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Biology is beginning to appreciate the effects of the crowded
and complex intracellular environment on the equilibrium
thermodynamics and kinetics of protein folding. The next
logical step involves the interactions between proteins. We
review quantitative, wet-experiment based efforts aimed at
understanding how and why high concentrations of small
molecules, synthetic polymers, biologically relevant cosolutes
and the interior of living cells affect the energetics of protein-
protein interactions. We then address popular theories used to
explain the effects and suggest expeditious paths for a more
methodical integration of experiment and simulation.
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Introduction

‘Biological macromolecules have evolved to function in
the crowded conditions characteristic of intracellular
milieu, so it is remarkable, not to say remiss, that most
investigations of the properties of such macromolecules
are still carried out in uncrowded buffers.” A great deal has
changed since John Ellis wrote that sentence in his
2001 review on macromolecular crowding in Current Opi-
nions in Structural Biology [1]. Here, we focus on one
particular aspect of crowding, its effect on the energetics
of protein-protein interactions (Figure 1). Beyond even
Ellis’ major concern, understanding these effects is
important because almost two-thirds of discase-associ-
ated missense mutations perturb protein complexes [2].

Check for
updates

k1,2,3,4

“Thermodynamics exhibits no curiosity, certain
things are poured into its hopper, certain others
emerge according to the laws of the machine.” G.
N. Lewis and M. Randall [3]

The reaction describing the association of proteins A and
B to form the heterodimer complex A-B, is written as

A+B=A-B (1)

For the first part of the Introduction, the reaction is
considered to occur in dilute buffered aqueous solution
near physiological pH, that is, modified standard state
conditions. The equilibrium constant for dissociation, K p,
is written in terms of the molar concentrations, ¢ or the
rate constants for formation and dissociation, £,, and £,z
respectively, as follows:

GA . GB é(,ff
K = —— = —
P C/l—}? 'ém/ (2)

Kp has the units of concentration. The smaller its value,
the more likely (i.e. the stronger) the interaction.

The most straightforward binding experiment involves
fixing the concentration of protein A and varying the
concentration of protein B (or vice versa). Such data
are often plotted as a binding isotherm (Figure 2) with
the fraction bound (f,) on the y-axis, the concentration of
B (or A), for heterodimerization, on the x-axis and the data
fitted to the equation

([4] + [B] + Kp) — V/([A] + [B] + Kp) — 4[A][B]

3)

to yield the dissociation constant, K. When the product is
a homodimer (i.e. A = B) and the total protein concentra-
tion is Py, the data are fitted to the equation

_ 4Py + Kp — /Kp + 8PrK)p

f[) 4P1

(4)

Stronger and weaker binding moves the isotherm to the
left or right, respectively. Kp values can be converted to
the free energies of dissociation(AG,/) using the Gibbs
equation,
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Figure 1
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The overarching question: are the energetics for dimerization the same
in buffer as they are in living cells?
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Simulated binding isotherms for a dimer in buffer (black, solid) and in
destabilizing (blue, short dash) or stabilizing (green, long dash)
conditions.

AG, = —RTIn(Kp) = —AG,/ (5)

where R is the gas constant, 7'is the absolute temperature,
and AG,/ is the modified standard-state free energy of
association.

Next, we consider the effect of adding a cosolute (i.e. a
solute in addition to the protein(s) and buffer), at con-
centrations from tens to hundreds of g/l.. Given that
partial-specific volumes of cosolutes range from about

0.6 mL/g to 0.9 mL/g cosolute volume occupancies can
reach 30% at 300 g/L.. This occupancy is in the range of
20%-40% that is found in living cells [4].

We begin with studies of cosolutes with molecular
weights up to several hundred Daltons (Da) because
such cosolutes represent natural osmolytes [5] and the
monomers that comprise synthetic polymers, which are
discussed later. We then shift our focus to cosolutes with
molecule weights from a few kDa to MDa. Such coso-
lutes include synthetic polymers, individual proteins,
collections of proteins in cell lysates, and those compris-
ing the interior of intact living cells. We consider syn-
thetic polymers because, although less physiologically
relevant, they are often used to mimic the cellular
interior and are useful for stabilizing protein based drugs
[6]. Commonly used synthetic polymers include poly-
ethylene glycol (PEG), polyvinylpyrrolidone (aka povi-
done), the sucrose polymer Ficoll, and the glucose
polymer dextran.

