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ABSTRACT Potassium glutamate (KGlu) is the primary Escherichia coli cytoplasmic salt. After sudden osmotic upshift, cyto-
plasmic KGlu concentration increases, initially because of water efflux and subsequently by K* transport and Glu~ synthesis,
allowing water uptake and resumption of growth at high osmolality. In vitro, KGlu ranks with Hofmeister salts KF and K,SO,
in driving protein folding and assembly. Replacement of KCI by KGlu stabilizes protein-nucleic acid complexes. To interpret
and predict KGlu effects on protein processes, preferential interactions of KGlu with 15 model compounds displaying six protein
functional groups—sp? (aliphatic) C; sp? (aromatic, amide, carboxylate) C; amide and anionic (carboxylate) O; and amide and
cationic N—were determined by osmometry or solubility assays. Analysis of these data yields interaction potentials («-values)
quantifying non-Coulombic chemical interactions of KGlu with unit area of these six groups. Interactions of KGlu with the 15
model compounds predicted from these six a-values agree well with experimental data. KGlu interactions with all carbon groups
and with anionic (carboxylate) and amide oxygen are unfavorable, while KGlu interactions with cationic and amide nitrogen are
favorable. These a-values, together with surface area information, provide quantitative predictions of why KGlu is an effective
E. colicytoplasmic osmolyte (because of the dominant effect of unfavorable interactions of KGlu with anionic and amide oxygens
and hydrocarbon groups on the water-accessible surface of cytoplasmic biopolymers) and why KGlu is a strong stabilizer of
folded proteins (because of the dominant effect of unfavorable interactions of KGlu with hydrocarbon groups and amide oxygens

exposed in unfolding).

INTRODUCTION

Potassium glutamate (KGlu) is the primary low-molecular-
weight cytoplasmic salt in Escherichia coli (1-7). The
cytoplasmic concentration of K* greatly exceeds that of
Glu™ and other metabolic anions because of the high con-
centration of nucleic acid phosphates (5-8). Cytoplasmic
concentrations of K™ and Glu™ are highly variable depend-
ing on osmotic conditions of growth. Cytoplasmic K* and
Glu™ concentrations increase after an osmotic upshift,
initially because of efflux of cytoplasmic water and subse-
quently by osmoregulated transport of K* and synthesis of
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anionic glutamate (Glu™) together with the disaccharide
trehalose in the active response to this stress (1-15). Accu-
mulation of these solutes allows water influx and resump-
tion of growth in a minimal (glucose) medium. If solutes
like proline or glycine betaine are provided (16-18), they
are preferentially accumulated in the response to osmotic
stress, resulting in uptake of more water for the same
mole amount of accumulated solute species, a more dilute
cytoplasm, and more rapid cell growth (2,5,7). In vitro,
the thermodynamics and kinetics of folding, assembly,
and function of proteins and nucleic acids vary strongly
with the concentrations of these osmolytes. KGlu, like
other E. coli osmolytes, stabilizes folded proteins (19,20).
Replacement of KCI by KGlu greatly stabilizes protein-nu-
cleic acid complexes, especially at high salt concentration
(21-27).

To obtain the information needed to predict or interpret
in vivo and in vitro effects of E. coli osmolytes, previous
research used osmometry to quantify interactions of proline,
glycine betaine (GB), and trehalose with model compounds
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displaying the hydrocarbon and amide functional groups
that are exposed in protein unfolding and with the anionic
and cationic groups found on the surface of biopolymers
(28-30). Solutes that interact favorably with the biopolymer
surface buried in protein folding or formation of biopolymer
complexes promote the exposure of this surface and are
destabilizers; solutes that interact unfavorably with this
biopolymer surface are stabilizers (31). Interactions of pro-
line and GB with aliphatic hydrocarbon (sp® C) and with
amide and anionic (carboxylate, phosphate) O groups are
found to be unfavorable, while interactions with aromatic
(spz) C and with cationic and amide N are favorable.
Because the surface exposed in protein unfolding and the
water-accessible surfaces of folded proteins and helical nu-
cleic acids are predominantly aliphatic hydrocarbon and
amide or anionic oxygen, and interactions of these groups
with these solutes are predominantly unfavorable, this quan-
titatively explains why they are protein stabilizers and
effective in vivo osmolytes (28,29). In another approach,
interactions of these osmolytes with amino acids were
examined by solubility assays and interpreted in terms of in-
teractions with the different side chains and with the peptide
backbone (32). Interactions of KGlu with the functional
groups of proteins have not previously been investigated.

Robinson and Von Hippel pioneered the quantitative
determination of interactions of salts from the Hofmeister
series, with model compounds displaying hydrocarbon
and amide groups, using solubility (33,34) and chroma-
tography (35,36) assays. We previously analyzed literature
data quantifying the interactions of KCI, KF, and K,SO,
and other inorganic Hofmeister salts (component 3) with
model compounds (component 2) displaying these groups
(37). Chemical potential derivatives (d) that quantify the
effect of one solute component on the chemical potential
of the other (du,/dms = u3 = w3, = dus/dm,) were ob-
tained and interpreted to determine strengths of the unfa-
vorable or favorable interactions of these salts with a unit
area of amide and hydrocarbon (C) groups. These results
quantified the previous conclusion that interactions of inor-
ganic salts with hydrocarbon groups follow the Hofmeister
series of salt effects on protein processes, while interac-
tions of these salts with amide groups do not. For example,
KF is a stronger protein stabilizer than KCI because
the KF-hydrocarbon interaction is significantly more unfa-
vorable than the KCl-hydrocarbon interaction; interactions
of both salts with amide (polar) groups are similarly
favorable.

We used this quantitative information to interpret experi-
mental results for the non-Coulombic effects of Hofmeister
salts on protein folding and DNA helix formation (31,38).
The same order of Hofmeister salt effects is observed for
both assembly processes, but the null point differs greatly.
While many salts are protein stabilizers, no salt investigated
is a nucleic acid stabilizer at high salt concentration where
non-Coulombic effects are dominant. This key difference
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is readily explained in terms of 1) the different ratios of
hydrocarbon (4) to polar (p) surface exposed in unfolding
or melting (h/p = 2:1 for protein unfolding; h/p = 1:2 for
DNA duplex melting); and 2) the opposite signs of interac-
tions of inorganic salts with these groups (unfavorable with
h, favorable with p). Semiquantitative to quantitative agree-
ment with the experimental data was obtained (31,38).
Here we determine preferential interactions of KGlu with
a set of 15 model compounds and interpret these data to
quantify interactions of KGlu with six of the seven major
functional groups of proteins (sp’ (aliphatic) C and sp>
(aromatic ring, amide, carboxylate) C; amide and anionic
(carboxylate) O; and amide and cationic N groups) and
place KGlu in the series of Hofmeister salts. Comparison
of these results with those obtained previously for interac-
tions of inorganic salts with hydrocarbon and amide groups
reveals why KGlu is a stronger protein stabilizer than any
1:1 inorganic K salt investigated to date, with a different
balance of functional group interactions than those other
salts (20). Using these data, quantitative predictions or inter-
pretations of interactions of KGlu with native proteins and
effects of KGlu on protein processes can be made in terms
of information about the amount and composition of the
surface area exposed or buried in these processes. Initial
applications include the interpretation of experimental
data quantifying the very large unfavorable interactions of
KGlu and NaGlu with native proteins and the large stabiliz-
ing effect of KGlu on ribosomal protein domain NTL9.

