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ABSTRACT Dehydrins are plant proteins that are able to protect plants from various forms of dehydrative stress such as
drought, cold, and high salinity. Dehydrins can prevent enzymes from losing activity after freeze/thaw treatments. Previous
studies had suggested that the dehydrins function by a molecular shield effect, essentially preventing a denatured enzyme
from aggregating with another enzyme. Therefore, the larger the dehydrin, the larger the shield and theoretically the more effec-
tive the protection. Although this relationship holds for smaller dehydrins, it fails to explain why larger dehydrins are less efficient
than would be predicted from their size. Using solvatochromic dyes to probe the solvent features of water, we first confirm that
the dehydrins do not bind the dyes, which would interfere with interpretation of the data. We then show that the dehydrins have
an effect on three solvent properties of water (dipolarity/polarizability, hydrogen-bond donor acidity and hydrogen-bond acceptor
basicity), which can contribute to the protective mechanism of these proteins. Interpretation of these data suggests that although
polyethylene glycol and dehydrins have similar protective effects, dehydrins may more efficiently modify the hydrogen-bonding
ability of bulk water to prevent enzyme denaturation. This possibly explains why dehydrins recover slightly more enzyme activity

than polyethylene glycol.

INTRODUCTION

Intrinsically disordered proteins (IDPs, also known as
intrinsically unstructured or natively unfolded proteins)
are a class of highly dynamic proteins without unique
three-dimensional structures (1-5). IDPs can be identified
through a variety of biophysical methods, such as NMR, cir-
cular dichroism, and size exclusion chromatography (6-8),
or predicted through a number of bioinformatics methods,
such as identifying clusters of amino acids with a high pro-
pensity for disorder (9) or estimating the contact energy of
individual residues (10). The functional roles of IDPs are
almost as diverse as their structure, though IDPs are partic-
ularly abundant in protein families involved in transcription
and cell cycle control (1,2,11,12). Another emerging role
for IDPs includes protecting cells from stress damage,
such as aggregation, misfolding, and oxidative damage
(13,14). One well-studied IDP family in this group is the
family of plant dehydrins (dehydration proteins) (15-19).
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Dehydrins were first identified as proteins in cotton
seeds belonging to the late embryogenesis abundant protein
family (20). Plants differ from animals, as they are sessile
organisms; therefore, they need cellular and molecular de-
fense mechanisms, such as late embryogenesis abundant
proteins, to cope with various abiotic stresses such as
drought, cold, and high salinity (21-23). Dehydrins are
characterized by the presence of a lysine-rich motif known
as the K-segment (24). Technically, the K-segment is best
described as a position scoring matrix (25), but it also
can be practically described as [XKXGXX(D/E)KIK(D/
E)KXPG] (25), in which “X” represents any amino acid.
The other two conserved motifs, which are not present in
every dehydrin, are the S-segment [LHR(S/T)GS,_¢(S/D/
E)(D/E);] (25) and the Y-segment [D(D/E)(Y/H/F)GNPX]
(25). Several other conserved motifs have been identified
in dehydrins as well (see, for example, (17,25-28)), though
their ubiquity among all plants has not been fully estab-
lished. In between the conserved segments are the ¢-seg-
ments, which represent poorly conserved motifs of
variable length (typically <50 residues) and a sequence
composition bias toward smaller amino acids that are polar
or charged. The roles of the segments are multifaceted and
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under active investigation and will not be further described
here.

The biological roles of dehydrins have been examined
through several molecular biological approaches (29-31),
typically based on the observation that the presence of de-
hydrins is correlated with a plant’s ability to resist dehy-
drative stress damage. The exact in vivo role of
dehydrins has not been fully elucidated; several clues,
however, have come from in vitro studies. Some of the
proposed functions of dehydrins include binding metal/
ions to assist in reactive oxygen species scavenging, pro-
tecting against changes in membrane fluidity to preserve
membrane function, and preventing the denaturation of
metabolic enzymes at low temperatures (16,32-34). With
respect to enzyme protection, the standard cryoprotection
assay consists of freezing and thawing lactate dehydroge-
nase (LDH) multiple times using liquid nitrogen, followed
by measuring the residual enzyme activity. Comparison of
the ability of dehydrins to protect LDH in such freezing
and thawing experiments is often done using the PDsq
value, which represents the concentration of dehydrin or
a control compound required to recover 50% of the orig-
inal LDH activity. Hence, lower PDs, values represent
more efficient protection.

Our previous work showed that the K, dehydrin pre-
vents loss of LDH activity by averting enzyme aggregation
(35) and that the hydrodynamic radius (R;) of a dehydrin
correlates with the PDs, value (36). We also showed that
using polyethylene glycol (PEG) molecules of a similar
Ry, to the dehydrins results in similar PDsy values. One
interpretation of these data illustrates that dehydrins
function as a molecular shield by preventing damaged, ag-
gregation-prone LDH from encountering other damaged
LDH molecules (35,36). The shield, or more specifically
the volume exclusion effect, represents the restricted
accessible volume (i.e., the hard, steric interactions) in
the presence of these protective compounds, such as
dehydrins. The experimentally observed problem with
this proposal is that the relationship between PDsy and
R, became asymptotic with the larger dehydrins (36).
Clearly this interpretation is simplistic, and other factors
such as the reduction of available volume to LDH, the
concentration of the protective compounds, and the ef-
fect of the protective compounds on water must also be
considered.