The effects of cosolutes are quantified by comparing
equilibrium-constants or rate-constants obtained in buffer
alone to the constants acquired under crowded condi-
tions. Equilibrium constants should be written in terms of
thermodynamic activity, «, of each component, 7

a; = y,C; (6>

The effect of nonideal conditions is encoded in the
unitless activity coefficient, y. In Eq. 2 we assumed that
y is one and the activity equals the molar concentration,
C, under the nearly ideal conditions in dilute buffer.

Crowding changes y, such that the K, under dilute
solution conditions must be modified by the ratio of
the activity coefficients to give the dissociation constant
under crowded conditions.

KD,fram'{l - KD <)/A_B> (7)
YaVp

Thus, the crowding effects are contained in the ratio of
Kp rowa to Kp. The effects can then be propagated into
the changes in the equilibrium binding free-energy,
enthalpy and entropy as well as activation parameters,
if the kinetics are known [7].

Table 1 lists, in approximate chronological order, studies
of protein-protein interactions studied at high cosolute
concentrations. Most efforts quantify K;, using equilib-
rium techniques or by measuring #,, and £,z In some
instances, only one rate constant is determined, and some
efforts focus on diffusion. We summarize the results from
investigations using small molecules, synthetic polymers,
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Table 1
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Cosolute effects on protein complex stability near room temperature and neutral pH

Protein Complex Cosolute(s) Method Parameters
Modified Globular homodimer PEG, lysozyme, ribonuclease, Fluorescence polarization +/— dimer
apomyoglobin B-lactoglobulin
1]
Cytochrome c/ Globular/globular Glycerol Fluorescence spectroscopy K
cytochrome bs
cytochrome ¢/
cytochrome ¢
oxidase [12]
Cytochrome ¢/ Globular /globular EG, glycerol, glucose, sucrose Absorbance spectroscopy K
cytochrome ¢
oxidase [13]
Cytochrome c- Globular/globular Glucose, sucrose, stachyose ITC K, H® AS®
cytochrome ¢
peroxidase [14]
HyHEL-5/BWQL Antibody/globular EG, glycerol, betaine Fluorescence polarization, Kon, Ko, K
[15] stopped-flow fluorescence
spectroscopy, ITC
Concanavilin A Homodimer/tetramer TMAO, betaine, proline, sarcosine, CD K
[16] sorbitol, sucrose, trehalose, urea
Barnase/barstar Globular/globular Povidone-1300, sucrose Stopped-flow fluorescence Kon
[17] spectroscopy
apo-Mb [18] Globular homodimer RNase A, HSA psec-resolved fluorescence apparent K
anisotropy
TEM-1/BLIP [19] Globular/globular EG, PEG- (200, 1000, 3500, 8000), Stopped-flow fluorescence kons Kotf
Ficoll-70, Haemaccel spectroscopy
TEM-1/BLIP [20] Globular/globular Glycerol, sucrose, EG, PEG (100, Fluorescence anisotropy, ka, Dy, D,
600, 1000, 3350, 6000, 8000), Ficoll- FCS, stopped-flow
70 fluorescence spectroscopy
Cytochrome f/ Soluble part of membrane Ficoll-70, dextran-70, glycerol, Stopped-flow Kon
plastocyanin protein protein/globular sucrose, ethane diol spectrophotometry
[21]
SOD/xanthine Globular/globular multi-enzyme Glycerol, PEG-2000, PEG-10000, Intrinsic fluorescence ka, kg, K
oxidase [22] complex Ficoll-70, dextran-70 spectroscopy & resonant
mirror biosensors
SH3-peptide Globular/peptide E. coli lysate FRET and flow cytometry K
PDZ-peptide [23]
a-chymotrypsin Globular homodimer Sucrose, glucose, raffinose AUC K
[24]
MAPK Stel1, Globular/disordered Yeast FCCS K
Ste7, Fus3/
Ste5 [25]
CDC42/N-WASp Globular/globular CHO cells SW-FCCS K
CDC42/CRIB
CSC42/IRSp53
[26]
CDC42/IQGAP1 Globular/globular CHO cells and zebrafish embryos SW-FCCS K
[27]
TEM/BLIP Globular/globular Glucose, EG, PEG-(600, 1000, SPR & ITC ka, Kg, K
barnase/barstar 8000), dextran-6
[28]
6- and e- subunits Globular/globular Ficoll-70, dextran-(6, 40, 70, 100, Intrinsic tryptophan K
of polymerase 150) fluorescence spectroscopy
Ill holoenzyme
[29]
SOD/catalase Globular/globular multi-enzyme dextran-70, Ficoll-70, PEG-2000 Intrinsic fluorescence K, H® AS®
[30] complex spectroscopy
3CL peptidase Globular homodimer PEG-(600, 6000) and BSA Fluorescence enzyme K
[31] activity assay
TEM-1/BLIP [32] Globular/globular Hela cells FRET & FRAP Ka, kg, t1/2
lysate
TEM-1/BLIP [33] Globular/globular dextran-40, PEG-20 000 Stopped-flow fluorescence K, H® AS®
spectroscopy
Calmodulin/target Globular/peptide sucrose, Ficoll-70, dextran-10 ITC, FCS, stopped-flow kg, kg, K