MATERIALS AND METHODS
Chemicals

Potassium glutamate monohydrate (>99%) was obtained from Fluka
(Sigma-Aldrich, St. Louis, MO). Methylurea, 1,1-diethlyurea, malonamide
(all >97% pure), and 1,3-dimethylurea, (>99%) were obtained from
Sigma-Aldrich. 1,3-Diethylurea (>98%) was from TCI America (Portland,
OR). Propionamide (>98%) was from Alfa Aesar (Haverhill, MA).
Acetyl-Ala-methylamide (aama, >99%) was from Bachem (Bubendorf,
Switzerland). Urea, glycine, GB, and valine (>99%, valine >99.5%)
were from Sigma-Aldrich, as were naphthalene and benzene (>98%). Pro-
line (>98.5%) was from SAFC Commercial Life Science Products (part of
Sigma-Aldrich). All these chemicals (except KGlu) are anhydrous. All sol-
utes were dissolved in water purified with a Barnstead E-pure system
(Thermo Fisher Scientific, Waltham, MA) to no less than 18 MQ (DI water).

Quantifying KGlu-model compound interactions
by vapor pressure osmometry

Series of 5-10 three-component solutions were prepared gravimetrically in
which the molal concentration of one solute was held constant (at 0.15—
0.3 m for KGlu or 0.35-0.95 m for the model compound) and the concen-
tration of the other was varied from zero to 0.6 m for KGlu and to 0.95 m for
the model compound. Separate series of 10—13 two-component solutions of
KGlu (0.05-0.6 m), model compound (0.05-1 m), and KCI (0.02-1.2 m)
were also prepared. The osmolality of each solution was determined in at
least triplicate at room temperature (23 = 1°C) in a Wescor Model 5600
Vapor Pressure Osmometer (VPO), calibrated with Wescor standards
(ELITech, Logan, UT). Bracketing KCl standards were read with each
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sample and used to correct its osmolality using literature isopiestic distilla-
tion data for KCI (28,29,39,40).

Values of the excess osmolality AOsm of the KGlu-model compound so-
lution were determined by

AOsm = Osm(m;,, m;3) — Osm(m;,0) — Osm(ms,0), (1)

as the difference between the three-component osmolality Osm(m,,m3) and
the sum of the corresponding two-component osmolalities Osm(m,,0) +
Osm(0,m3). Following the usual convention, component 2 is model com-
pound and component 3 is KGlu. For AOsm calculations on a series of so-
lutions where the concentration of one solute was held constant and the
other was varied, the two-component osmolality of the first solute was
determined directly while that of the second was determined by interpola-
tion of a quadratic or higher order fit of its two component osmolality as a
function of its molality.

Values of the chemical potential derivative u,3 quantifying KGlu-model
compound interactions were obtained from Eq. 2 as previously described in
the literature (28,29,39,40):

K3 AOsm

@

RT o m2m3'

Values of AOsm were plotted as a function of the molality product mymj
and u,3 was determined from the slope of the best-fit straight line with inter-
cept fixed at zero. In Eq. 2, the quantity m,mj is a measure of the probabil-
ity of an interaction between the solutes, and u,3/RT is a measure of the
strength of that interaction.

Measurement of the osmolality of two-component KGlu solutions as a
function of KGlu molality m; (with m, = 0 and KGlu designated by the
subscript 3 to be consistent with the notation for three-component solutions)
provides analogous information about the self-interaction of KGlu. For
KGlu and other 1:1 salts,

dOsm/dm; = mauy;/RT = 2(14+¢.),  (3a)

where (33 = dus/dms and the nonideality factor e+ = d Iny./d In m;
where vy . is the mean ionic activity coefficient of KGlu. Fig. S1 in the
Supporting Material shows the two-component osmolality of KGlu solu-
tions is a quadratic function of KGlu molality mj in the full concentration
range investigated (0.05-1.3 molal). From the quadratic fit, dOsm/dmjy
increases from 1.77 = 0.01 at 0.05 m to 2.06 = 0.03 at 1.3 m with
a midrange value of 1.90 = 0.03 at 0.63 m KGlu, from which
e+ = —0.05 £ 0.015.
For nonelectrolyte solutes like urea, proline, and GB,

dOsm/dm; = msus;/RT = 1+ &5, (3b)

and the nonideality factor €3 = d Inrys/d In m3, where <y is the activity co-
efficient of the nonelectrolyte.

Quantifying KGlu-model compound interactions by solubility
assays

Solubility assays at 25°C were used to determine interactions of KGlu with
the aromatic hydrocarbon compounds benzene and naphthalene. Two series
of 12 KGlu solutions (0-2 m) were prepared gravimetrically and an excess
of naphthalene or benzene was added to each KGlu solutions as previously
described in Knowles et al. (40). Effects of KGlu on the solubility 5’ of the
aromatic hydrocarbon (i.e., the molal concentration in the saturated solu-
tion) were analyzed to obtain u,3 using Eq. 3, as previously described in

Knowles et al. (40):
d In my
My3 = — RT (TZ) . “)
M3/,
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Values of m5, the extrapolated molal solubility in the absence of KGlu,
were used to normalize the solubility data. For situations where component
2 (the aromatic model compound) is only sparingly soluble and component
3 (here KGlu) is in great excess, as is the case here, Eq. 4 provides an ac-
curate determination of 3.

Water-accessible surface area calculations

Water-accessible surface areas (ASA) of the model compounds and native
proteins in Table S1, Table S2, and Table S3 were calculated from structures
using the SurfRacer program (4 1) with the Richards set of van der Waals radii
(42)andal4 A probe radius for water. For amino acids, NMR solution struc-
tures from BMRB (43,44) were used for these calculations. Because solution
structures are not available for the amides and aromatic compounds (benzene,
naphthalene) investigated here, their structures were obtained from the NIH
CACTUS website, as described in Guinn et al. (39). As a test for systematic
differences in ASA between these sources, ASA of amino acids were also
calculated using CACTUS structures. Small, nonsystematic ASA differences
are observed (see Table S2); these must be considered part of the uncertainty
in the parameters («a-values; Eq. 5 below) obtained from the ASA-based anal-
ysis. Contributions to the total ASA were determined for six (for amide and
amino acid model compounds in Table S1) or seven (for proteins in Table
$3) functional groups: sp> C from aliphatic hydrocarbon groups, sp> C from
aromatic rings, amide C and carboxylate C; amide O, carboxyl O, and hy-
droxyl O (proteins only); amide N and cationic N. This analysis uses a unified
atom model where hydrogens are included as part of the radius of the central
atom. Structures of native proteins were obtained from the Protein Data Bank
(PDB; http://www.rcsb.org (44)). The amount and composition of the AASA
of unfolding NTL9 was determined previously by analysis of unfolding
m-values for a series of Hofmeister salts together with structural results (20).