We examine here the effect of dehydrins on the solvent
properties of water. Although the effect of dehydrins on the
hydration surface at subzero temperatures has been previ-
ously reported (37), the possible effects of dehydrin on
bulk water properties are unknown, and hence the need for
this study. Other studies (38-40) have shown that the effects
of various compounds on the solvent features of water can be
determined using the solvatochromic comparison method
(41-43). The solvatochromic comparison method—>pio-
neered by Kamlet, Taft, and their co-workers (41-43)—is

Disordered Protein Effect on Solvent

based on using dyes that respond to changes in the solvent
properties by shifting positions (wavelengths) of their ab-
sorption maxima. The water soluble dyes used in this study
are 4-nitroanisole, 4-nitrophenol, and Reichardt’s Er(8)
betaine dye (4-[2,6-diphenyl-4-(pyridin-4-yl)pyridinium-1-
yl]-2,6-bis(pyridin-3-yl)phenolate betaine dye). Solute-sol-
vent interactions include a variety of different interactions,
such as dipole-dipole, hydrogen bonding, and electrostatic
effects. To characterize the ability of various solvents
to participate in these interactions, it has been suggested
to use three different scales of solvent features (41-43).
One scale characterizes the relative ability of solvents
to participate in dipole-dipole interactions (dipolarity/
polarizability scale, 7#*) (43). Another scale describes the
relative abilities of the different solvents to serve as acceptors
of hydrogen bonds (HBA basicity scale, «), and the third
scale characterizes the ability of solvents to donate hydrogen
bonds (HBD acidity scale, §) (41,42). Various solvents
are characterized on each scale according to the response
they induce in a set of solvatochromic dyes. The response
of a dye to its environment is represented by the position of
the longest wavelength of the ultraviolet-visible (UV-vis)
absorption band in a given solvent. It has been previ-
ously shown (44-47) that the solvent-dependent phys-
icochemical properties of a solute in a given solvent may
be described as a linear combination of the solvent’s
abilities to participate in various types of interactions with
the solute multiplied by the solute-dependent coefficients,
representing the contributions of the different types of
interactions.

It should be noted that although the solvatochromic com-
parison method was originally developed for characteriza-
tion of solute properties in various organic solvents, its
application was recently extended to the analysis of ionic
liquids (48), aqueous solutions of nonionic polymers
(38,39,49), small organic compounds (39,50), and inorganic
salts (40). It should also be noted that according to Rani
et al. (48), the particular values of the responses of the sol-
vatochromic dyes have no fundamental physical meaning in
and of themselves and should instead be viewed as a relative
estimate of the specific solvent features.

Among the over 40 various compounds that have been
examined by this approach so far (38-40,51), only two
were proteins: human heat shock protein 6B (HSPB6 (39))
and elastin-like polypeptide (ELP) with the (GVGVP)yq
sequence (51). Most proteins are prone to binding aro-
matic organic solvatochromic dyes, rendering the assay
useless for them. It appears that IDPs, with their paucity
of hydrophobic amino acids and general lack of a hy-
drophobic core, are good candidates for solvent property
studies.

The purpose of this study is to examine effects of three
different dehydrins on the solvent features of bulk water
and see whether this effect can explain the limiting effect
of dehydrin size on the enzyme cryoprotection.
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MATERIALS AND METHODS
Proteins

The K, K4, and K, dehydrins were produced recombinantly in bacteria
and purified as previously described (36). Because of the high protein
concentrations and large number of samples required for these assays,
100 mg of each protein was purified from ~20 L of Lysogeny broth
media.

Solvatochromic measurements

The solvatochromic probe 4-nitrophenol (spectrophotometric grade) was
purchased from Sigma (St. Louis, MO). The 4-nitroanisole probe
(>99%) was supplied by Acros Organic (Bridgewater, NJ). Reichardt’s
carboxylated betaine dye, sodium 2,6-diphenyl-4-[4-(4-carboxylato-
phenyl)-2,6-diphenylpyridinium-1-yl]phenolate, was synthesized accord-
ing to the procedure reported previously (52).

All dehydrin solutions were prepared in deionized water. The solvato-
chromic probes 4-nitroanisole, 4-nitrophenol, and Reichardt’s Er(8)
betaine dye were used to determine the dipolarity/polarizability 7,
hydrogen bond acceptor (HBA) basicity (§, and hydrogen bond donor
(HBD) acidity « of the aqueous media in which the dehydrins were
dissolved.