peptide [34]

fluorescence spectroscopy
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Table 1 (Continued)

Protein Complex Cosolute(s) Method Parameters
GB1 [35] Side-by-side homodimer Urea, EG, PEG-8000, sucrose, 19F NMR K
Ficoll-70, BSA, TMAO, E. coli
cytosol
GAPDH/PGK [36] Globular /globular multi-enzyme U-2 OS cells FRET microscopy/cell K
complex volume perturbation
GB1 [37] Side-by-side homodimer BSA, lysozyme °F NMR K
GB1 [387] Side-by-side homodimer TMAO, alanine, trehalose, B-alanine, °F NMR K
sarcosine, betaine, proline, sorbitol,
sucrose, urea, glycerol
GB1 [397] Side by side- & domain EG, PEG-8000, Ficoll-70, sucrose, 9F NMR K
swapped- homodimers BSA, lysozyme
PHD/methylated Globular /peptide Ficoll-70 "H-">"N NMR K
peptides [40]
ACTR/NCBD Disordered/disordered EG, DEG, TEG, PEG-(200, 400, Confocal single-molecule Ka, kg, K, Dy
[41°] 1000, 2000, 4500, 6000, 35 000) FRET
XIAP [42] Disordered/molten globule Ficoll, HeLa cells, HelLa cell lysates DEER spectroscopy K

homodimer

Abbreviations: ACTR, disordered activation domain of the steroid receptor coactivator 3; apoMb, apomyoglobin; AUC, analytical ultracentrifugation;
BLIP, B-lactamase inhibitor protein; BSA, bovine serum albumin; BWQL, bobwhite quail lysozyme; CD, circular dichroism spectropolarimetry; CHO,
Chinese hamster ovary; DEG, diethylene glycol; Dy, translational diffusion coefficient; D,, rotational diffusion coefficient; EG, ethylene glycol; FCCS,
FCS, fluorescence correlation spectroscopy; FRAP, fluorescence recovery after photobleaching; FRET, Forster resonance energy transfer; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GB1, streptococcal B1 domain of protein G; HSA, human serum albumin; HyHEL-5, anti-hen egg
lysozyme monoclonal antibody; IQGAP1, Ras GTPase-activating-like protein; IRSp53, insulin receptor substrate protein; ITC, isothermal titration
calorimetry; K, equilibrium constant for association or dissociation; k,, association rate constant; k4, dissociation rate constant; MAPK, mitogen-
activated protein kinase; NCBD, nuclear coactivator binding domain of CBP/p300; NMR, nuclear magnetic resonance spectroscopy; N-WASp,
neural Wiskott-Aldrich syndrome protein; PHD, plant homeodomain; PEG, polyethylene glycol; PGK, phosphoglycerate kinase; RNase, ribonucle-
ase; SH3, src-homology 3; SOD, superoxide dismutase; SPR, surface plasmon resonance; SW-FCCS, single wavelength fluorescence cross-
correlation spectroscopy; TEG, triethylene glycol; TEM-1, B-lactamase; TMAQO, trimethylamine N-oxide; t;,, half-time of fluorescence recovery;