RESULTS

Quantifying interactions of KGlu with amides and
amino acids by VPO

Preferential interactions of KGlu with five amino acids
and with eight alkylated ureas and other amides were deter-
mined by VPO. Interactions of KGlu with proline, GB, and
urea were quantified previously in the literature (28,29,39).
These results together with additional data are reported in
Fig. 1. These compounds vary widely in amount and type
(sp?, sp’) of water-accessible carbon ASA (see Table S1).
Urea, alkylated ureas, and other amides studied differ
greatly in the amount and ratio of amide N and amide O
ASA. While all amino acids have one cationic N and one
carboxylate O, the N/O ratio varies widely because GB
has a negligibly small cationic N ASA.

Excess osmolalities (AOsm) of each KGlu-model com-
pound solution (Eq. 1) are plotted versus the product
of molalities of KGlu and model compound (m,mj3) in
Fig. 1. In all cases, AOsm is proportional to the m,mj3 prod-
uct within the experimental uncertainty, as predicted from
Eq. 2 and observed previously for a wide variety of solutes
(28,29,39,40). The proportionality constant is u,3/RT, from
which concentration-independent chemical potential deriva-
tives u,3 quantifying preferential interactions of KGlu with
these solutes are obtained at room temperature (23 = 1°C)
(see Table 1). Fig. 1 and Table 1 show that interactions
of KGlu with all model compounds investigated by VPO
except glycine are unfavorable. These results indicate that
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FIGURE 1 Osmometric determinations of chemical potential derivatives

du,/dmz = u,3 quantifying preferential interactions of potassium glutamate
(KGlu; component 3) with 13 model compounds displaying protein groups
(component 2) at 23°C. Excess osmolalities 40sm (Eq. 1) are plotted
against m,mj, the product of molal concentrations of the model compound
and KGlu, and fitted linearly with zero intercept (see Eq. 2) to obtain 3
from the slope. (A) Amino acids. (B) Amides (aama). (C) Alkylated ureas.
For urea, GB, and proline, new and previously published results (28,29,39)
are shown. To see this figure in color, go online.

interactions of KGlu with one or both charged groups
of glycine are favorable, while interactions of KGlu with
amide and hydrocarbon groups are unfavorable.

Quantifying interactions of KGlu with aromatic
hydrocarbons by solubility assay

Preferential interactions of KGlu with benzene and naphtha-
lene were determined at 25°C from the effect of KGlu on the
solubility of these sparingly soluble compounds. The loga-
rithm of the solubility, normalized by the solubility in the
absence of KGlu, is plotted as a function of KGlu molality
mj in Fig. S2. These plots are linear over the KGlu concen-
tration range investigated, with slopes equal to u,3/RT
from Eq. 4. Positive values of u,3/RT for the interactions
of KGlu with benzene and naphthalene are obtained, indi-
cating that these KGlu-aromatic interactions are unfavor-
able and that chemical potentials of the aromatics increase
with increasing KGlu molality; u,; is significantly larger
for the larger aromatic hydrocarbon (naphthalene).

Trends in KGlu-model compound interactions

Table 1 ranks experimental u,3-values for KGlu-model
compound interactions from most unfavorable (KGlu-
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TABLE 1 Values of us3 at 23°C for Interactions of KGlu with
Model Compounds

Hydrocarbon Experimental ,llzgh Predicted wy3°

Model Compound®  ASA (;\2) (cal mol™' m™") (cal mol™ ' m™)
Acetyl-ala- 262 406 + 6 390 + 11
methylamide
1,3-Diethylurea 255 348 = 7 350 £ 7
Naphthalene 275 322 + 14 342 + 10
Glycine betaine 197 292 + 4 294 + 7
Benzene 212 291 = 11 265 = 8
1,1-Diethylurea 213 284 + 4 292 = 8
1,3-Dimethylurea 183 249 £ 5 248 £ 6
Propionamide 129 174 £ 6 176 £ 7
Proline 151 161 = 4 160 = 7
Valine 148 117 £ 5 109 = 8
Methylurea 95 111 = 6 121 = 8
Malonamide 57 48 + 2 77 £ 13
Alanine 91 29 £ 2 24 + 8
Urea 7 31 £ 2 —6 = 11
Glycine 56 —50 = 4 —-38 £ 8

“Ranked from most unfavorable to most favorable experimental u,3-value.
"Experimental u,;-values were obtained from VPO assays at 23°C (Fig. 1),
except for benzene and naphthalene, determined from solubility assays at
25°C (Fig. S2; see Materials and Methods). Error estimates are the largest
of 8% or the standard deviation determined from the linear fit of the data
from Figs. 1 and S2 by Igor Pro.

“Predicted w,3-values were calculated using «;-values of Table 2 and ASA
information in Table S1 using Eq. 4. Propagated uncertainties of u,3-values
are determined using errors of «; described in Table 2.

aama) to least unfavorable (KGlu-alanine) and marginally
favorable interactions (KGlu-glycine). Also listed are the
ASA of hydrocarbon groups on each model compound
from Table S1. Interactions of KGlu with all compounds
investigated except glycine are unfavorable, with positive
AOsm and u,3-values. Qualitative comparison of u,3- and
hydrocarbon ASA values reveals that the model com-
pounds that interact most unfavorably with KGlu are ones
like aama, 1,3-diethylurea, and naphthalene, which have
the largest amounts of hydrocarbon ASA. Values of uy3
are less unfavorable for model compounds with smaller
amounts of hydrocarbon ASA. Glycine and urea compounds
with small amounts of hydrocarbon ASA exhibit u,3-values
that are small in magnitude.

The correlation of u,3 with hydrocarbon ASA indicates
that interactions of KGlu with both sp* C and sp? C are un-
favorable. In addition, it indicates that interactions of KGlu
with the pairs of polar (amide N and O) or charged (cationic
N and carboxylate O) groups on these compounds are either
not very significant or make compensating contributions to
Uo3 so the hydrocarbon contribution is dominant. Analysis
of these uy3-values shows that compensations between
favorable interactions of KGlu with N (cationic, amide)
and unfavorable interactions of KGlu with O (anionic,
amide) are involved.

Qualitative indications of these trends are observable
in comparisons of KGlu interactions with valine and
proline, and with aama and 1,3-diethylurea. The largest
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difference in group contributions to the water ASA of the
amino acid valine and the amino acid proline (see Table
S1) is that valine has 25 A2 more cationic N ASA than
proline, while ASA of C and O are approximately the
same. Table 1 shows that the interaction of KGlu with
valine is more favorable than with proline (u,3 for
KGlu-valine is significantly less positive than wu,; for
KGlu-proline). Therefore the interaction of KGlu with
cationic N is deduced to be favorable. Because contribu-
tions from the interactions of KGlu with cationic and
anionic groups on these amino acids appear to compensate
in w,3, the interaction of KGlu with carboxylate O is
deduced to be unfavorable.