Aqueous solutions (~3—10 mM) of each solvatochromic dye were pre-
pared, and 10-20 uL of each was added separately to a total volume of
500 uL of the dehydrin solution. A strong base was added to the samples
(~5 uL of 1 M NaOH to 500 uL of the dehydrin solution) containing
Reichardt’s carboxylate-substituted betaine dye to ensure a basic pH.
A strong acid (~10 uL of 1 M HCI to 500 uL of the solution) was added
to the samples containing 4-nitrophenol to eliminate the charge-transfer
UV-vis absorption bands of the phenolate anion that are observed in
some solutions. The respective blank solutions without dye were pre-
pared separately. The samples were mixed thoroughly in a vortex mixer,
and the UV-vis absorption spectra of each solution were acquired. To
check the reproducibility, possible aggregation, and specific interaction
effects, the position of the band maximum in each sample was measured
in three to five separate aliquots. A UV-Vis microplate reader spectro-
photometer SpectraMax Plus384 (Molecular Devices, Sunnyvale, CA)
with a bandwidth of 2.0 nm, data interval of 1 nm, and high-resolution
scan (~0.5 nm/s) was used for acquisition of the UV-Vis molecular
absorbance data. The absorption spectra of the probes were determined
over the spectral range from 240 to 600 nm in each solution. Pure dehy-
drin solutions containing no dye (blank) were scanned first to establish a
baseline. The wavelength of maximal absorbance in each solution was
determined as described previously (53) using the PeakFit software
package (Systat Software, San Jose, CA) and averaged. The SD for
the measured maximal absorption wavelength was <0.4 nm for all
dyes in all of the solutions. The behavior of the probes (4-nitrophenol
and Reichardt’s carboxylated betaine dye) in several solvents (water,
n-hexane, and methanol) was tested in the presence and absence of
HCI (for 4-nitrophenol) and NaOH (for the betaine dye) at different con-
centrations of the probes, acid or base. The maximal shifts of the probes
were compared to reference values found in the literature. All were
within the experimental errors (data not shown). The results of the sol-
vatochromic studies were used to calculate 7*, 3, and « as described
by Marcus (54).

Determination of the solvent dipolarity/polarizability =*

The 7* values were determined from the wavenumber (v;) of the longest-
wavelength Vis absorption band of 4-nitroanisole using the following rela-
tionship (54):

T = 0.427(34.12 — v,). (1)
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Determination of the solvent HBA basicity

The ( values were determined from the wavenumber (v,) of the longest-
wavelength Vis absorption band of 4-nitrophenol using the following rela-
tionship (54):

B = 0.346(35.045 — v,) — 0.57 x . Q)

Determination of the solvent HBD acidity o

The a-values were determined from the longest-wavelength visible absorption
band of the 4-[2,6-diphenyl-4-(pyridine-4-yl) pyridinium-1-y1]-2,6-bis(pyri-
dine-3-yl)phenolate (Reichardt’s Er(8) betaine dye) using the relationships
in Egs. 3, 4, and 5:

Er(8)/(kcal.mol™") = 28,591/ A (nm), 3)

where A, is the wavelength of the maximum of the long-wavelength sol-
vatochromic absorption band of the betaine dye.

The empirical Reichardt’s solvent polarity index, E1(30), was then calcu-
lated from the E1(8) values with the following linear relationship for HBD
solvents (55):

Er(30) = [Ex(8) — 16.236]/0.704. (4)

Finally, the a-values were calculated from the Et(30) values according
to (54):

a = 0.0649 x Er(30) —2.03 —0.72 x @ )

It has been previously shown (56) that the solvatochromic features of wa-
ter in aqueous solutions containing small organic compounds and polymers
are linearly interrelated as

=z, + ao0 + By, (6)

where subscript j denotes the concentration of the i-th compound in water;
Zio» Qo and b;, are constants specific for the i-th compound under study.

The interrelationship between z;,, a;,, and b;, for the proteins in this study
can be described by

bi, = 1.81901 — 1.68¢.01zic — 2.07¢.04i- @)

Inclusion of z;,-, a;,-, and b;,-values of PEGs (PEG-1000, PEG-8000, and
PEG-10,000) (38) results in a very similar relationship:

bio = 1.840005s — 1.680.005Zic — 2.09¢ 2. ®)

The distance of protein i from the reference protein o in terms of z;,, d;,,
and b;, may be described as

dio = { (10— 20) /20 +[(810 — 80) /5] +[(Bio — bo) /b 1",
©))

where d,, is the distance of the signature of a given protein i from that of the
reference protein o; z;,, d;,, and b;, are the coefficients for the protein i in
Eq. 6; and z,, a,, and b, are the coefficients of the reference protein. The
dehydrin K, was selected as the reference protein o.

Analysis of the datain Table S for the different PEGs and dehydrins reveals
the relationship between the hydrodynamic radius (Ry,) and distance d,, as

(PDSO)i = 162177 — 116562 10g<Rh)i —+ 394.9(1107 (10)

which is described in more detail in the Results.



Partitioning of K, dehydrin and solvatochromic
dyes in the aqueous Ficoll-70/PEG-8000 two-
phase system

Ficoll-70 (lot 128K1136), with a weight-average molecular weight (M,,)
= 70,000, and PEG-8000 (Lot 091MO01372V), with a number-average
molecular weight (M,) of 8000, were purchased from Sigma.