XIAP, X-chromosome-linked inhibitor of apoptosis.

more biologically relevant cosolutes and living cells.
Values of K;/Kp .rowae are as large as 100, which translates
to a AAGZ; of less than 3 kcal/mol at physiological tem-
peratures. Such changes seem small, but because biologi-
cal macromolecules and their complexes are stabilized by
cooperative interactions [8], small changes in free energy
can have large biological effects. For instance, increasing
the incubation temperature of alligator eggs by 4°C,
corresponding to 0.01 kcal/mol of thermal energy,
changes the sex of hatchlings from 100% female to
100% male [9] (See Ref. [10] for more examples). We
then discuss the strengths and weaknesses of the meth-
odologies used to acquire the data, the models used to
interpret the results, and our ideas about what is needed
to create a molecular level picture of crowding effects.

Stability in solutions of small cosolutes
[12-17,19-21,24,34,35,38°,39°]

Most small molecule cosolutes, including naturally
occurring osmolytes [5], are minimally perturbing or
stabilizing, but there are exceptions. For instance, urea
is always destabilizing, which is unsurprising given its
well-known and well understood effect on protein sta-
bility [43]. Ethylene glycol can be stabilizing or desta-
bilizing [15,19] depending on the complex. Destabiliza-
tion of a protein complex by sugars and betaine
(trimethyl glycine, [15]) is surprising because these
cosolutes almost always stabilize proteins. As discussed
later, the difference may arise from the amount and

identity of the surface exposed upon denaturation and
dissociation. Whatever their effect on stability, protein
complexes tend to follow Stokes-Einstein behavior in
solutions containing high g/I. concentrations of small
molecule cosolutes, which means the ratio of 4,, values
in cosolute and buffer alone is directly proportional to
the ratio of the macroscopic viscosities of the two solu-
tions. Stokes-Einstein behavior, however, is usually not
observed in solutions containing high concentrations of
synthetic polymers.

Stability in solutions of synthetic polymers
[11,17,19-22,28-31,33-35,39°,40,41°°,42]

We discuss these results in terms of three questions. The
first question involves the relationship between 4, and
viscosity. Does the protein and its complex experience
the macroscopic viscosity? The other two questions deal
with equilibrium thermodynamics. Is there a stabilizing
macromolecular effect? That is, does the polymer have a
larger stabilizing effect than its monomer? The third
question involves polymer molecular weight. Specifically,
does polymer molecular weight affect stability?

Does the protein and its complex experience the macro-
scopic viscosity? The relationship between #£,, and the
macroscopic viscosity in polymer solutions is the subject
of many studies listed in Table 1. With one exception
[19], the relationship is clear. At a fixed g/L. concentration,
the protein feels less of the macroscopic viscosity as the

Current Opinion in Structural Biology 2021, 66:183-192
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molecular weight of the polymer increases. These posi-
tive deviations from Stokes-Einstein behavior [20] occur
because the chains form a porous mesh, which means,
crudely, that protein diffusion occurs mostly in the water
enclosed by the chains. The effect is well described by
Kozer and Schreiber [19], who also report the exception,
Haemaccel. This 35-kDa colloid-forming collagen hydro-
lysate is not synthetic, butitis included here because, like
synthetic polymers, this mixture of proteins lacks stable
tertiary structure. In Haemaccel, #,, for the complex
remains linearly related to the macroscopic viscosity as
is observed for the small molecule cosolute ethylene
glycol. As suggested by the authors, despite its similarity
in molecular weight to the other polymers, Haemaccel
does not form a mesh. Additional efforts comparing the
effects of synthetic polymers to those of disordered
protein crowders would be welcome.

