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Abstract

Many organisms can adapt to changes in the solute content of their surroundings (i.e., the
osmolarity). Hyperosmotic shock causes water efflux and a concomitant reduction in cell volume,
which is countered by the accumulation of osmolytes. This volume reduction increases the
crowded nature of the cytoplasm, which is expected to affect protein stability. In contrast to
traditional theory, which predicts that more crowded conditions can only increase protein stability,
recent work shows that crowding can destabilize proteins through transient attractive interactions.
Here, we quantify protein stability in living Escherichia coli cells before and after hyperosmotic
shock in the presence and absence of the osmolyte, glycine betaine. The 7-kDa N-terminal src-
homology 3 domain of Drosophilasignal transduction protein drk is used as the test protein. We
find that hyperosmotic shock decreases SH3 stability in cells, consistent with the idea that
transient attractive interactions are important under physiologically relevant crowded conditions.
The subsequent uptake of glycine betaine returns SH3 to the stability observed without osmotic
shock. These results highlight the effect of transient attractive interactions on protein stability in
cells and provide a new explanation for why stressed cells accumulate osmolytes.
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Introduction

Life on earth has adapted to a vast range of ionic environments, from pure water to 6 M
NaCl, by regulating the concentration of solutes called osmolytes [1,2]. A large increase in
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extracellular salt concentration causes water efflux, which reduces the cell volume and
increases the concentration of macromolecules within the already crowded cytoplasm [3,4].
This hyperosmotic shock is expected to affect protein stability. Traditional theory predicts
that more crowded conditions can only stabilize proteins. Here, we test this idea by
measuring protein stability in hyperosmotically stressed cells. We find that increasing the
crowded nature of the cytoplasm decreases protein stability, consistent with recent studies
showing that proteins can be destabilized by transient attractive interactions between the
crowding molecules and the test protein [5-13].

Cells adapt to the loss of water by synthesizing or accumulating osmoprotecting solutes
[14]. The bacterium Escherichia coli accumulates osmolytes such as glycine betaine to
concentrations of nearly 1 M [15]. These solutes are known protein stabilizers /n vitro [16],
and it has been suggested that the accumulation of osmolytes by stressed cells prevents
protein aggregation [14]. Here, we directly measure the effect of glycine betaine on protein
stability in living £. coliand show that increasing the glycine betaine concentration in cells
returns the stability lost due to hyperosmotic stress. These results provide a new explanation
for why stressed cells accumulate osmolytes.

The protein used in these experiments is the 7-kDa N-terminal SH3 domain of Drosophila
signal transduction protein drk (SH3). This metastable protein exists in a simple, reversible
two-state equilibrium between its folded state and its unfolded ensemble [17] such that both
forms are present at comparable concentrations under non-denaturing conditions. SH3 can
be labeled with a fluorine atom on its sole tryptophan at position 36, allowing the application
of 19F NMR spectroscopy [10,18]. Exchange between the folded form and the unfolded
ensemble is slow compared to the difference in the NMR frequencies of the fluorine label in
the two states, enabling the quantification of the modified standard-state free energy of

i i ; . o population unfolded T
unfolding by integrating the resonances: AG, = RTln(—populu tion Jolded ) The ability to

measure SH3 stability both in vitro and in living cells [10] makes this protein useful for
studying protein folding under stressed conditions in cells in the presence and absence of
glycine betaine.

Results and discussion

Quantification of protein stability in cells

Increasing the external osmolarity of £. co/iby adding 0.3 M NaCl to the external media
causes water efflux, reducing the cell volume by ~35% and increasing the concentrations of
macromolecules [3]. The qualitative conclusions that hyperosmotic stress destabilizes SH3
are easy to see by examining the areas under the peaks marked F and U in Fig. 1. When
osmotically stressed E. coli cultures are provided with betaines, the stressed cells rapidly
accumulate these compounds to maintain the turgor pressure and prevent dehydration [19].
More specifically, 1 mM glycine betaine in the media under hyperosmotic conditions results
in a cytoplasmic concentration of 0.68 + 0.07 m [20]. The qualitative conclusion that the
accumulation of glycine betaine restores the stability is also easy to see by inspecting Fig. 1.
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SH3 aggregation does not complicate our analysis because the protein aggregates only under
highly acidic (pH 2) conditions [21,22]. For experiments conducted with 0.3 M NaCl, the
cells cannot adapt because glycine betaine is not synthesized by £. coli grown under osmotic
shock in minimal media lacking precursors such as choline [15]. Trehalose and glutamic
acid are the major organic osmolytes in £. coli grown in minimal medium under osmotic
stress in the absence of betaines [15], but this is not a problem in our studies because cells
were not grown at high osmolarity. Furthermore, trehalose and glutamic acid are not
detected when shocked cells are given glycine betaine [15].

