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SUMMARY

Poor protein solubility is a common problem in high resolution structural studies, formulation of
protein pharmaceuticals, and biochemical characterization of proteins. One popular strategy to
improve protein solubility is to use site-directed mutagenesis to make hydrophobic to hydrophilic
mutations on the protein surface. However, a systematic investigation of the relative contributions
of all twenty amino acids to protein solubility has not been done. Here, twenty variants at the
completely solvent-exposed position 76 of Ribonuclease (RNase) Sa are made to compare the
contributions of each amino acid. Stability measurements were also made for these variants, which
occur at the i+1 position of a type Il B-turn. Solubility measurements in ammonium sulfate solutions
were made at high positive net charge, low net charge, and high negative net charge. Surprisingly,
there was a wide range of contributions to protein solubility even among the hydrophilic amino acids.
The results suggest that aspartic acid, glutamic acid, and serine contribute significantly more
favorably than the other hydrophilic amino acids especially at high net charge. Therefore, to increase
protein solubility, asparagine, glutamine, or threonine should be replaced with aspartic acid, glutamic
acid or serine.

Keywords

protein solubility; amino acid hydrophobicity; amino acid hydration; halophilic adaptation; p-turn
stability

Introduction

Protein solubility is a concern in every biochemical experiment. Protein solubility varies
widely, ranging from almost complete insolubility to values of several hundreds of milligrams
per milliliter. In fortunate cases, the protein of interest is sufficiently soluble for experiments,
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but often this is not the case. Also, low protein solubility is a factor in several types of disease.
Therefore, methods that can be used to increase protein solubility are of great interest for high
resolution structural studies®: 2, crystallization of membrane proteins3—8, pharmaceutical
applications®~11, and treatment of human disease'2~16, Protein solubility as a thermodynamic
parameter is defined as the concentration of soluble protein that is in equilibrium with a
crystalline solid phase under given conditions of pH, temperature, buffer concentration, and
various additives?. lonic strength, ionic composition, pH, and temperature are extrinsic factors
that influence protein solubility. Here, we investigate the intrinsic determinants of protein
solubility by studying how an amino acid on the surface of a folded protein influences
solubility. Several studies have succeeded in using site-directed mutagenesis of surface
residues to enhance protein solubilityl’=22, but a systematic study comparing the contribution
of all twenty amino acids to protein solubility has not been published. Furthermore, several
reviews have noted a lack of experimentally based, general rules for increasing protein
solubility using site-directed mutagenesis®: 17+ 23-26,

The number of proteins and biochemical systems identified and waiting to be characterized is
increasing rapidly as the number of whole genome sequences increases. However, biochemical
studies to characterize these new proteins, such as quantitative binding assays and high-
resolution structural studies?s 2 271 28 are often hampered by low protein solubility. Up to 80%
of nonmembrane proteins that have been identified so far are unsuitable for structural studies
due to low solubility?®—3L, Similar problems related to poor protein solubility occur in the
pharmaceutical industry where it has been estimated that more than 90% of all potential protein
pharmaceuticals are unsuitable for preclinical or clinical development due to low
solubility32. For example, human leptin is a protein therapeutic that is susceptible to
aggregation — especially at high dosages in physiological conditions!. The crystal structure
of this protein was determined only after introduction of a mutation (W100E) that increased
the solubility of the protein33. The solubility of human leptin was successfully increased for
its formulation as a protein therapeutic through several hydrophobic to hydrophilic
mutations!!. These mutations were chosen based on comparison to the more soluble murine
leptin homolog.

We stress that the strategy for increasing protein solubility presented here may not apply to
solubility problems involving inclusion body formation. For example, several studies have
investigated problems related to poor protein solubility during overexpression of recombinant
proteins in E. coli®% 35, In these cases, inclusion body formation is observed and protein yield
is often low. Our results will not necessarily apply to solubility problems like these. This is
because these problems are more related to low protein stability34, and hence low solubility of
partially or completely unfolded protein as opposed to low solubility of the folded protein.
Therefore, protein solubility problems during overexpression might be solved using
approaches to increase protein stability as opposed to using the information in this study. Here,
we suggest ways to alleviate poor solubility of folded proteins.