Is there a stabilizing macromolecular effect? Many inves-
tigators associate macromolecular crowding with the sta-
bilization of proteins and their complexes. A crude test of
this idea is whether the polymer is more stabilizing than
the same g/LL concentration of the monomer. The test is
crude because itignores the end effect of the monomer [e.
g. Ref. 44]. The results are few and mixed. Phillip ¢ a/.
[28] report the opposite of the expected effect for PEG/
ethylene glycol and dextran/glucose. Our lab reported a
weak stabilizing effect for PEG and Ficoll/sucrose on a
side-by-side dimer and a larger effect for a nearly-identi-
cal domain-swapped dimer made from the streptococcal
B1 domain of protein G (GB1) [39°]. Zosel ez al. [41°°]
report a strong macromolecular effect for PEG. Yang ez a/.
[42] report that Ficoll decreases the stability of the
homodimeric complex comprising the first domain of
the X-chromosome-linked inhibitor of apoptosis (XIAP)
compared to buffer alone. The results of more such tests
are required to understand the basis of macromolecular
crowding.

Does polymer molecular weight affect stability? There
are few detailed investigations. Wilf and Minton [11]
studied the effect of 6 kDa-PEG and 20 kDa-PEG. They
observed no effect up to 250 g/L., the highest concentra-
tion studied. Zhou ¢z a/. [22] examined the effect of 2 kDa
and 20 kDa-PEG on the interaction between superoxide
dismutase to xanthine oxidase and observed an increase
in stabilization with increased size at a common PEG
concentration. Zosel e al. [41°°] describe the most
detailed effort by studying PEGs from the monomer
up to 35 kDa on the stability of the dimer comprising
an intrinsically-disordered protein, steroid receptor coac-
tivator 3 (ACTR) and the molten globule-like nuclear
coactivator binding domain of CBP/p300 (NCBD). They
observe (Figure 3) that at a fixed g/l. concentration,
stability increases with increasing molecular weight.
They also assessed the influence of PEG concentration
and report that AAGY/(g/L) is linear and its magnitude

Protein complexes and crowding Stadmiller and Pielak 187
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Effect of PEG molecular weight and concentration on ACTR-NCBD
dimer stability [41°°]. kg is the universal gas constant per molecule.

increases with increasing PEG molecular weight. Addi-
tional detailed systematic studies of size effects are
absolutely required.

Stability under more physiologically relevant
conditions [11,18,23,31,35,37,39°,45]

Studies with synthetic polymer crowders are important for
understanding the mechanism of crowding and stabilizing
protein-based drugs [6], but cells are mostly crowded with
globular proteins. Shape and surface are obvious differ-
ences between synthetic polymersand globular proteins. In
terms of shape, synthetic polymers at high concentrations
form a porous mesh with a large macroscopic viscosity [46],
but globular proteins, as their name implies, are compact
objects that generally have a much smaller effect on mac-
roscopic viscosity. Turning to surfaces, those of the usual
synthetic polymers lack the variety of functional groups
found on proteins, which are studded with groups capable
of a variety of interactions. These groups include positive
and negative charges at the termini and on the side chains of
aspartic- and glutamic- acids, lysine, arginine and histidine,
which affect a protein’s isoelectric point (pl), as well as the
hydrogen bond donors and acceptors. A key difference
between protein crowders and common synthetic polymers
is that proteins are charged.

Minton and Wilf were probably the first to assess protein
complex formation in protein cosolutes [11]. Lysozyme
(pI 10), ribonuclease A (pI 10), and B-lactoglobulin (pI 5)
all brought about dimerization of fluorescently modified
myoglobin (pI 9) at neutral pH. The ribonuclease effect
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was confirmed [18] and, in the later study, human serum
albumin (pl 4.7) did not promote self-association. For all
except B-lactoglobulin, the results are consistent with the
idea that charge-charge repulsions between myoglobin
and the crowder protein promote dimerization. Phillip
etal. [32] examined £,, and £,;of the TEM1 B-lactamase-
B-lactamase inhibitor complex and several variants in
human (Hel.a) cell lysates (and cells, vide infra) but
there is no combination of data that permit comparison
of K, values in lysate and buffer. The less compact side-
by-side dimer and the more compact domain-swapped
dimer made from the streptococcal B1 domain of protein
G (pl 4.5) were examined in bovine serum albumin (pI
4.5) and lysozyme (pI1 9.7) at pH 7.4 [35,39°]. Compared to
buffer, the dimers are more stable in albumin and less
stable in lysozyme. Additionally, the side-by-side dimer is
more stable in freeze-dried E. co/i cytosol than in buffer
[35], which contains a majority of polyanionic proteins.
These results are also consistent with the idea that
crowder charge plays a key role.