To quantify stabilities, we had to remove the contribution of two fluorine containing
molecules whose resonances overlap with that of the unfolded ensemble—free 5-
fluoroindole and truncated SH3, which we collectively refer to as X. The truncated protein is
soluble, lacks nine C-terminal residues (Fig. S2), and is unable to fold (Fig. S3). The
fluorine atom on the truncated protein and on 5-fluoroindole experiences an environment
more similar to that of the unfolded ensemble of intact SH3 than that experienced by folded
SH3. In addition, weak attractive interactions in cells cause resonance broadening [10]. For
these reasons, it is unsurprising that the chemical shifts of these two species overlap with the
shift of the unfolded ensemble (Fig. S3). As described next, we removed the contribution of
X viathe cell lysate spectrum.

The in-cell spectrum is acquired first (Fig. 2b). The areas under the peaks are proportional to
the populations of the species. The downfield resonance corresponds to only the folded SH3.
The area under the folded peak in the in-cell spectrum is proportional to the concentration of
the folded state. The upfield peak comprises resonances of the unfolded ensemble, free 5-
fluoroindole, and the truncated protein (U+X). The sum of these two integrals (J (U+X)-,c+
J Fj0) is proportional to the total concentration of all fluorine-containing species. To
determine which fraction of this total comprises the unfolded form now just remains. We
begin by writing an expression for the fraction of folded SH3 among all fluorine-containing
species by dividing the area under the folded state peak (J F;0) by the sum of the areas of the

two peaks:
e
1)

/F1C+/(U+X)1C

The cells are then lysed, and a spectrum of the clarified lysate is acquired (Fig. 2c). It is
important to realize that the volume of cells in the sample comprises only about 50% of the
total volume; the remainder of the volume comprises the buffer surrounding the cells [23].
The attractive interactions that destabilize SH3 in cells are attenuated in the lysate because
the buffer that surrounded the cells dilutes the lysate. This attenuation results in a shift in
equilibrium toward the folded state. In other words, N95% of SH3 that was unfolded in cells
is folded in the lysate. If present, however, unfolded intact SH3 would show itself as a peak
with a chemical shift indicated in Fig. 2c by the green arrow. In addition, previous
experiments show individual peaks for metabolites and unfolded SH3 in the lysate under
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slightly different conditions [10]. Thus, in the clarified lysate, the downfield lysate
resonance represents total intact SH3 (7y,s). Equation (2) gives the fraction of fluorine-
containing species comprising intact SH3:

T S
—ly (2)

/les+/xlys

Approximately 60% of all fluorine-containing species comprise intact SH3. The remaining
40% comprise the truncated form and other fluorine-containing metabolites.

Equations (1) and (2) use the areas to obtain the fraction of all fluorine-containing species
that is folded SH3 and the fraction that is intact SH3, respectively. The fraction of intact SH3
minus the fraction of folded SH3 yields the fraction of all fluorine-containing species that is
unfolded and intact SH3 in cells (Ujc fa0):

lys FI

T c
Uc, frac = - 3)
/les+/xlys /FIC+/(U+X)1C

Multiplying Ujc fra¢ by the sum of the two peaks in the in-cell spectrum gives the population
of unfolded SH3 in cells. Equation (4), where Ris the gas constant and 7 is the absolute
temperature, gives the modified standard-state free energy of unfolding in cells:

o (/(U+X)IC+ /FIC)(UIC,frac)
AG, = —RTin 4)
Fic

Integration of both the raw spectra and the deconvoluted spectra shows no significant
differences in stabilities (Table S1). These calculations contain the inherent assumption that
the intact protein in the clarified lysate does not interact significantly with other cellular
components, and, therefore, the equilibrium between the folded state and the unfolded
ensemble is the same as it is in buffer. In support of this assumption, a 1°F spectrum of
uncentrifuged lysed cells shows a resonance for unfolded SH3 as a shoulder to the Xys peak
(Fig. S4). These two peaks are also broader than those in clarified lysate, suggesting
increased interactions with the biomolecules in the uncentrifuged lysate.