Stock solutions of Ficoll-70 (50% w/w) and PEG 8000 (50% w/w) were
prepared in deionized water. Stock sodium phosphate buffer (0.5 M (pH
7.4)) was prepared by mixing the appropriate amounts of NaH,PO, and
Na,HPO,. A mixture of polymers was prepared by dispensing appropriate
amounts of the aqueous stock polymer solutions into a 1.2 mL microtube
using a Hamilton (Reno, NV) ML-4000 four-probe liquid-handling work-
station. Appropriate amounts of stock buffer solutions and water were
added to give the ionic and polymer composition required for the final
system (after the sample addition—see below) with a total weight of
0.5 g (atotal volume of 462 + 1 uL). All of the aqueous two-phase systems
used had the same polymer composition of 19.0% (w/w) Ficoll-70 and
9.0% (w/w) PEG-8000 and the same ionic composition of 0.01 M sodium
phosphate buffer (pH 7.4).

An automated instrument for performing aqueous two-phase partition-
ing, the Automated Signature Workstation (Analiza, Cleveland, OH), was
used for the partitioning experiments. The Automated Signature Worksta-
tion system is based on the ML-4000 liquid-handling workstation (Hamil-
ton) integrated with a FL600 fluorescence microplate reader (Bio-Tek
Instruments, Winooski, VT) and a UV-Vis microplate spectrophotometer
(SpectraMax Plus 384; Molecular Devices).

The K, dehydrin solution was prepared in water at concentration of
5 mg/mL. Solutions of 4-nitrophenol and 4-nitroanisole at concentrations
of 10 and 3 mM, respectively, and a solution of carboxylated Reichardt’s
betaine dye at a concentration of 4.2 mM were prepared in water. These
solutions and their mixtures with dehydrin were prepared in a 1:3 ratio
(for 4-nitroanisole) and 1:1 ratio (for the two other dyes); all ratios are
by volume.

Varied amounts (0, 20, 40, 60, 80, and 100 uL) of these individual dye
solutions, dehydrin solution, or dehydrin-dye mixtures and the correspond-
ing amounts (100, 80, 60, 40, 20, and 0 uL) of water were added to a set of
the same polymers/buffer mixtures. The systems were then vortexed in a
Multipulse vortexer and centrifuged (Jouan, BR4i; Thermo Fisher Scienti-
fic, Waltham, MA) for 60 min at 3500 x g at 23°C to accelerate phase
settling. The top phase in each system was removed, the interface was dis-
carded, and aliquots from the top and bottom phases were withdrawn in
duplicate for analysis using the o-phthaldialdehyde (OPA) protein concen-
tration assay or the UV-vis assay.

For the dehydrin partitioning analysis in the absence and presence of dye,
30 uL aliquots from both phases were transferred and diluted with water
up to 70 uL and placed into microplate wells. Next, the microplate was
sealed and briefly centrifuged (2 min at 1500 rotations per minute). After
moderate shaking for 45 min in an incubator at 37°C, 250 uL of OPA
reagent was added. After moderate shaking for 4 min at room temperature,
the fluorescence was determined using a fluorescence plate reader with a
360 nm excitation filter and a 460 nm emission filter with a sensitivity
setting of 100-125.

For the dye partitioning analysis in the absence and presence of dehydrin,
50-120 uL aliquots from both phases were diluted up to 600 uL in 1.2 mL
microtubes. Water was used as diluent except for the 4-nitrophenol sample,
for which a 20 mM universal buffer (0.01 M each of phosphoric, boric, and
acetic acid, adjusted to pH 12.4 with NaOH) was used. After vortexing and
a short centrifugation (12 min), aliquots of 250-300 uL were transferred
into microplate wells, and the UV-Vis plate reader was used to measure op-
tical absorbance at wavelengths corresponding to the maximal absorption
of the dye. The maximal absorption wavelength for each compound was
determined in separate experiments by analysis of the absorption spectra
over the 240-500 nm range. The concentration of the carboxylated Reich-
ardt’s betaine dye, 4-nitrophenol, and 4-nitroanisole in the top and bottom
phases of aqueous Ficoll-70/PEG-8000/0.01 M sodium phosphate buffer
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(pH 7.4) two-phase system was determined by measuring their absorbance
at 308, 404, and 318 nm, respectively. In the case of 4-nitrophenol, the
maximal absorption was found to be more concentration sensitive in the
presence of the universal buffer at pH 12.4. The slope of the linear curve
represents the partition coefficient of the dyes in this two-phase system.

In all measurements, the same dilution factor was used for the upper and
lower phases, and diluted pure phases were used as blank solutions. The
partition coefficient, K, is defined as the ratio of the sample concentration
in the top phase to that in the bottom phase. The K-value for each solute
was determined as the slope of the concentration (fluorescence intensity
or absorbance, depending on the compound) in the top phase plotted as a
function of the concentration in the bottom phase, averaged over the results
obtained from two to four partition experiments.