Likewise, the largest difference in group contributions to
the ASA of aama and 1,3-diethylurea is that aama has 34 A?
more amide O ASA than 1,3-diethylurea. (In addition, aama
has 13 A2 more amide N ASA and 7 A? more hydrocarbon
ASA than 1,3-diethylurea.) Table 1 shows that the interac-
tion of KGlu with 1,3-diethylurea is more favorable than
with aama (up3 for KGlu-1,3-diethylurea is significantly
less positive than u,3 for KGlu-aama). Therefore, the inter-
action of KGlu with amide O must be unfavorable. Because
contributions from the interactions of KGlu with O and N
groups on these amides appear to substantially compensate
in w,3, the interaction of KGlu with amide N is therefore
favorable. Quantitative analysis of these wu,3-values con-
firms these deductions.

DISCUSSION

KGlu-model compound interactions are the sum
of KGlu-group interactions

Interactions of a variety of biochemical solutes with model
compounds displaying the functional groups of proteins
and, in some cases, nucleic acids have been quantified in
previous research, using osmometry and solubility assays.
Solutes investigated include the full series of inorganic
Hofmeister salts (31,37,38), the denaturant urea (39.45),
the osmolytes GB (28), proline (29), and trehalose (30), as
well as glycerol and tetra ethylene glycol (40). Solute-
model compound interactions (u,3-values) are dissected
into solute-functional group interactions using Eq. 5, based
on the hypothesis of additivity (tested for each data set) and
ASA information for the model compounds:

fhyy = Za,—ASA,-. (5)

In Eq. 5, the sum is over all six functional groups present on
the model compound (1 < i < 6), where ASA; is the water
ASA (Table S1) of functional group i and «; is the intrinsic
strength of interaction of KGlu with a unit area of that group
(Table 2). Best-fit o;-values for strengths of interaction of
KGlu with sp® and sp> C, amide and carboxylate O, and
amide and cationic N, determined by global fitting to
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TABLE 2 KGlu-Group Interaction Potentials («;) and
Corresponding Local-Bulk KGlu Partition Coefficients (Kp)
at 23°C

Surface Type, i o; (cal mol ™' m~' A2 SPM K"

Aliphatic (sp®) C 1.34 + 0.02 0.63 + 0.01
sp> C° 1.25 = 0.04 0.65 * 0.01
Amide O 0.76 + 0.15 0.79 + 0.02
Carboxylate O 0.37 + 0.07 0.9 = 0.01
Amide N —0.39 + 0.07 1.11 = 0.01
Cationic N —1.87 = 0.07 1.52 = 0.01

%a; is defined in Eq. 5. Propagated uncertainties of o;-values are calculated
from the ASA matrix and experimental uncertainties matrix (40).

pr calculated from Eq. 6 using a lower-bound hydration b; = 0.18 HZO/A2
(37) and a midrange value of dOsm/dmz =2 (1 + €+) = 1.90 = 0.03 for
KGlu self-interactions (see Materials and Methods and Fig. S1).

Csp2 C includes aromatic C, amide C, and carboxylate C (see Table S1).

Eq. 5 of the 15 u,3-values from Table | and the ASA infor-
mation from Table S1, are summarized in the bar graph of
Fig. 2. These confirm the qualitative analysis of trends in
the w,3-values described above.

A positive a-value indicates an unfavorable interaction
of KGlu with that group while a negative a-value indicates
a favorable interaction. Fig. 2 shows that interactions of
KGlu with sp® C, sp> C, and with amide and carboxylate
O are unfavorable (in this order), while interactions of
KGlu with amide and cationic N are favorable. The unfavor-
able a-value for interaction of KGlu with amide O is twice
as large in magnitude and opposite in sign to the favorable
a-value for interaction of KGlu with amide N.

Fig. 3 compares experimentally observed u,3-values for
interactions of KGlu with these 15 model compounds with
those predicted from Eq. 4 and the best-fit «;-values from
Table 2. A numerical comparison is provided in Table I.
For most of the data set, predicted and observed u,3-values
agree within the combined uncertainties of these values.
Exceptions are urea and malonamide. The disagreement
for urea is surprising because «;-values quantifying the

2 1

KGlu
15 A
1 4
&
i 05
TE 0 - Amide N Cationic N
% Aliphatic ~ Aromatic ~ Amide O Carboxylate -
g 05 spC and other 0
w® sp?C
SRS
-]
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24
-2.5 -

FIGURE 2 Interaction potentials (a-values) quantifying interactions of
KGlu with a unit area of each functional group of model compound at
23-25°C. Unfavorable interactions have positive a-values. To see this figure
in color, go online.
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FIGURE 3 Predicted versus experimental (observed) values of w3 for
interactions of KGlu with model compounds at 23°C (see Table 1).
(Line) Equality of predicted and observed values. To see this figure in color,
go online.

interactions of urea with the functional groups of Glu™ and
with K" successfully predict the urea (solute)—KGlu
(model compound) interactions (u3 = u3o: the predicted
uo3-value for the urea-KGlu interaction from those urea
a;-values is 45 + 18 cal mol ™' m™~' (39)). Interactions of
KGlu with other amides and with amino acids and deriva-
tives in Table 1 are well predicted from these «;-values, vali-
dating the assumption of additivity (Eq. 5).

The ASA of backbone amide groups of proteins is ~70%
amide O, 25% amide N, and 5% amide C, while side-
chain amide ASA is ~35% amide O, 60% amide N, and 5%
amide C. From Table 1, the composite «;-value for the inter-
action of KGlu with backbone amide groups is predicted to be
moderately unfavorable (0.50 cal mol ' m™! 10\72) while the
interaction of KGlu with side-chain amide groups is predicted
to be only slightly unfavorable (0.11 cal mol ' m™' A7),
The number of backbone amide groups greatly outnumbers
the number of side-chain amide groups in most proteins, so
the overall interaction of KGlu with amide ASA of proteins
is predicted to be moderately unfavorable. Interactions of
KGlu with all C groups (both sp® C and sp* C) are very unfa-
vorable, with «-values that exceed those for KGlu-amide O
and KGlu-carboxylate O interactions. Because typically
>85% of the ASA exposed in unfolding a globular protein
is hydrocarbon and amide, the unfavorable interactions of
KGlu with these groups explain why KGlu stabilizes folded
proteins. Quantitative interpretation of the KGlu m-value
for unfolding NTL9 confirms this conclusion (20).

Interpretation of KGlu a-values as net effects
of local accumulation or exclusion of K™ and
Glu™ ions

Because KGlu is a strong electrolyte, completely dissoci-
ated into ions in solution, these component u,3-values and

Basis of Protein Stabilization by KGlu

a-values must be interpreted as the net thermodynamic
effect of the interaction of K* and Glu™ ions with the com-
pound or functional group (31,37). This interpretation is
most readily made at the level of ion partition coefficients
K, that quantify the accumulation or exclusion of K' and
Glu™ in the vicinity of each compound or group.