We end this section with a word of caution about inter-
pretations using enzyme activity. The SARS-CoV 3CL
peptidase (pl 6.7) is only active as a homodimer [31].
Bovine serum albumin increases the activity of the
enzyme, which suggests a role for repulsive electrostatics,
but this cosolute does not stabilize the dimer.

In summary, the surface charge on protein-based crow-
ders can control their effect on protein complex formation
and stability. Examining protein dimer stability in protein
cosolutes shows the effect of charge. Specifically, nega-
tively charged protein crowders increase the stability of
negatively charged protein complexes. Additional stud-
ies, including use of a larger variety of protein cosolutes in
solutions at a variety of pH values, will provide a deeper
understanding of the role of electrostatics.

Stability in cells [25-27,32,36,42,47,48]

These are the most technically challenging experiments
and as shown in Table 1, most efforts use fluorescence
detection to assess complex formation. Maeder ez a/. [25]
made some of the first measurements of K, in living cells
using yeast. Unfortunately, the dilute solution values
were not reported, and therefore the results cannot be
used to assess the effect of the intracellular environment.
Sudhaharan ¢z a/. [26] studied the interactions between
the RhoG'TPase Cdc42 and three of its effector proteins
in Chinese hamster ovary cells. Comparison with 7z vitro
data shows that the intracellular environment decreases
Kp by about a factor of two. Shi ez a/. [27] quantified
complex formation between a Cdc42 variant and an actin-
binding scaffolding protein in zebra fish embryos. The Kp
value of 100 nM in embryos is about fivefold larger than
the value determined in buffer. Phillip ez /. [32] identi-
fied a small decrease in £, for the TEM1 B-lactamase-
B-lactamase inhibitor complex in Hel.a cells compared to

buffer. They also showed that increasing the positive
charge on one of the proteins decreases #,, but decreasing
the positive charge has no effect. Considering the fact that
the majority of proteins in most cells are polyanions [49],
these data also suggest a role for charge. However, K, in
Hel.a cells was not measured.

Sukenik ¢z a/. [36] assessed complex formation between
the glycolytic enzymes, glyceraldehyde 3-phosphate
dehydrogenase and phosphoglycerate kinase in human
U-2 OS cells. The stoichiometry changes from 1:1 in
buffer to 2:1 in cells. The K, values, which, to make
the units the same, were compared by taking the square
root of the value determined in cells, decrease from
20 pM in buffer to 14 pM in cells. The most important
conclusion, however, is that quinary interactions [50] can
stabilize multi-enzyme complexes [51].

The K, of the homodimeric XIAP complex has been
quantified in Hel.a cells [42]. The cellular interior desta-
bilizes the protein compared to buffer. The crystal struc-
ture of the dimer shows that it is stabilized by a salt
bridge. A possibility is that the higher ionic strength in
cells breaks this interaction, but as discussed above,
Ficoll, which is uncharged, also decreases its stability.

Progress has also been made in efforts to quantify protein-
protein interactions in bacteria, but K, values have yet to
emerge. Our group has shown that the concentration of
the side-by-side GB1 homodimer can be controlled and
quantified in Escherichia coli cells [47,48].

In summary, most in-cell efforts exploit fluorescence as
the detection method and most endeavors report either
no effect or stabilization.

Measuring crowding effects

Although fluorescence-based methods can assess binding
at or near physiologically relevant protein concentrations,
detection often relies on large labels that might interfere
with complex formation. This problem can be offset by
comparing the results from cells to those obtained for the
same constructs in dilute buffer. NMR-based detection
involves less perturbation (i.e. isotopic enrichment or
small labels like 'F) but it lacks sensitivity and therefore,
nonphysiologically large quantities of protein are
required. The EPR-based DEER technique combines
high sensitivity and rather small perturbations (i.e. spin
labels), but detection requires nonphysiologically rele-
vant low temperatures.

Bear in mind that K, values from in-cell studies are often
only ‘apparent’ because of competition between the
labeled protein, which is required to make the measure-
ments, and the natural version of the protein. A related
challenge involves knowledge of the cell volume because
the concentration of reactants, which is required to obtain
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Kp (Figure 2), depends on knowing volume. Such values
are often not measured directly but taken from the
literature. Even when measured directly, however, the
volume available to the complex is usually unknown (i.e.
Should the volume occupied by organelles, ribosomes,
etc. be subtracted?).