Evaluation of intrinsic disorder propensity of K,
K;, and K,o dehydrins

The intrinsic disorder propensities of the K,, K4, and K;o dehydrins were
evaluated by a set of commonly used per-residue disorder predictors.
This includes PONDR VLXT (57), which is known to have high sensitivity
to local sequence peculiarities and can be used for identifying disorder-
based interaction sites; PONDR VL3 (58), which is characterized by high
accuracy for predicting long intrinsically disordered regions; PONDR
VSL2 (59,60), which is one of the more accurate stand-alone disorder pre-
dictors (61,62); and a meta predictor PONDR FIT (63) that combines out-
puts of six predictors of intrinsic disorder (PONDR VLXT (57), PONDR
VSL2 (59.60), PONDR VL3 (58), FoldIndex (64), IUPred (65), and TopIDP
(66)), making it moderately more accurate than each of its component pre-
dictors (63). We also used the IUPred computational platform, which allows
identification of either short or long regions of intrinsic disorder (65). The
corresponding amino acid sequences and molecular masses of the dehy-
drins and control proteins are provided in Fig. S1. The outputs of the eval-
uation of the per-residue disorder propensity by these tools are represented
as the real numbers between 1 (ideal prediction of disorder) and O (ideal
prediction of order). A threshold of >0.5 was used to identify disordered
residues and regions in query proteins. For each protein, after obtaining
an average disorder score from each predictor, all predictor-specific average
scores were averaged again to generate an average per-residue intrinsic dis-
order score. Using a consensus evaluation of intrinsic disorder is motivated
by the empirical observations that this approach usually increases the pre-
dictive performance compared to the use of just a single predictor (67,68).

RESULTS

Because all the solvatochromic dyes are aromatic com-
pounds prone to binding to proteins, it was necessary to first
explore if any of the dyes bind to K, dehydrin. The partition-
ing method in an aqueous two-phase system was used for
this purpose as described previously (49). The partition
behavior of a protein is very sensitive to the binding of
any ligand (69-71); therefore, partitioning of K, in the
Ficoll-70/PEG-8000/0.01 M sodium phosphate buffer (pH
7.4) was examined in the absence and presence of 4-nitro-
phenol and 4-nitroanisole using the OPA fluorescence assay.
The data presented graphically in Fig. S2 indicate that the
partition behavior of dehydrin does not change in the pres-
ence of any of the dyes tested (Kx, = 0.299 =+ 0.001),
showing that K, does not bind the dyes. The partitioning
of dehydrin in the presence of the Reichardt’s E+(8) betaine
dye in the two-phase system could not be quantified because
of its interference with the OPA assay.

Biophysical Journal 115, 1696-1706, November 6, 2018 1699



Ferreira et al.

We subsequently examined the partitioning of each of the
three dyes in the same two-phase system in the absence and
in the presence of the K, dehydrin using the UV-vis absor-
bance assay. Typical data obtained are illustrated in Fig. S3,
A-C for Reichardt’s E1(8) betaine dye, 4-nitrophenol, and
4-nitroanisole, respectively. The partition coefficients of
all three dyes (4-nitrophenol (K = 1.053 = 0.002), 4-nitro-
anisole (K = 1.097 = 0.002), and Reichardt’s £1(8) betaine
dye (K = 2.276 = 0.005)) did not change in the presence
of K,. These data confirm the conclusion that the dyes do
not bind to the protein and hence may be used as the molec-
ular probes of the solvent features of aqueous media in the
presence of dehydrins.

The solvent features of aqueous media for solutions of
K, K4, and K¢ at different protein concentrations in water
were measured (Table 1). The concentration-dependent ef-
fect of the protein on the various parameters were extrapo-
lated to higher amounts of dehydrin to facilitate comparison
to PEG.

The plots of dipolarity/polarizability (7*, Fig. 1), HBD
acidity («, Fig. 2), and HBA basicity (8, Fig. 3) show several
different patterns for the dehydrins and the nondehydrin
control protein HSPB6. In Fig. 1, we see that the K, and K4
dehydrins and HSPB6 have essentially identical effects
on 7*, whereas K;y, has a more pronounced impact on
this solvent property. A similar lack of effect on 7* was
seen for PEG (38). With HBD « acidity (Fig. 2), HSPB6 in-
duces large changes in «, whereas for dehydrins, there are
smaller changes in « that correlate with their length. Lastly,
for HBA @ basicity (Fig. 3), we see that all compounds
have an effect on § with increasing protein concentration.
With the dehydrins, the effects can be arranged in the
following sequence: K;o > K4 > Ko, in which K, has only
a weak effect. The effect of HSPB6 on (3 is intermediate be-
tween K, and K;o. The effect appears to be related to the
length of the polypeptide chain of a given protein. Analysis
of the solvent features of water in aqueous solutions for the
dehydrins examined here and the previously examined
HSPB6 (39) and ELP (51) show that the relationship
described by Eq. 6 holds for all the proteins examined so
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FIGURE 1 Dipolarity/polarizability, 7*, of water in aqueous solution as

a function of concentrations of dehydrins K,, K4, and K;( and the control
protein HSPB6. The parameter 7* was calculated using Eq. 1. K, dotted
circle; Ky, right semifilled circle; K, top semifilled circle; HSPB6, dotted
triangle.

far. The values of the coefficients determined here and in pre-
vious studies are listed in Table 2 with their corresponding
statistical characteristics. The likely reason for the relation-
ship described by Eq. 6 seems to be the known cooperativity
between the different types of water-water interactions (72).