Osmotic shock destabilizes SH3 in cells

The increase in the concentration of macromolecules caused by the osmotic-stress-induced
decrease in cellular volume increases hard-core interactions. According to hard-core
repulsion-based theories, this should stabilize proteins [24], but we observe a ~1 kcal/mol
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decrease in SH3 stability (Fig. 1c and Table 1). This result is another example of crowding-
induced protein destabilization viatransient attractive interactions [5-13].

Glycine betaine stabilizes SH3 in osmotically shocked cells
Adding 1 mM glycine betaine to the medium of cells stressed with 0.3 M NaCl stabilizes
SH3 compared to hyperosmotic shock alone (Fig. 1d, Table 1, and Table S2), returning AG;}

(1.5 = 0.2 kcal/mol) to the value from unstressed cells (1.6 + 0.2 kcal/mol). Our results show
the physiological importance of glycine betaine for protecting protein stability in living cells
and are consistent with our previous /n vitro data showing that glycine betaine mitigates the
destabilizing effects of cytosol on chymotrypsin inhibitor 2 [25].

It is well known that glycine betaine stabilizes proteins /n vitro[16,26-31]. Therefore, we
also examined the effect of the estimated physiological concentration of glycine betaine in
stressed cells, 0.68 m, on purified SH3 /n vitro. We conducted this experiment in H,O
instead of D0, because the protein is less stable in H,O (Table 1 and Fig. S5), allowing us
to measure more accurately the population of the unfolded ensemble. In buffer, 0.68 m
glycine betaine increases SH3 stability by 0.5 + 0.1 kcal/mol. In stressed cells, this
concentration of glycine betaine increases the stability by 1.0 + 0.2 kcal/mol. This result
shows that glycine betaine has a synergistic effect in cells. The reason for the synergism is
unclear but may be related to the fact that the osmolyte stabilizes many proteins in the cell,
not just SH3.

In summary, our results show that increasing the concentration of macromolecules in a cell
via osmotic shock destabilizes proteins, and the accumulation of glycine betaine ameliorates
the destabilization. The protein destabilization effect of osmotic stress has not been reported
quantitatively in living cells, although our observation is consistent with studies showing that
transient attractive interactions destabilize proteins [5-10]. Most importantly, our data
provide a new explanation for osmolyte accumulation in cells. Although it was known that
osmolyte accumulation by osmotically stressed £. co/i maintains proper turgor pressure and
allows return to more normal growth rates [32], the effect of glycine betaine on protein
stability in living cells had not been reported. The fact that less stable proteins are more
likely to aggregate provides an explanation for the suggestion that osmolyte accumulation
helps prevent protein aggregation [14,33,34]. In summary, our results provide an additional
explanation for the ubiquity of osmolytes in nature; they relieve the destabilizing effect of
osmotic stress.

Materials and Methods
In-cell NMR [10]

The plasmid containing the gene encoding the drkN SH3 protein was transformed into
BL21-Gold(DES3) cells (Agilent) by heat shock. A single colony was used to inoculate 5 mL
of Lenox broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) supplemented with 100
pg/mL ampicillin. The culture was incubated at 37 °C with shaking (New Brunswick
Scientific Innova 126, 225 rpm). After 8 h, 50 uL of the culture was used to inoculate 50 mL
of supplemented M9 minimal media [50 mM NayHPO,4, 20 mM KH,PO4, 9 mM NaCl, 4
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g/L glucose, 1 g/L NH4CI, 0.1 mM CaCly, 2 mM MgSQy, 10 mg/L thiamine, 10 mg/L
biotin, and 150 mg/L ampicillin (pH 7.4)]. The culture was shaken overnight at 37 °C.

The next morning, the culture was diluted to 100 mL with supplemented M9 minimal media,
and 5-fluoroindole, dissolved in dimethyl sulfoxide, was added to a final concentration of
0.1 g/L [35]. The culture was shaken for an additional 30 min at 37 °C. Expression was
induced with IPTG (1 mM final concentration). After 45 min, cells were pelleted at 1000g
and resuspended in 100 mL of fresh M9 minimal media. For osmotic shock experiments, 0.3
M NaCl or 0.3 M NaCl and 1 mM glycine betaine were added to the M9 buffer. Expression
was again induced with 1 mM IPTG. After 45 min, the cells were pelleted at 1000g and
washed three times with in-cell NMR buffer [200 mM Hepes, 100 mM bis-tris propane, 150
pg/mL ampicillin, and 50 pg/mL chlor-amphenicol (pH 7.8)] prepared in 99.9% D,0.
Ampicillin selects for plasmid containing cells, and chloramphenicol stops protein
expression. Stated pH values for D,O-containing buffers are pH meter readings and
uncorrected for the isotope effect. For osmotic shock experiments, 0.3 M NaCl or 0.3 M
NaCl and 1 mM glycine betaine were added to the in-cell NMR buffer. Cell pellets were
gently resuspended in 200 pL in-cell NMR buffer and loaded into shaped NMR tubes with
0.25 mm glass wall (Bruker) to increase signal-to-noise in samples containing high
concentrations of salt. Cell slurries were ~50% cells and ~50% buffer by volume.