Models for interpreting binding data under
crowded conditions

“All models are wrong but some are useful” George
E. P. Box [52]

Now, we turn to the molecular-level interpretations of
how high concentrations of cosolutes from sugars to the
complex mix of intracellular macromolecules affect pro-
tein complex stability. A more nuanced and complete
discussion of many of these ideas is found in our contri-
bution to Annual Reviews of Biophysics and Biomolecular
Structure [53).

Preferential interactions

We begin with an analysis that is mostly applied to high
concentrations of small molecule cosolutes. On a mass-
per-molecule basis, protein complexes are hundreds to
thousands of times heavier than the small cosolutes such
as glycerol, glucose, betaine, and so on, listed in
Table 1. Therefore, interactions between small mole-
cules and proteins can reasonably be treated in terms of
the free energy per unit area of cosolute functional
groups. This idea is the basis of chemical-potential deri-
vatives, as described by Timasheff [54]. The concept is
referred to as preferential interaction if attractive, and
preferential hydration repulsive. This model, as elegantly
pursued by the Record group [43,55,56], works remark-
ably well for protein stability. Silvers and Myers [16]
analyze their concanavilin A dimer-to-tetramer data in
terms of the Tanford transfer free energy model [57] and
the more sophisticated Record model [43]. The Record
model fits better [44]. The difference in the quantity and
quality of area buried in protein complex formation and
upon folding may explain why sugars and osmolytes,
which stabilize proteins can destabilize a protein complex
[15].

The goal of several efforts in Table 1 is counting the
water molecules absorbed or expelled on complex forma-
tion [12,13,15] using osmotic stress analysis [58]. It should
be borne in mind that such interpretations are controver-
sial and that using different techniques can lead to con-
flicting results [59]. Finally, Rydeen er a/. [38°] suggest
that naturally occurring osmolytes are differentiated from
other cosolutes not by their stabilizing influences on
protein tertiary structure but by their compatibility with
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the interactions between protein surfaces in complexes in
cells.

Simple excluded volume theory [24,42]

Many of us first heard of excluded volume as a correction
to the ideal gas law. Simply put, the analysis focuses on
the fact that two molecules cannot access the same
volume at the same time. As applied to crowded solutions,
the complex, its constituent proteins and the crowding
molecules, are all treated as hard (i.e. inert) spheres, and
solvent water is treated as a featureless background. The
volume excluded by cosolute equals the volume of a
sphere with a radius that is the sum of radii of the protein
and cosolute. AAG}’)’ is proportional to -R7 times the
natural log of the difference in excluded volume of the
free proteins and the complex. Crowding will stabilize a
complex as long as the complex takes up less space than
the sum of the individual proteins.

Arequirementof hard particlesis that they don’tsense each
other until they touch and, then, being impenetrable, there
is a pure and infinite repulsion between them” . This
requirement means pure hard particle effects are purely
entropic. That is, they only depend on the arrangement of
the particles. Simple excluded volume analysis is firmly
grounded in classic solution theory [60,61] and can work
well for small cosolutes [24]. There is also a clear prediction
for simple excluded volume analyses: the effect decreases
with increasing crowder size at a fixed crowder volume
occupancy [53].

Scaled-particle theory [45,62]

This is another excluded volume-based analysis, but the
shape of the components can be manipulated, and water
can be treated specifically. Importantly, the analysis
collapses to simple excluded volume analysis if water is
ignored. It also leads to the same prediction about crow-
der size: a decreasing effect with increasing size at a fixed
g/LL concentration. A shortcoming is that scaled particle
theory is not neatly tied to classic solution theory because
water is treated explicitly rather than as a featureless
background [53].