Analysis of the values of coefficients z,, a,, and b, in
Table 2 shows that they are interrelated. This interrelation-
ship, shown in Fig. 4, may be described by Eq. 7 (n = 5;
r* =0.99998; SD = 0.012; F = 67,104, where 7 is the num-
ber of proteins (three dehydrins analyzed in this study,
HSPB6 (39), and ELP (51)); /* is the correlation coefficient;
SD is the standard deviation; and F is the ratio of variance).

It should be mentioned that the inclusion of z;,-, a;,-, and
b;,-values of PEGs (PEG-1000, PEG-8000, and PEG-
10,000) (38) does not change the relationship, as seen in

TABLE 1 Solvent Features of Water in Aqueous Solutions of the K, K,, and K;, Dehydrins

Protein Concentration (mg/mL) Concentration (mM) Tk o B

No protein 0 0 1.096 (0.002) 1.237 (0.003) 0.596 (0.002)

K, 5.0 0.93 1.105 (0.001) 1.223 (0.001) 0.597 (0.001)
10.0 1.86 1.106 (0.001) 1.219 (0.001) 0.599 (0.001)
15.0 2.79 1.107 (0.001) 1.210 (0.001) 0.600 (0.002)

K4 5.0 0.38 1.100 (0.001) 1.216 (0.002) 0.597 (0.001)
10.0 0.76 1.102 (0.001) 1.226 (0.001) 0.599 (0.001)
15.0 1.14 1.104 (0.001) 1.221 (0.001) 0.600 (0.002)

Ko 5.0 0.14 1.104 (0.001) 1.224 (0.002) 0.595 (0.003)
10.0 0.28 1.109 (0.001) 1.216 (0.001) 0.600 (0.002)
15.0 0.42 1.113 (0.002) 1.207 (0.002) 0.604 (0.002)

Values in brackets are the SDs.
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Eq.8(n=28; P = 0.99998; SD =0.010; F = 114,316, where
all parameters are as previously defined).

The specific coefficients of Eq. 6 describe the relation-
ships between the solvent features of water in the aqueous
solutions of the proteins examined in this study and the pre-
viously studied HSPB6 and ELP. Hence, the set of coeffi-
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FIGURE 3 HBA basicity, 8, of water in aqueous solution as a function
of the concentration of dehydrins K,, K,, and K;o, and the control
protein HSPB6. The parameter § was calculated using Eq. 2. K, dotted cir-
cle; Ky, right semifilled circle; Ko, top semifilled circle; HSPB6, dotted
triangle.

Disordered Protein Effect on Solvent

TABLE 2 Coefficients z,, a,, and b, for the Proteins Indicated
and Their Euclidean Distance d;, from the K, Dehydrin

Protein  Coefficient z,  Coefficient a,  Coefficient b, Distance d;,
K, 0.96 (0.03) —0.066 (0.007) 0.37 (0.04) 0

K4 0.32 (0.02) —0.116 (0.007) 1.55 (0.03) 3.35
Kio 2.23(0.09) —0.69 (0.03) —0.46 (0.098) 9.81
HSP6B  —2.34 (1.60) 0.32 (0.18) 5.1 (2.3) 14.47
ELP 1.87 (0.04) —0.54 (0.03) —0.19 (0.05) 7.40

Values in brackets are the SDs. Coefficients z,, a,, and b, are calculated
from Eq. 6, with their Euclidean distance d,, from Eq. 9.

cients determined for each macromolecule may be viewed
as a signature of its effect on the solvent features of water.

Note that the use of 1 M NaOH and 1 M HCl is necessary
to ensure that there is sufficient signal intensity from the
carboxylated Reichardt’s betaine dye and the 4-nitrophenol
(73). Therefore, buffers with a specific pH cannot be used.
Because all of the proteins used in this study are IDPs, we
do not expect structural changes due to pH to be an issue.
Also, the lack of difference between in the relationship in
Eq. 7 (proteins only) and Eq. 8 (proteins and nonionic
PEG) suggests that the changes in pH have not altered the
proteins’ solvent properties, providing indirect evidence of
a lack of change in their structure.

To compare the effects of the different proteins on water,
we can estimate the distances for different proteins from a
protein chosen as the reference. Here, the distance of protein
i from the reference protein 0 may be described as shown in
Eq. 9, in which the dehydrin K, was selected as the refer-
ence protein o. The distances, d,,, between the proteins
and polymers examined and dehydrin K,, are presented in
Table S1 together with their corresponding Ry and PDs

Coefficient bg

FIGURE 4 Interrelationship between coefficients z,, a,,, and b, character-
izing solvent features of water in the presence of dehydrins K;, K4, and K¢
and the control proteins HSPB6 and ELP (see Eq. 7).
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FIGURE 5 The efficiency of LDH cryoprotection (PDs) as a function of
the size of the compound (log(Ry,)) and the distance (d;,)(from Egs. 9 to 10).

values. As noted in the Introduction, PDs, values represent
the concentration of additive required to recover 50% of
LDH activity after multiple freeze/thaw treatments and
hence reflect the efficiency of cryoprotection of a given ad-
ditive. Analysis of the data in Table S1 for the different
PEGs and dehydrins reveals the relationship illustrated in
Fig. 5 and defined in Eq. 10 (n = 6; r* = 0.992; SD =
28.6; F = 190.5). This suggest that the PDs, value of a
particular compound can be described as related to the hy-
drodynamic size of the compound (R;) and to the com-
pound’s effect on solvent properties of water.