A 19F NMR spectrum of the cell slurry was acquired. After the experiment, the sample was
gently pelleted, and a spectrum of the twofold-diluted supernatant was acquired to assess
and correct for protein leakage, which was only observed under stressed conditions (Fig.
S1). The pellet was resuspended in 400 L of in-cell NMR buffer plus protease inhibitors
and lysed by sonication (Fisher Scientific Sonic Dismembrator Model 500, 10% amplitude,
30's, 67% duty cycle). The sonicated sample was centrifuged for 10 min at 16,000g, and the
supernatant was used to obtain lysate spectra.

Protein expression and purification of drkN SH3

Transformation and growth were performed as described above, except 100-mL overnight
cultures were prepared by inoculating supplemented M9 minimal media with 100 uL of the
8-h culture. The next morning, the overnight cultures were added to 900 mL of
supplemented M9 media. The cultures were shaken at 37 °C until an optical density at 600
nm (ODggp) of 0.6 was reached. Then, 60 mg of 5-fluoroindole dissolved in 250 pL of
dimethyl sulfoxide was added. The cultures were shaken for an additional 30 min, after
which expression was induced with IPTG to a final concentration of 1 mM. After 2 h, cells
were pelleted at 1000g at 10 °C for 30 min. Cells were resuspended in 50 mM Tris (pH 7.5)
containing protease inhibitors (Sigma-Aldrich P-2714, containing AEBSF, aprotinin,
bestatin, E-64, EDTA, and leupeptin) and frozen at —80 °C.

Cells were thawed at room temperature and lysed by sonication (15% amplitude, 15 min,
67% duty cycle) in an ice bath. Cell debris was removed by centrifugation at 16,000g for 30
min at 10 °C, and the supernatant was passed through a 0.45-um filter.

The purification of drkN SH3 involved three chromatography steps using a GE AKTA
FPLC. The first step was anion exchange chromatography [GE Q Sepharose column, 1.6 cm
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x 10 cm, 2.5-22.5% gradient, 50 mM Tris wash/50 mM Tris 2 M NaCl eluent buffer (pH
7.5)]. SH3 binds weakly and was eluted at 15% of the gradient. Protease inhibitors were
added to the fractions containing drkN SH3, which were then passed through a 0.22-pm
filter. The next step was size-exclusion chromatography [GE Superdex 75 column, eluted
with 50 mM NayHPOy4, 20 mM KH,POy4, and 9 mM NaCl (pH 7.4)].

One-dimensional 19F spectra after the size-exclusion step frequently showed that the protein
was apparently destabilized by 200-300 cal/mol compared to “more stable” batches. We
determined by using mass spectrometry that this SH3 was contaminated with truncated SH3
missing its nine C-terminal residues (Supplementary Fig. S3). NMR experiments indicated
that the 1°F resonance from truncated protein exactly overlapped that of the intact unfolded
peak, which skewed the stability. Further one- and two-dimensional experiments indicated
that truncated SH3 cannot fold (Supplementary Fig. S2).

To solve this problem, we added a final chromatography step, hydrophobic interaction
chromatography [GE HiTrap Phenyl HP, 100%—-0% gradient, 50 mM sodium phosphate, 1.5
M (NHy4)2SO4, wash to 50 mM sodium phosphate (pH 7.0)], which separated truncated SH3
from the full-length protein. Purified full-length SH3 was buffer exchanged into 17 MQ cm
~1 H,0 at 5 °C using a GE PD-10 desalting column. The sample was flash-frozen in an
ethanol/CO,(s) bath and lyophilized for 12 h (Labconco FreeZone).

