of enzymatic activities and physiological protein–pro-
tein interactions in the presence of NDSB-195 since the affinity be-
tween enzymes and substrates is stronger than protein–NDSB-195
interactions by two orders of magnitude. In fact, NDSB did not ex-
hibit significant inhibitory effects on enzyme activities (E. coli b-
galactosidase and yeast ubiquitin hydrolase) and protein–protein
interactions (activation of G protein by muscarinic acetylcholine
receptor) as far as we examined (Ishii et al., to be published). Fur-
thermore, NDSB-195 did not significantly affect transverse relaxa-
tion rates (R2) of amide protons of aFGF (Xian et al., to be
published).
4. Experimental

4.1. Preparation of aFGF

The gene encoding human aFGF [16] was cloned from the total
mRNA of human hepatoblastoma cells HepG2 by reverse transcrip-
tion-polymerase chain reaction (RT-PCR); its open reading frame
was ligated into the NdeI/XhoI sites of the pET20b vector (Nova-
gen), which possesses a hexahistidine tag at the C-terminus of
the protein. Uniformly 15N-labeled aFGF ([u-15N] aFGF) was ex-
pressed and purified as described [8] and concentrated in buffer
A (25 mM sodium phosphate, pH 6.6, 150 mM NaCl) by ultrafiltra-
tion using Amicon Ultra-5 (Millipore) at 4 �C.

4.2. Thermal aggregation and denaturation

The thermal aggregation profile of aFGF (5 lM in buffer A) was
recorded on a Shimadzu UV-2550 UV–VIS spectrophotometer
equipped with a TMSPC-8 temperature controller. The turbidity
was monitored at 350 nm from 10 to 90 �C at a heating rate of
0.5 �C/min. The thermal denaturation profile of aFGF (1 lM in buf-
fer A) was recorded on a JASCO FP-6500 spectrofluorometer. Emis-
sion spectra (300–600 nm, excitation at 280 nm) were obtained for
the temperature range of 20–70 �C at 2-�C intervals with 20-s
equilibration time at each temperature point and a heating rate
of 2 �C/min.

4.3. NMR measurements

All NMR spectra were recorded on Bruker ARX 400 spectrome-
ter at 400 MHz for protons. [u-15N] aFGF (0.4 mM) was diluted in
buffer A supplemented with 0.5 mM 1,4-dioxane for chemical shift
referencing [17] and 10% D2O. NDSB-195 stock solution (3 M) was
prepared by dissolving NDSB-195 in the same buffer followed by
filtration through a 0.2-lm filter. At 25, 30, and 35 �C, 1D
[1H-15N] HSQC spectra were recorded. To analyze the effects of
NDSB-195 on aFGF, a series of 2D 1H-15N HSQC spectra of
0.4 mM [u-15N] aFGF were recorded in the presence of 0, 37, 108,
240, 333, 420, 500, 736, and 1,000 mM NDSB-195 at 20 �C, with
1,024 and 256 complex data points at t2 and t1, respectively, and
16 scans per t1 increment. CSP of each HSQC resonance (Dd) was
calculated:
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Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:2� DdNÞ2 þ Dd2

H

q
ð1Þ

DdN and DdH indicate the chemical shift changes (in ppm) of amide
nitrogen and proton, respectively [13]. Apparent dissociation con-
stants (Kd) were estimated for each residue [18]. We ignored resi-
dues exhibiting poor correlation (r2 < 0.5) or a very high apparent
Kd value (>3 M). Data processing was performed using NMRPipe
software [19]. All 1H–15N HSQC signals were assigned based on
the published assignments of aFGF [8] and confirmed by referring
to the 15N-edited NOESY-HSQC spectrum. The numbering of resi-
dues adopted in this study corresponds to that used in Ref. [10]
and is larger by 14 as compared to those adopted in refs. [8 and 20].
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