DISCUSSION

Many studies (see, for example, (35,36,74-78)) have shown
that dehydrins are able to protect LDH enzyme activity
from damage caused by freezing and thawing. In our previous
work, we suggested that the molecular shield effect (35,36)
dominates the dehydrin protection mechanism based on the
observation that the cryoprotective effects of PEGs were
very similar to the effect of dehydrins (36). Secondly, we
found that the effectiveness of the protection (the PDsq value)
was related to the hydrodynamic dimensions of the additive
(the Ry); in essence, the larger the dehydrin or PEG, the
more efficient the protection. However, at larger Ry, the
PDs, relationship becomes asymptotic (cf. Fig. 4 from
Hughesetal. (36)). Secondly, not all polar, disordered proteins
have a protective effect in the LDH assay. Frost—an intrinsi-
cally disordered, cold-response protein in Drosophila—is a
protein rich in Pro, Glu, Ser, and Thr. It was found to have a
protective effect worse than negative control proteins such
as lysozyme despite Frost’s large Ry, (79). If the cryoprotective
effect was solely driven by a molecular shield effect origi-
nating from hard, steric interactions, one would expect that

1702 Biophysical Journal 115, 1696—1706, November 6, 2018

the larger dehydrins and PEG molecules would always be
more efficient than the smaller ones.

Therefore, the effect of dehydrins or PEG are signifi-
cantly more complex than just excluded volume (or molec-
ular shield) mechanisms. Although the increase in the
concentration of crowding agent (dehydrins or PEG, in
our case) would decrease volume accessible to LDH, the
concentration of an aggregating protein (LDH) in the avail-
able volume (i.e., the volume free from crowders) will
increase, thereby increasing aggregation probability. In
fact, for several proteins that can form amyloid-like fibrils,
it was shown that the aggregation kinetics can be dramati-
cally accelerated in a crowded environment (80-86).
Furthermore, the efficiency of excluded volume effects
posed by a crowder is known to be dependent on the relative
hydrodynamic dimensions of crowder and target molecule
(“crowdee”), with the strongest effects being ascribed to a
situation when crowder and crowdee have comparable
hydrodynamic volumes (87-90). However, when the crow-
der volume becomes too large, larger “caves” will be
formed between the crowder molecules that could accumu-
late more than one molecule of crowdee. In other words,
although the globally accessible volume will decrease, the
locally accessible volume might increase (87).

Importantly, the observed differences in cryoprotective
properties of dehydrins cannot be attributed to the vari-
ability of their overall degree of disorder. As it follows
from Fig. 6, all three dehydrins analyzed in our study
were characterized by disorder profiles typical for the
mostly disordered proteins, possessing high mean disorder
scores of 0.91 = 0.05, 0.90 = 0.05, and 0.90 = 0.05 for
K,, K4, and Ko, respectively. Such very close similarity
of the mean disorder scores of these three dehydrins is rather
unexpected. In fact, although the K, and K, dehydrins are
concatemers of the K, protein (36) and although the
sequence of the K, dehydrin constitutes an integral part of
the K4 and K dehydrins, the K, and K, dehydrins contain
an additional one (K4) or four (K;o) 20-residue-long linker
segment connecting the repeating K, sequences.

Our results show that the effect of dehydrins on solvent
properties of water represents one of the possible contributors
to the cryoprotective properties of these proteins. Fig. 5 shows
that there is a relationship between the PDs( value, the loga-
rithm of Ry,, and a combination of the three solvent properties
of water examined (dipolarity/polarizability, HBD acidity,
and HBA basicity). The results can be interpreted assuming
that the R, (i.e., the hydrodynamic volume) of the compound
has an effect on the PDs( value (negative correlation, recall-
ing that smaller PDs, values mean higher cryoprotective effi-
ciency), but as the R;, increases, this increased efficiency
becomes limited by the stronger effects of the larger dehy-
drins on the solvent properties of water (7*, «, and (3).

The use of dehydrins and several PEGs of different sizes
(PEG-1000, PEG-8000, and PEG-10,000) provides an op-
portunity to further compare PDsg, Ry, and solvent effects.
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Disordered Protein Effect on Solvent

The most notable differences are that in all cases (Fig. 1, 2,
and 3), Ko had the strongest effect on the solvent proper-
ties, whereas K, had very little effect on them and K, had
little effect on dipolarity/polarizability (7*) and HBD
acidity («). All proteins had a relatively large effect on
HBA basicity (8). These observations may explain the
established difference in the cryoprotective efficiency of
dehydrins, in which for the larger dehydrins (i.e., the
larger R;), other effects on the solvent properties (as
reflected in 7*, «, and §) may “override” the volume
exclusion effect. The dramatic difference in HBA ( leads
us to speculate that dehydrins affect the ability of hydrogen
bonding in bulk water, which may also have an effect on
how the proteins form hydrogen bonds as well. It is impor-
tant to note here that the largest PEG used, PEG-10,000,
has an identical PDsy to PEG-8000 despite the difference
in Ry,. It is also interesting to note that PEGs were unable
to recover 100% LDH activity, whereas dehydrins usually
do, suggesting that there could be some solvent effect dif-
ferences between the two compounds that have yet to be
identified.