KGlu a-values are interpreted in terms of the local distri-
butions of K™ and Glu™ ions in the vicinity of protein func-
tional groups using a molecular thermodynamic analysis
of the solute partitioning model (SPM) (31,37,46-49).
Negative (positive) a-values, indicating net favorable (unfa-
vorable) KGlu-group interactions, correspond to net accu-
mulation (exclusion) of K* and Glu™ ions in the vicinity
of the group, relative to the bulk KGlu concentration. The
SPM approximates the continuous radial distribution of
an uncharged solute or salt ion in the vicinity of a surface
or group by an average local concentration (m3ocal)
that in general differs from the bulk solute concentration
(m3pu)- Interpreted using the SPM, the experimental
finding that w,3-values and «-values are independent of
M3 pux Means that ms joc,) 18 proportional to 73 g,y The pro-
portionality constant in this relationship is a concentration-
independent local-bulk partition coefficient K, (K, =
M3 jocal/ M3 pulk)> Which is the microscopic analog of a parti-
tion coefficient or observed equilibrium constant for parti-
tioning of a solute between two macroscopic phases.

For a salt like KGlu with v-ions per formula unit (v =
v, + v_), each KGlu-group interaction potential «; is related
to the corresponding local-bulk partition coefficient K, ; of
the electro-neutral salt by the SPM result (Eq. 6):

K, — )bi(1+ex)

&= 555 ’

(©)

where b, ; is the surface density of water in the hydration
layer of functional group i. Lower bounds on b;; for
different groups are ~0.18 H20/1&2 or two layers of local wa-
ter of hydration, obtained from studies with highly excluded
solutes (28,31,37). The term . = d In v ./d In m3 in Eq. 6
accounts for KGlu self-interaction (see Eq. 3 a).

For a 1:1 salt like KGlu, these salt K, values are inter-
preted as the arithmetic averages of the K, values for the
cation and anion (37):

K, = (Kps +K,-)/2. @)

The SPM derivation predicts that individual ion contribu-
tions should be quantified by single-ion K, values and not
by defining single ion a-values (31,48,49).

For the electroneutral KGlu component, K|, values quan-
tifying the net accumulation or exclusion of its ions in the
vicinity of the protein functional groups investigated are
listed in Table 2. For the intrinsically most unfavorable in-
teractions of KGlu with aliphatic and aromatic hydrocarbon
groups, the tabulated K, values indicate that the average of
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the local concentrations of K™ and Glu™ ions near hydrocar-
bon groups is only two-thirds of the overall (bulk) KGlu
concentration (local exclusion). At the other extreme of
the most favorable interaction of KGlu with cationic N,
the tabulated K, value indicates that the average of the local
concentrations of K™ and Glu™ ions near cationic N group is
~50% larger than the overall (bulk) KGlu concentration
(local accumulation). Table 2 also shows that the ions of
KGlu are more excluded from amide O than from carbox-
ylate O, and less accumulated at amide N than at cationic N.

Even in the relatively high salt, non-Coulombic regime
investigated here, K" is expected to interact unfavorably
with (i.e., be locally excluded from; K, < 1) hydrocar-
bon C and amide N, and to interact favorably with (i.e., be
locally accumulated near; K, ; > 1) amide O. Likewise
K" is expected to interact favorably with carboxylate O
but unfavorably with cationic N. Based on these expecta-
tions, interactions of Glu~ with cationic and amide N
must be quite favorable (K, _ >> 1) and interactions of
Glu™ with anionic and amide O must be quite unfavorable
(K, << 1) to yield the observed KGlu component
a-values in Table 2. Experiments are in progress to deter-
mine single-ion K, values and test these predictions, as
well as to further dissect interactions of Glu™~ with protein
functional groups into interactions of individual groups on
Glu™ with those protein groups.

Prediction and interpretation of the massive
unfavorable interactions of glutamate salts with
folded proteins: relevance for the effectiveness of
KGlu as an E. coli osmolyte

Arakawa and Timasheff (19) determined preferential inter-
actions (u»3) of NaGlu with tubulin, bovine serum albumin

(BSA), (B-lactoglobulin, and lysozyme by dialysis and
densimetry (20°C, pH 7 Table 3). Courtenay et al. (50)
determined the preferential interaction of KGlu with BSA
by VPO (24-25°C, near neutral pH). Interactions of KGlu
and NaGlu with these proteins, ranging in size from
14.3 kDa (lysozyme) to 96.7 kDa (tubulin dimer) and
from negatively to positively charged at pH 7, are highly un-
favorable. A 1 molal increase in NaGlu concentration in-
creases the chemical potential of lysozyme by ~6 kcal/mol
and increases the chemical potential of tubulin dimer by
28 kcal/mol. To a first approximation, values of u,3 for these
glutamate salt-protein interactions increase in proportion to
the water accessible surface area, as well as to molecular
weight and molecular volume of the protein. For example,
Table 3 shows that experimental values of w,; /ASA are
in the range 0.8-1.3 cal mol ' molal ™' A2

Are these massive effects of KGlu or NaGlu on pro-
tein chemical potentials predominantly excluded volume
(physical) effects, or do they arise from unfavorable
chemical interactions of KGlu or NaGlu with functional
groups on the protein surface? To answer this question,
we predict the chemical interactions of KGlu with the
functional groups on the surface of these proteins using
the composition of the ASA (Table S3) and the a-values
from Table 2 using Eq. 5. These predictions of w,3, listed
in Table 3, agree with experimental values within the
combined uncertainty for three of the five cases (KGlu-
BSA, NaGlu-tubulin, NaGlu-lysozyme), and are ~50%
too small for the other two cases (NaGlu-BSA, NaGlu-
B-lactoglobulin). The two discrepancies may not be a fail-
ure of the predictions; Table 3 indicates that the predicted
values of u,; /ASA for NaGlu-BSA and NaGlu-g-lacto-
globulin interactions, not the experimental u,; /ASA,
are consistent with predicted and experimental values of

TABLE 3 Comparison of Observed and Predicted Interactions of KGlu or NaGlu with Globular Proteins and KGlu m-values for

NTL9 Unfolding

Protein® (Preferential

a3 (keal mol ™' m™")

13/ASA (cal mol™' m™'A2)"

Interaction) Salt (Concentration) Observed Predicted® Observed Predicted”

Tubulin NaGlu(l M) 27.6 = 3.7¢ 186 = 4 09 = 0.1 0.6 = 0.1

BSA KGlu (0-1 molal) 224 + 22° 18 + 2.7 0.8 = 0.1 0.6 = 0.1

NaGlu (1 M) 359 + 2.3¢ 18 + 2.7 1.3 = 0.1 0.6 = 0.1

B-lactoglobulin NaGlu (1 M) 18.9 + 0.6 93 + 1.8 1.2 £ 0.1 0.6 = 0.1

Lysozyme NaGlu (1 M) 5.7 259 27 £ 1.2 09 = 04 04 =02
Protein unfolding salt (concentration) m-value = Apos (kcal mol™' m™") m-value/AASA = Au,3/AASA (cal mol ™' m™! A7

Observed Predicted Observed Predicted

NTL9" KGlu (0-1.5 M) 19 £ 02 14 £ 03 1.1 £0.1 0.8 £ 0.1

“Tubulin and B-lactoglobulin are dimers; BSA and lysozyme are monomers.