Depletion forces [41°°,63]

"T'his analysis also focuses on excluded volume and there-
fore hard interactions. The idea is based on osmotic
pressure. When the proteins comprising the complex
approach each other at a distance such that the crowder
cannot fit between them, the crowder concentration
between the proteins is less than the crowder concentra-
tion in the bulk solution. The difference in pressure

> The idea that excluded volume arises solely from hard-core repul-
sion is not shared by polymer chemists who accept the existence of
negative excluded volume as a way to incorporate attractive chemical
interactions between molecules. See Rubinstein M, Colby RH: Polymer
physics: Oxford University Press; 2003.
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draws the protein into the complex. Importantly, its
pioneers, Asakura and Qosawa [63], not only considered
hard particles but also synthetic polymers. Zosel ez al.
[41°°] have applied this analysis to their data on protein
complex formation in PEGs and showed that the expec-
tations are opposite to those for simple excluded volume
analysis and scaled particle theory. Namely, that the
strength of the macromoleclar effect increases with poly-
mer size at a fixed g/L. concentration.

Potential of mean force [64]

The models discussed in the last three sections assume
that the effect of high cosolute concentrations arises only
from hard-core excluded volume. That is, crowding is
purely entropic; there is no enthalpic effect. Sapir and
Harries [64] have developed an elegant formulation that
incorporates chemical interactions into depletion force
analysis. We look forward to tests of this novel approach.
Their ideas may explain the temperature dependence of
crowding, which reveals enthalpic effects, meaning that
cosolutes are attracted or repelled from protein surfaces
[10]. These are the so-called soft interactions. Attractive
soft interactions include hydrogen bonds, complementary
electrostatic interactions, and so on. Repulsive soft inter-
actions comprise those between like charges (i.e. they add
to the hard-core interactions).

In summary, there are a plethora of analyses for inter-
preting crowding effects. The various explanations run
the gamut from being based on chemical interactions
alone, to hard-core repulsions alone, to combinations of
the two. The various ideas also treat the macromolecular
crowder in different ways: from spheres in a featureless
sea of solvent, to spherical-based shapes in a spherical
solvent, to treating crowders as polymeric chains. In the
final section we turn to ways the application of these
analyses can be used, abused, and perhaps improved.

“When the going gets weird, the weird turn pro.”
Hunter S. Thompson [65]

Most importantly, we must not treat cosolutes as inert
species and recognize that cosolutes can interact in an
attractive or repulsive fashion with proteins. One need
look no further than the work from Thomas Record’s
laboratory [44] for proof. Next, let’s stop treating mole-
cules of synthetic polymers in high concentration solu-
tions as if they are in any sense spheres. High concentra-
tions of hard spheres jam, whereas high concentrations of
synthetic polymers form highly viscous semidilute solu-
tions. An attractive feature of synthetic polymers espe-
cially PEGs and to a lesser extent dextrans, is that they are
available in a range of molecular weights. Using this range
will help reveal valid molecule level interpretations.
Nevertheless, we must remember that cells are crowded
with globular proteins (and nucleic acids and metabolites)

[4], not synthetic polymers. Using synthetic polymers is
key to understanding crowding and for preserving protein
drugs, but the results may not be relevant to understand-
ing biology.

"The most important biologically relevant crowders are glob-
ular proteins. Unlike synthetic polymers, however, there is
no protein family where increasing molecular weightleads to
asmooth increase in size letalone smooth increase in surface
properties. It might be possible to take a particularly stable
and soluble protein (e.g. GB1) and alter the surface charge in
a systematic manner and in this way assess the effect of
surface. Such an effort is, however, challenging because the
proteins would have to be produced in large quantities (i.e. it
is much easier to buy lots of BSA and lysozyme).

As shown by scanning T'able 1 from top to bottom, the
rate of data accumulation on the equilibrium thermody-
namics and kinetic effects of crowded conditions on
protein complex formation under crowded conditions is
increasing, but more systematic efforts, such as those from
the Schuler lab [41°°] are desperately required. Only
sustained methodical efforts iz vitro, in living cells and
whole animals [66°] will provide the knowledge required
to quantify, understand, explain, and exploit the effects of
crowding on macromolecular interactions.

Gazing further, we anticipate that combining strong, well-
designed wet-experiment based studies in cells with the
theories discussed above and simulations of the cellular
interior [67,68,69°] will result in the ability to predict the
effect of the intracellular environmental on protein—pro-
tein interactions. The success of such syntheses will
facilitate the modeling of metabolism and ultimately lead
to cures for those diseases caused by missense mutations
that perturb protein complexes [2].
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