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An osmolyte mitigates the destabilizing
effect of protein crowding
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Abstract: Most theories predict that macromolecular crowding stabilizes globular proteins, but
recent studies show that weak attractive interactions can result in crowding-induced destabiliza-

tion. Osmolytes are ubiquitous in biology and help protect cells against stress. Given that dehydra-

tion stress adds to the crowded nature of the cytoplasm, we speculated that cells might use
osmolytes to overcome the destabilization caused by the increased weak interactions that accom-

pany desiccation. We used NMR-detected amide proton exchange experiments to measure the sta-

bility of the test protein chymotrypsin inhibitor 2 under physiologically relevant crowded conditions
in the presence and absence of the osmolyte glycine betaine. The osmolyte overcame the destabi-

lizing effect of the cytosol. This result provides a physiologically relevant explanation for the accu-

mulation of osmolytes by dehydration-stressed cells.

Keywords: macromolecular crowding; nonspecific interaction; osmolytes; protein stability; amide

proton exchange

Introduction
Globular proteins have been called the robots of the

cell.1 Despite their essential role, globular proteins are

only marginally stable, possessing denaturation free

energies (DGo’
den) of 10 kcal/mol or less in simple buf-

fered solutions.2 The intracellular environment, how-

ever, is far from simple. For instance, macromolecules

can occupy more than 30% of a cell’s volume, reaching

concentrations exceeding 300 g/L.3 Even the bacterium

Escherichia coli contains�4000 different proteins.4,5

For many years this crowded environment was

thought to only stabilize globular proteins. Evidence

came from studies of protein stability in synthetic

polymer crowders such as Ficoll and polyvinylpyrro-

lidone.6–8 The stabilization was attributed to

crowding-induced steric repulsions that favor the

more compact native state over the ensemble of less

compact denatured states.

Recently, it was shown that crowding is not

always stabilizing.9–19 For instance, crowding by

both individual globular proteins (e.g., bovine serum

albumin, lysozyme), by cell lysates and crowding in

living cells can actually destabilize globular pro-

teins.13–19

One reason for the difference between the expec-

tation of stabilization and the observations of destabi-

lization arises from a chemical difference between

synthetic polymers and more biologically relevant

crowders. The simple polymers are relatively inert

with respect to protein surfaces11 such that crowding

effects are dominated by steric repulsions. Protein

crowders, on the other hand, can sometimes interact
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favorably with the surface of proteins being studied.

Unfolding a structured protein leads to exposure of

additional sites for favorable crowder–protein interac-

tions, lowering the free energy of the denatured state,

and destabilizing the protein.12 This is the same way

urea denatures proteins,20 which is consistent with

the presence of similar functional groups (hydrogen

bond donating-nitrogens and -accepting carbonyl oxy-

gens, on urea and the protein backbone.

However, cells contain more than macromole-

cules. Naturally occurring osmolytes,21–28 for

instance, can reach nearly M concentrations in E.

coli.22 These small molecules protect cells against

stress.21,22 One such stress, desiccation, further

increases the concentration of macromolecules in the

cytoplasm, making the intracellular environment

even more crowded.23 One role of osmolytes in

relieving dehydration stress is to counteract the loss

of cellular water. Here, we consider the idea that

osmolytes also act by overcoming the destabilizing

effect of the increased weak attractive interactions

in the cytoplasm that accompany desiccation.

We tested this explanation by examining the

stability of chymotrypsin inhibitor 2 (CI2) in the

presence and absence of the osmolyte, glycine beta-

ine (N,N,N-trimethylglycine), and in the presence

and absence of a physiologically relevant model of

the E. coli proteome.15 We chose glycine betaine for

three reasons. First, it is ubiquitous in biology. Sec-

ond, it is the key osmolyte of E. coli.24 Third, it pro-

vides a sensitive test for the effects of osmolytes

under crowded conditions because glycine betaine

has only a modest stabilizing effect in buffer.25 We

prepared the model cytoplasm from E. coli lysate by

removing membranes, nucleic acids, nucleic acid

binding proteins, and metabolites.15 Mass spectro-

scopic analysis indicates that our total protein lysate

is representative of the proteome.15

We measured the stability of CI2 by using

NMR-detected amide H/D exchange.29 The studies

were conducted at a physiologically relevant glycine

betaine concentration of 0.4 M.22 The H/D exchange

rates of individual backbone amide protons can be

converted to free energies of opening (DGo0
op) if the

test protein is stable and the intrinsic exchange is

rate determining.29,30 These conditions are met for

CI2 in buffer and lysates.18,31 DGo0
op values were

quantified under four conditions: in buffer (50 mM

sodium phosphate buffer, 20�C, pH 7.0), in buffered

100 g/L protein lysate, in buffer containing 0.4 M

glycine betaine, and in buffered 100 g/L protein

lysate containing 0.4 M glycine betaine. The com-

plete datasets are given in Supporting Information

Table S1 and in our previous study.15

The protein lysate decreases DGo0
op relative to

buffer at every residue we can measure [Fig. 1(a)].

This result indicates that weak, nonspecific protein–

protein interactions can overcome the stabilizing

effect of hard core repulsions.15 Adding glycine

betaine to the lysate leads to a striking effect [Fig.