PDB files used for ASA calculations (see Table S3) are PDB: 1TUB for tubulin (59); PDB: 4F5S for BSA (60); PDB: 4TLJ for B-lactoglobulin (61); and
PDB: 6LYZ for lysozyme (62).

“Predicted p,3-values are calculated from Eq. 5 using a;-values from Table 1 and ASA information from Table S3.

YValues of o3 for interactions of NaGlu with native proteins at 20°C are calculated from the Donnan coefficient I';3 = —puo3/u33 (obtained by dialysis/
densimetry (19)) using P = 1.90 R7/m; determined for KGlu in Fig. SI.

“Value of u,3 for interaction of KGlu with BSA is calculated from I'»3 determined by VPO at 24-25°C (29) using u3K3G]“ = 1.90 RT/mj.

‘Experimental NTL9 m-value is from Sengupta et al. (20), with an estimated experimental uncertainty of + 10%. Predicted NTL9 m-value and uncertainty are
calculated from Eq. 8 using the six a;-values from Table 1 and estimates of the corresponding AASA; for unfolding NTL9 to the best-fit (compact) model of
the denatured state ensemble at 20°C (20).
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W3 /ASA for KGIlu-BSA, NaGlu-tubulin, and NaGlu-
lysozyme.

These predictions do not take account of the interaction
of KGlu with hydroxyl O because this «-value has not
been determined. This interaction is expected to be unfa-
vorable and much smaller in magnitude than «-values for
interactions of KGlu with amide and carboxylate O.
Because hydroxyl O ASA is only a small fraction of the
total ASA or AASA of the proteins and process considered,
we expect its contribution will be negligible. We assume
that contributions of Na™ and K* to these a-values are
similar, as has been seen in previous comparisons
(37,38). Finally, we neglect the contribution to the pre-
dicted u,3 from what is expected to be a modest favor-
able interaction of KGlu or NaGlu with the inorganic
counterions (Na® or Cl7) of the electroneutral protein
component. For other solutes, these interactions can be
unfavorable and make a more significant contribution, as
for the interaction of PEG with the CI” counterions of lyso-
zyme (51).

At a molecular level, we conclude that chemical exclu-
sion of KGlu or NaGlu from the water of hydration of
hydrocarbon and carboxylate and amide oxygen groups of
these proteins is sufficient to explain the origin of the large
unfavorable thermodynamic effect (increase in protein
chemical potential) upon addition of KGlu or NaGlu, and
that physical (excluded volume) effects are not the origin
of this effect. Theoretical and experimental results with
other solutes provide support for this conclusion. Both
scaled particle theory (52,53) and theory of two-component
hard-sphere fluid mixtures (54) indicate that excluded vol-
ume effects become negligible when the size of the solute
becomes comparable to that of the solvent. Preferential in-
teractions of small oligoethylene glycols (ethylene glycol
to tetraethylene glycol or PEG200) with proteins and effects
of these small oligoethylene glycols on protein and nucleic
acid processes are quantitatively interpreted as chemical in-
teractions using model compound data. Only for larger
PEGs do physical excluded volume effects contribute
(40,51). While PEG200 and the hydrated ions of KGlu are
larger than a single water molecule, these solutes are com-
parable in size to that of a hydrogen-bonded cluster of water
molecules in liquid water.

In solutions of proteins and glutamate salts, key func-
tional groups on these proteins and on the glutamate
salts prefer to interact with water than with each other,
resulting in net chemical exclusion of the ions of KGlu
and NaGlu from the water of hydration of the protein
and a smaller average local ion concentration than the
bulk salt concentration. This local exclusion causes the
chemical potential of a protein to increase linearly with
KGlu or NaGlu molal concentration, with slope u,3. For
the series of proteins investigated, u,3 increases with
increasing protein surface area (ASA), as summarized in
Table 3.

Basis of Protein Stabilization by KGlu

Prediction and interpretation of effects of KGlu on
protein folding

The often-large effects of stabilizing and destabilizing sol-
utes and the non-Coulombic effects of Hofmeister salts
like KGlu on biopolymer processes are manifested as a
linear dependence of the observed standard free energy
change (AG°,s = —RT In K,) on solute concentration
(20,38). The slope of this plot, typically called the m-value,
is equal to the difference in u,3-values between products and
reactants (Au,; = dAG®h/dms; = m-value). Because the
underlying solute-biopolymer interactions are short range,
Apuys is accurately interpreted as the interactions of the so-
lute with the biopolymer surface that is exposed or buried
in the process (i.e., the AASA). Because uo; = Y ,0;ASA;
(Eq. 5), therefore

m-value = Ap,; = Za,-AASA,.. ®)

Addition of KGlu strongly stabilizes ribosomal protein
NTL9 (the 56-residue N-terminal domain of ribosomal
protein L9) against unfolding, with an observed m-value
of 1.9 + 0.2 kcal mol™' m~' at 20°C. Unfolding of
NTL9 exposes primarily hydrocarbon and amide groups;
approximately two-thirds of the AASA is hydrocarbon and
one-quarter is amide, accounting for >90% of the AASA.
Table 2 shows that KGlu interacts unfavorably with all hy-
drocarbon groups and with oxygens, but interacts favorably
with nitrogens. For the ~1.1: 1 ratio of amide O: amide
N ASA exposed in unfolding NTL9 (20), the KGlu-
amide interaction is unfavorable, with a net KGlu-amide
a-value = 0.2 + 0.1 cal mol~' m™" A2 from Table 2.
For the ~7.7:1 ratio of aliphatic to aromatic C exposed in un-
folding NTLO, the net KGlu-hydrocarbon a-value is 1.33 =+
0.03 cal mol ™' m~' A~ from Table 2.

We (20) used published a-values for interactions of inor-
ganic Hofmeister salts with hydrocarbon and amide groups
to predict m-values for unfolding NTL9 in destabilizing
and stabilizing salts from ASA information using Eq. 8.
From a comparison of predicted and observed AASA of un-
folding, we concluded that substantial structure remains
in the unfolded form of NTL9. We predicted that the
AASA of unfolding (1577 A?) s only one-third of
that predicted for unfolding to a completely unstructured
unfolded form (4340 A?). Using this AASA of unfolding
NTLO (see Table S3), we predict an unfolding m-value of
1.4 + 0.3 keal mol”' m™' at 23 = 1°C. Predicted and
observed m-values agree at the limits of their combined
uncertainties (Table 3). By far the major contribution
to the m-value is predicted to be from exposing hydrocar-
bon groups (m-value contribution of 1.47 cal mol™' m™")
with minor offsetting contributions from exposing amide
groups (0.1 cal mol™' m™') and charged groups
(—0.13 cal mol ! m_l). We are determining interactions
of KCI and other Hofmeister salts with amino acids
and their derivatives, amides, alkylated ureas, aromatics,
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nucleobases, and other model compounds to test the previ-
ously determined hydrocarbon and amide «-values, dissect
amide «-values into O and N interactions, and determine
interactions of Hofmeister salts with charged groups.
These results will not only improve the analysis of salt
effects on protein folding but also will provide the quantita-
tive information needed to interpret the large stabilizing
effects of replacing KCl with KGlu on protein-nucleic
acid interactions.