CONCLUSIONS

The results presented here show that the limiting efficiency
of larger cryoprotective agents may come from the effect of
these agents on the solvent properties of bulk water. The
challenge now is to understand what the physical basis for
this limiting effect is, which is well beyond the scope of
this work. The effect of dehydrins on solvent properties
may also provide part of an answer to the basic ques-
tion—why are plants using dehydrin proteins rather than
some specific secondary metabolites, especially because
plants are generally very good at making these? The effect
of dehydrins on HBA @ suggests that proteins could have
better tunable effects on this solvent property of water
than a simple, repeating polymer (such as PEG). An addi-
tional explanation is that by using proteins, the plants can
reuse the amino acids for other needs once the abiotic stress
has abated.

SUPPORTING MATERIAL

Three figures and one table are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(18)31066-X.

VLXT, PONDR VSL2, PONDR VL3, PONDR FIT, IUPred_short, and
IUPred_long, with the corresponding results shown by black, red, green,
pink, yellow, and blue lines, respectively. Dashed cyan lines show the
mean disorder propensity calculated for each protein by averaging disor-
der profiles of individual predictors. The light pink shadow around the
PONDR FIT shows error distribution. In these analyses, the predicted
intrinsic disorder scores above 0.5 are considered to correspond to the
disordered residues/regions, whereas regions with the disorder scores be-
tween 0.2 and 0.5 are considered flexible. To see this figure in color, go
online.
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Supporting Material

Table S1. PDso, Ry and dj, of compounds used in the fit of eqn. 10.

Compound PDso (M) Ry (A) dio

Ks 122.3 18.90 0.00
K4 61.2 30.20 3.35
Kio 26.6 49.30 9.81
PEG-1000 662.0 7.48 1.41
PEG-8000 24.0 24.55 1.33
PEG-10,000 33.2 27.88 2.01




Sequence of K, (Mr 5381.25)
MKEKIKERIPGMGRKDEQKQTSATSTPGOQGQQQOKGMMEKIKEKLPGAH

Sequence of K4 (Mr 13144.04)
MKEKIKERIPGMGRKDEQKQTSATSTPGOGQOOKGMMEKIKEKLPGAHLDRKDEQKQTSATSTP
GOGOMKEKIKERIPGMGRKDEQKQTSATSTPGQGQOQQKGMMEKIKEKLPGAHLE

Sequence of Ko (Mr 35705.58)
MKEKIKERIPGMGRKDEQKQTSATSTPGOGQOOKGMMEKIKEKLPGAHLDRKDEQKQTSATSTP
GOGOQMKEKIKERIPGMGRKDEQKQTSATSTPGQGOQQQOKGMMEKIKEKLPGAHLDRKDEQKQTSA
TSTPGQGOMKEKIKERIPGMGRKDEQKQTSATSTPGOGQOOKGMMEKIKEKLPGAHLDRKDEQK
QTSATSTPGQGOMKEKIKERIPGMGRKDEQKQTSATSTPGOGOQQQKGMMEKIKEKLPGAHLDRK
DEQKQTSATSTPGOGOQMKEKIKERIPGMGRKDEQKQTSATSTPGQGQQQOKGMMEKIKEKLPGAH
LE

Sequence of HSPB6 (Mr 17135.60)
MEIPVPVQPSWLRRASAPLPGLSAPGRLFDQRFGEGLLEAELAALCPTTLAPYYLRAPSVALPV
AQVPTDPGHFSVLLDVKHFSPEEIAVKVVGEHVEVHARHEERPDEHGFVAREFHRRYRLPPGVD
PAAVTSALSPEGVLSIQAAPASAQAPPPAAAK

Sequence of ELP (Mr 17063.21)
MGH (GVGVP ) ;,GWP

Figure S1. Dehydrin and Control Protein Sequences
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Figure S2. K> distribution is unaffected by the presence of the dyes. Partitioning of K> dehydrin
in the presence and absence of 4-nitrophenol and 4-nitroanisole in the top and bottom phases of
aqueous Ficoll-70/PEG-8000/0.01 M sodium phosphate buffer. The slope of the linear curve
represents the partition coefficient of the K, dehydrin. K> alone, dotted circle; K, with 4-
nitrophenol, dotted triangle; K> with 4-nitroanisole, dotted diamond.
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Figure S3. Dye distribution is unaffected by the presence of Kz. A) Concentration of the
carboxylated Reichardt’s betaine in the top and bottom phases of aqueous Ficoll-70/PEG-
8000/0.01 M sodium phosphate buffer. B) Concentration of 4-nitrophenol in the top and bottom
phases of aqueous Ficoll-70/PEG-8000/0.01 M sodium phosphate buffer. C) Concentration of 4-
nitroanisole in the top and bottom phases of aqueous Ficoll-70/PEG-8000/0.01 M sodium
phosphate buffer. The slopes of the linear curves represent the partition coefficient of each dye.
The definition of the symbols is indicated in each panel.
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