1(b)]; despite the presence of the lysate, the

osmolyte increases DGo0
op at every quantifiable

residue, except the C-terminus.

Stabilization is also observed for globally

exchanging residues (Table I), whose average DGo0
op

value equals the free energy of denaturation as

determined by, for example, calorimetry.32 Adding

glycine betaine to the protein lysate stabilizes CI2

by 0.8 kcal/mol compared to buffer alone. The lysate

destabilizes CI2 by 0.6 kcal/mol compared to buffer.

Adding glycine betaine to the lysate increased the

stability compared to buffer by 0.2 kcal/mol, and

adding the osmolyte to buffer increased the stability

by the same amount.

The straightforward interpretation is that the

attractive interactions between the proteins in the

lysate and CI2 are mitigated by the osmolyte. This

interpretation is the same one used long ago to

explain how osmolytes overcome the destabilizing

effect of urea in shark bladder.21 The parallel

Figure 1. Backbone of CI2 colored by stability changes in kcal/mol. (a) DGo0

op in buffered 100.0 g/L protein lysate minus DGo0

op in

buffer alone. (b) DGo0

op in buffered 100.0 g/L protein lysate with 0.4 M glycine betaine minus DGo0

opin buffered 0.4 M glycine betaine.
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between urea and cytoplasmic proteins also high-

lights the fact that urea and the surface of globular

proteins possess the same functional groups.

In dilute solution, osmolytes stabilize globular

proteins because the backbone prefers to interact

with water rather than osmolyte, favoring the com-

pact native state of the protein.25–28 The physico-

chemical mechanism by which glycine betaine

mitigates the attractive interactions between the

proteins in the lysate and CI2 remains to be deter-

mined. However, the stabilizing effect of osmolytes is

compatible with mitigation of protein–protein inter-

actions, because it is well known that osmolytes can

mitigate aggregation33,34 and help prevent protein-

fouling of materials used for implanted devices.35

Empirically, the fact that the osmolyte has the

same stabilizing effect in both protein lysate and

buffer suggests that glycine betaine causes proteins

to be “invisible” to one another. This results in crowd-

ing effects similar to those exhibited by synthetic

polymers, including polyvinylpyrrolidone (Fig. 2).8

However, we cannot draw a firm parallel between the

two systems because synthetic polymers stabilize

proteins due to lack of net attractive interactions.11

We know that this absence of interaction does not

hold completely in lysate because analysis of CI2

backbone chemical shifts (Fig. 3) shows that

although glycine betaine decreases the interactions

between CI2 and the protein lysate, some remain.

In summary, if crowding were always stabiliz-

ing, it could not provide a rationale for the existence

of osmolytes as relievers of dehydration stress,

because dehydration increases the concentration of

macromolecules in cells. Thus, the observation that

an osmolyte overcomes the protein-destabilizing

effect of crowding provides an explanation for the

ubiquity of osmolytes in biology.21

Materials and Methods

The protein lysate was prepared from saturated

E. coli cultures. Membranes, nucleic acids, and

nucleic-acid-bound proteins were removed as

described.15 15N-enriched CI2 was expressed and

purified as described.6–8,13,15,18,31 Stock solutions of

0.4 M glycine betaine were made in deuterated,

50 mM sodium phosphate buffer, and pHread adjusted

to 7.0. Experiments were performed with solutions

containing 100.0 mg pre-exchanged, deuterated, total

protein lysate resuspended in 1.0 mL of 0.4 M glycine

betaine phosphate buffer. The 100.0 g/L lysate con-

tained 92 63 g of proteins (modified Lowry Assay).15

NMR experiments were performed as described.15,18

The concentration of CI2 was 1 mM. Experiments in

buffered 100.0 g/L lysate plus 0.4 M glycine betaine

were performed in triplicate. DGo’
op values are tabu-

lated in Supporting Information Table S1.
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Table I. Average DGo0

op, in kcal/mol, for Amide Protons
Exposed on Global Unfolding of the I29A;I37H Variant
of CI2

Solutiona DGo0
op

b DDGo0
op

c

Buffer 6.9 6 0.1 —
Lysate 6.3 6 0.1 20.6 6 0.1
GB1lysate 7.08 6 0.09 10.2 6 0.1
GB 7.1 6 0.1 10.2 6 0.1

a 100 g/L protein lysate, 0.4 M glycine betaine (GB).
b Uncertainties are the standard errors of the mean from
the data in Supporting Information Table S1.
c Error propagation on DGo0

op.

Figure 2. Stability changes brought about by buffered

(50 mM sodium phosphate) 100.0 g/L protein lysate contain-

ing 0.4 M GB (red; 20�C, pH 7.0) and buffered 100.0 g/L

polyvinylpyrrolidone (black, 37�C, pH 5.4, 50 mM sodium

acetate) compared to their respective buffers. Positive val-

ues denote increased stability. Experiments with only GB

were performed once. Bars represent standard errors of the

mean for solutions containing 100.0 g/L protein. The PVP

data have been published.8

Figure 3. Weighted chemical shift changes (Ddav)
36 of CI2

compared to buffer [red, 100.0 g/L protein lysate; blue,

100.0 g/L protein lysate plus 0.4 M GB]. Ddav is the shift in

lysate minus that in buffer. Values greater than 0.02 ppm are

significant as shown from replicate experiments.7
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