Comparison of interactions of KGlu and other
Hofmeister salts with hydrocarbon and amide
groups

KGlu interacts unfavorably with carbon (sp> (aliphatic) C,
sp> (aromatic, amide, carboxylate) C) and oxygen (amide
O and carboxylate O) groups, and interacts favorably with
nitrogen groups (amide N and cationic N). Because the
a-value (Table 2) quantifying the unfavorable interaction
of KGlu with unit area of amide O is twice as large in
magnitude as that for interaction of KGlu with unit area of
amide N, KGlu is predicted to interact very unfavorably
with backbone (2°) amide groups (large O/N; e.g., 2.8 for
aama (Table S1)) and slightly unfavorably with side-chain
(1°) amide groups (small O/N; e.g., 0.6 for propionamide
(Table S1). This net-unfavorable interaction of KGlu with
amide groups differs greatly from the net-favorable interac-
tions of inorganic Hofmeister salts with amide groups (often
characterized as salting-in of amides (33,34,37)). For inor-
ganic salts, the classical Hofmeister series ranking for
protein processes is determined by the rank order of interac-
tions of these salts with hydrocarbon groups; interactions
with amide groups are largely favorable and do not follow
the Hofmeister series order. On the basis of its interaction
with hydrocarbon groups, KGlu would be ranked between

2.5 1~

m
©
(03]

1

| Aliphatic C

-2.5 -

m Kglu mProline mGB mUrea

KCl1 and KF as a moderate stabilizer, but its net-unfavorable
interaction with amide groups significantly increases its
effectiveness as a protein stabilizer, so that KGlu ranks be-
tween KF and K,SO, and is almost as effective on a per-ion
basis as K,SO4. Hence the explanation for the Hofmeister
ranking of KGlu is analogous to that previously determined
for GuHCI, which on the basis of its interaction with hydro-
carbon groups would not be a strong protein destabilizer.
GuHCI is a strong destabilizer primarily because of its
very favorable interaction with amide groups (37,55).

Comparison of KGlu a-values and KGlu-protein
uos-values with those of other E. coli osmolytes
and urea

When osmotically stressed during growth in a minimal
glucose-salt medium, E. coli increases cytoplasmic amounts
of KGlu and trehalose by transport of K and synthesis of
Glu™ and trehalose to maintain growth up to an external
osmolality of ~1.8 Osm (1-6,9-14). If proline or GB is
present at low concentration in the growth medium, these
solutes are accumulated instead of KGlu and trehalose,
increasing growth rate and significantly extending the range
of external osmolalities of growth (2,7,14). Hence pro-
line and GB are often called osmoprotectants. All these os-
molytes increase the stability of globular proteins (19,56).
Proline reduces the stability of nucleic acid duplexes and
various tertiary structures (57). GB also reduces the stability
of nucleic acid duplexes (57,58) but increases the stability of
various RNA tertiary structures (57), a result that is ex-
plained by the highly unfavorable interaction of GB with
RNA phosphate oxygens (28) that are buried in forming
these tertiary structures.

Fig. 4 compares a-values for the interactions of osmo-
lytes/stabilizers KGlu, proline, and GB and the destabilizer

Cationic N
Amide N ationic

Carboxylate
0

FIGURE 4 Comparison of a-values for interactions of cytoplasmic osmolytes (KGlu, proline (29), and GB (28)) and urea (39) with protein functional

groups at 23°C. To see this figure in color, go online.
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urea with protein functional groups. A clear contrast is
evident between all three osmolytes/stabilizers and urea.
All three osmolytes interact unfavorably with aliphatic C
and with amide and anionic (carboxylate) O, while urea
interacts favorably with these groups. In the concentrated
biopolymer environment of the cytoplasm, unfavorable in-
teractions of KGlu, proline, and GB with anionic (carbox-
ylate, phosphate) O, aliphatic C, and amide O groups on
the surface of proteins, nucleic acids, and the cytoplasmic
membrane increase the osmolality of the cytoplasm above
the ideal value based solely on the molal concentration of
these solutes. The unfavorable interactions make these sol-
utes more effective osmolytes in vivo than solutes like
urea that would interact favorably with these biopolymer
groups and hence reduce cytoplasmic osmolality from its
ideal value. Experimental evidence for this from direct mea-
surements of solute-protein and solute-nucleic acid interac-
tions has been presented previously for GB and proline
(28,29); additional evidence from analysis of interactions
of these solutes and KGlu with BSA is discussed in the
next section.

The rank order of effectiveness of these solutes as osmo-
lytes in the cytoplasm of E. coli is GB >> proline > KGlu
(2,5,7). This order of in vivo effectiveness is the same as the
order of interaction of these solutes with the anionic protein
BSA (as quantified by u,3-values; Table S4). Fig. 4 reveals
that the order of in vivo effectiveness is also the same as the
order of interaction of these solutes with anionic and amide
O (GB most unfavorable; KGlu least unfavorable), but is
opposite to their order of interaction with aliphatic and
aromatic C (KGlu most unfavorable; GB least unfavor-
able/most favorable). Interactions of all these osmolytes
with cationic and amide N are favorable. Additionally,
Fig. S1 and Table S4 reveal that the rank order of in vivo
effectiveness is the same as the order of self-interactions
of these solutes (see Eq. 3): the GB self-interaction
is highly unfavorable (from dOsm/dmj, m3u3;*/RT =
g3y = 0.14), the proline self-interaction is modestly
unfavorable (m3u33**/RT = &3proliney = 0.04), while the
KGlu self-interaction is favorable (mzu33™/RT = € + (kGIu) =
—0.05). This probably is also the order of their interac-
tion with cytoplasmic metabolites, most of which are
carboxylate or phosphate salts. These results may provide
insight into the types of biopolymer surface that are water
accessible in biopolymer assemblies in the cytoplasm.
Biopolymer assembly is often driven by the hydrophobic
effect, burying hydrocarbon groups. The water-accessible
surface of these assemblies in vivo appears to be enriched
in anionic (protein carboxylate, nucleic acid phosphate)
and amide oxygens, with limited exposure of amide and
cationic nitrogen groups.

Unfavorable self-interactions and unfavorable interactions
with other solutes and biopolymers increase the effectiveness
of a cytoplasmic solute in retaining cytoplasmic water and re-
sisting dehydration in vivo. E. coli accumulates similar mole

Basis of Protein Stabilization by KGlu

amounts of the different osmolytes in response to a given
osmotic stress (2); the greater effectiveness of GB as
compared to proline or the ions of KGlu allows the cytoplasm
to retain more water at high osmolality using GB rather than
proline or KGlu (2). The more dilute cytoplasm at high
osmolality with GB as the osmolyte results in a much faster
growth rate, for reasons that are only incompletely under-
stood (5).

Although KGlu has not generally been considered as
an osmoprotectant, the results of this study show that it
is very analogous to osmoprotectants GB and proline in
its net-unfavorable interactions with protein functional
groups. Hence KGlu should be considered an osmoprotec-
tant, though less effective in vivo than GB and proline
because their self-interactions are unfavorable and their
interactions with the functional groups of native proteins
are on balance more unfavorable than those (per-ion)
of KGlu.