In vitro samples were prepared by adding 1 mg of purified SH3 to NMR buffer [50 mM
acetic acid/sodium acetate, Hepes, and bis-tris propane (pH 7.8)] prepared in 99.9% D,0.
Stated pH values for D,O-containing buffers are pH meter readings and uncorrected for the
isotope effect. Methods for acquiring 19F spectra were similar to those used previously [10].
Spectra were acquired on a Bruker Avance I11 HD spectrometer with a QCI cryoprobe
operating at a Larmor frequency of 470 MHz and running TopSpin Version 3.2. Sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (Cambridge Isotope Laboratories) was added to /in vitro
samples and used to reference the spectra via the Xi factor for 19F. In-cell samples were not
referenced because we were concerned with protein stability and only needed the areas
under the resonances. Spectra were acquired at 25 °C. The D50 in the sample was used to
lock the spectrometer. A sweep width of either 70 ppm or 20 ppm was used, and the number
of scans varied from 64 to 128 for /n vitro experiments and 128 to 256 for in-cell
experiments.

Data processing

Data were processed and analyzed with TopSpin. Free induction decays of 75,000 points
each were subjected to a 15-Hz line broadening function before zero filling to 260,000
points followed by Fourier transformation. Resonances were integrated using two methods.
Spectra were manually integrated to obtain resonance areas or were deconvoluted by fitting
each peak to a Lorentzian function followed by automatic integration using TopSpin.
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Mass spectrometry

The sample was resuspended in 500 pL of a 50:50 acetonitrile: 0.01% formic acid mixture to
a final concentration of 10 uM and directly infused into a Thermo LTQ-FT-ICR mass
spectrometer with an ESI source operating in positive-ion mode. Data were acquired in high-
resolution mode over 250 scans and deconvoluted using MagTran, selecting for six species
in a mass range from 10 Da to 100,000 Da.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Gﬁ/cine betaine reverses the destabilizing effect of hyperosmotic shock. (a) SH3 exists in an
equilibrium between its folded state (PDB ID: 2A36) and an unfolded ensemble with a free
energy of unfolding near zero under non-denaturing conditions. Tryptophan 36 with fluorine
at position 5 is highlighted in red. Protein stability was measured in live £. coli cells under
three conditions at 298 K. (b) Both the unfolded and folded forms are populated in cells
under normal osmotic conditions. Gray outlines represent the cell wall. Black outlines
represent the cytoplasmic membrane. Blue circles represent H,0. (¢) Hyperosmotic shock
caused by adding 0.3 M NaCl to the media destabilizes SH3. (d) Adding 1 mM glycine
betaine to the 0.3 M NaCl causes the uptake of glycine betaine, returning SH3 to the
stability observed without osmotic shock. Orange circles represent glycine betaine. Leakage
of fluorine-containing metabolites (X) occurs upon hyperosmotic shock (Fig. S1).
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Fig. 2.

Correcting for other fluorine-containing species (X) in cells. (a) In D,O-containing buffer at
298 K, N95% of purified SH3 is in the folded state (F) and b5% is in the unfolded ensemble
(V). The areas of the resonances (J F) and (J U) are proportional to the population of F and
U. (b) The folded state is favored in D,O-suspended cells at 298 K, but a small population of
SH3 remains unfolded because of the attractive interactions in cells. The upfield peak in
cells comprises resonances from U and X. Therefore, the area under the upfield peak is
proportional to the sum of the populations of unfolded SH3 and the fluorine-containing
metabolites (/' (U+X),0). (c) In the clarified lysate of these cells at 298 K, the folding
equilibrium shifts such that N95% of SH3 exists in the folded form. Therefore, the
downfield peak represents the total concentration of SH3 in the experiment (J Tys)- The
upfield peak represents only the fluorine-containing metabolites ( Xjys). The green arrow
indicates the chemical shift of unfolded SH3.
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Free energies of unfolding (AGZ) at 298 K with standard deviations of the mean from three trials

Table 1

Condition (AGZ)‘ (kcal/mol)
Buffer

D,0 (pH 7.8) 1.5+0.1
D,0 + 0.3 M NaCl 1.7+0.2
D,0 + 0.3 M NaCl +1 mM glycine betaine 1.8 +0.1
H20 (pH 7.8) 0.63 +0.03
H,0 (pH 7.8), 0.68 m glycine betaine 11+01
Cells

D,0 1.6+0.2
D,0 + 0.3 M NaCl 0.54 +0.08
D,0 + 0.3 M NaCl +1 mM glycine betaine 1.5+0.2
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