Interactions of the E. coli osmolyte and protein stabilizer
trehalose with protein functional groups have been studied
at 0°C by freezing point depression osmometry (30). The
pattern of interactions is very different from the other osmo-
Iytes at 23°C presented in Fig. 4. Interactions of trehalose
with amide and anionic (carboxylate) O are favorable at
0°C, while interactions with sp® and especially sp> C are suf-
ficiently unfavorable to make trehalose a protein stabilizer.
It will be important to investigate interactions of trehalose
with protein groups at 20-25°C to compare with the other
osmolytes in Fig. 4.

To be an effective intracellular osmolyte, providing the
maximum osmolality at a given concentration of the osmo-
lyte, a solute must interact unfavorably with the native bio-
polymers (protein, nucleic acid, membrane) and small
solutes of the cell. The ASA of these biopolymers and sol-
utes is largely aliphatic hydrocarbon and anionic (carbox-
ylate, phosphate) and amide oxygen, so it is not a surprise
that all E. coli osmolytes investigated to date have unfa-
vorable interactions with these hydrocarbon and oxygen
groups. Urea would not be nearly as effective an osmolyte
because it interacts favorably with these groups. To be an
effective protein stabilizer, a solute must interact unfavor-
ably with the protein ASA that is exposed in unfolding.
This AASA of unfolding is primarily aliphatic hydro-
carbon and amide oxygen, with smaller amounts of aro-
matic hydrocarbon, amide nitrogen, and charged or other
polar groups. Unfavorable interactions of E. coli osmolytes
with amide oxygen and aliphatic hydrocarbon groups make
these osmolytes effective protein stabilizers, while favor-
able interactions of urea with these groups make urea a pro-
tein destabilizer.

SUPPORTING MATERIAL

Two figures and four tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(16)30823-2.
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Figure S1. Osmolality (Osm) of two-component solutions of KGlu, glycine betaine and proline
as a function of molality m, at 23°C. For the 1:1 electrolyte KGlu in the concentration range 0.05
— 1.3 m, the initial slope of the best fit quadratic equation is dOsm/dm; =2 (1 +&;) = 1.77 £ 0.01
and the intercept is 0.01. For nonelectrolytes glycine betaine and proline in the concentration
range 0 — 1 m, slopes of the best fit lines with intercepts fixed at zero are dOsm/dm;, = (1 + &3) =

1.14 £ 0.002 (glycine betaine) and 1.04 + 0.003 (proline).
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Figure S2 Solubility determinations of preferential interactions (U,3) of KGlu (component 3) with
aromatic compounds benzene and naphthalene (component 2) at 25°C. The logarithm of the solubility
ratio m3° /m3%, where m3° is the molal solubility of the aromatic in a KGlu solution and m3% is its
extrapolated molal solubility in the absence of KGlu, is plotted versus KGlu molality m;. Slopes are

H23/RT.



Table S1. Functional Group Composition of Model Compound ASA®

Model Compounds Az!;gsr;agc sp>C Amide O Carboxylate O Amide N Cationic N

aama 258 4.3 62.5 0 21.1 0
1,3-diethylurea 249 5.8 28.7 0 33.8 0
naphthalene 0 273° 0 0 0 0
glycine betaine 194 2.7° 0 81 0 0
benzene 0 212° 0 0 0 0
1,1-diethylurea 209 3.7 35.7 0 50 0
1,3-dimethylurea 177 5.8 28.7 0 44.9 0
propionamide 125 4.3 36.8 0 61.6 0
proline 147 4 0 80 0 38

valine 145 2.7° 0 80.5 0 63.4
methylurea 88.4 6.5" 38.3 0 87.5 0
malonamide 48.5 8.5 65.7 0 123 0

alanine 87 4.4 0 85.7 0 69.2
urea 0 7.2° 47.9 0 130 0
glycine 51.6 6.6° 0 86 0 77

ASA contribution, A?

®Structures of amino acids and glycine betaine are from BMRB (1); structures of amide and
aromatic compound are from NIH Cactus website (2).

bamide sp® C; “aromatic ring sp® C; Ycarboxylate sp? C.



Table S2. Comparison of Group Contributions to Amino Acid ASA from BMRB and Cactus Structures®

ASA contribution, A?

Model Compounds Aliphatic (sp®) C Carboxylate (sp?) C Carboxylate O Cationic N
BMRB Cactus BMRB Cactus BMRB Cactus BMRB Cactus
glycine betaine 194 203 2.7 4.2 81 72.5 0 0
proline 147 151 4 4.2 80 84.6 38 34.9
valine 145 150 2.7 3.2 80.5 79.2 63.4 54.8
alanine 87 89.5 4.4 4.7 85.7 83 69.2 67.5
glycine 51.6 49 6.6 6.6 86 87.7 77 76.5

All ASA were calculated using the SurfRacer program (3) using the Richards set of van der Waals radii and a 1.4 A probe radius for
water.

Table S3. Group Contributions to ASA of Native Proteins and AASA of Unfolding NTL9*

Molecular Hydrocarbon Amide Carboxylate Hydroxyl Amide Cationic  Total

Protein Weight (kDa) C 0 0 0 N N ASA

Tubulin 96.7 17.2 3.97 3.73 1.24 1.55 4.32 32.0

ASA BSA 66.5 15.6 2.65 4.24 0.96 1.05 3.19 27.7
B-lactoglobulin 36.3 8.52 1.74 1.72 0.50 1.15 1.93 15.6

lysozyme 14.3 3.20 1.19 0.20 0.21 0.63 1.21 6.63

AASA* NTLO 1.10° 0.25" 0.06° 0.02° 0.22° 0.08° 1.73

2All ASA values are in unit of 10° A,
®From Supplemental ref (4)

“Estimated for the compact unfolded structure deduced for NTL9 (3), where the AASA of unfolding was found to be 42% of the
calculated maximum AASAmax. This was used to scale the AASA of charged groups (carboxylate O and cationic N) and hydroxyl O
from the AASAmax and included in the m-value prediction.



Table S4 Experimental and Predicted p,3-values for Osmolyte- and Urea-BSA
Interactions, and Experimental Solute Self-Interactions

Self-Interaction Experimental p2s/ms(kcal Predicted pp3/ms (keal
Osmolyte (M3pzs™/RT) mol™ m?)? mol™ m?)°
GB?* 0.14 £ 0.002 21.7+34 10.8+3.3
Proline? 0.04 £ 0.003 119 £0.3 7.7£2.0
KGlu -0.24 +0.01 20.7+2.1 18+ 2.7
Urea® -0.02° -4.5 -3.6+0.8

®Experimental values of GB, proline and urea are from the data of Diehl et al (5). KGlu data was
determined at 20°C, GB, proline and urea data was determined at 24-25°C.

®Predicted values of GB, proline and urea are from the data of Diehl et al (5), predicted value for
KGlu data is described in Table 3.

‘Guinn et al (2)
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