Making hydrophobic to hydrophilic mutations is the general approach to alleviate solubility
problems encountered in high-resolution structural studies, biochemical characterization
studies, and formulation of protein therapeutics. However, a systematic comparison of the
contribution of all twenty amino acids is lacking. Furthermore, hydrophobic residues are
usually targeted for replacement, but such residues are not often found on the protein surface.
We have used Ribonuclease (RNase) Sa, a small enzyme with 96 amino acid residues and one
disulfide bond, and measured solubility in ammonium sulfate solutions for 20 variants at
position 76 of the protein (Figure 1). Ammonium sulfate is one of the most commonly used
precipitating agents for protein crystallography36. Measurements at high positive net charge,
low net charge, and high negative net charge have also been made. A threonine residue is
located at position 76 of wild-type RNase Sa, and it is 2.5% hyperexposed to solvent compared
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to a model Ala-X-Ala peptide as determined by the program pfis3’. Therefore, every amino
acid introduced at position 76 is probably completely solvent exposed, thereby allowing
comparison of the contributions to protein solubility of the entire side-chains of all twenty
amino acids. Our results suggest that aspartic acid, glutamic acid, and serine, contribute most
favorably to protein solubility. The results also suggest that they contribute significantly more
favorably than other hydrophilic amino acids such as asparagine, glutamine, and threonine.
These residues are probably better targets for replacement as they are found on the protein
surface more often than hydrophobic residues38. Furthermore, the results suggest that the
contribution of lysine and arginine to protein solubility is complex and depends dramatically
on the net charge of the protein. Hopefully, this work will provide valuable insight for
increasing protein solubility to enhance the crystallizability of proteins, to improve
bioavailability of protein pharmaceuticals, and to allow biochemical characterization of poorly
soluble proteins.

Results and Discussion

Determination of the stability of Thr76 variants at pH 7

To verify that none of the mutations at position 76 significantly destabilized RNase Sa,
thermodynamic stability data were obtained for each variant. The thermodynamic parameters
from thermal denaturation experiments for the Thr76 variants are shown in Table 1. Several
variants (T76P, T76Y, T76F, T76W, T76A, T76H, T76D, and T76E) are more stable than the
wild-type protein, while none of them are significantly less stable than wild-type. T76G is the
only variant with decreased stability, but the mutation only destabilizes the protein by 0.3 kcal/
mol.

Position 76 is the i+1 position of a type Il B-turn. Recently, Guruprasad and Rajkumar did an
extensive survey of turns in 426 proteins from the protein data bank3®. For the i+1 position of
type Il turns, they found that alanine, glutamic acid, lysine, and proline are the amino acids
that occupy this position most often3®. Since T76P was the variant with the highest stability,
it seems that proline might be preferred because it confers conformational stability to the turn
due to favorable backbone torsion angles. For example, the ¢ angle of a proline residue is
restricted to —60° due to the delta carbon being covalently bound to the amide nitrogen of the
residue. Therefore, proline probably assumes the —60° ¢ angle that is required at the i+1 position
of a type Il B-turn with a reduced entropic cost relative to other more intrinsically flexible
amino acids (see the Hutchinson and Thornton study“© for the ¢, y angles of various turn types
and positions). As for alanine, glutamic acid, and lysine, they might be found at this position
often3?, but our results suggest that they contribute only marginally to conformational stability
(Table 1).

Surprisingly, the aromatic variants (tyrosine, phenylalanine, and tryptophan) had high
stabilities similar to the proline variant despite the fact that aromatic residues are not highly
preferred in the i+1 position of a type Il B-turn39. Gibbs et. al*! investigated the role of amino
acid substitutions in type 11’ B-turns. Type 11’ B-turns are mirror images of type Il B-turns. Their
results showed that an aromatic ring at the i+1 position of a type 11’ -turn provided stabilizing
interactions for the turn. Furthermore, there is an aromatic residue at the i+1 position of another
type Il B-turn in RNase Sa (Tyr49). Tyr49 seems to provide stabilizing interactions at this
position as a Y49N mutation causes a decrease in stability of 1 kcal/mol (ST, unpublished
data). These results as well as the results of Gibbs et al.*1 suggest that side chains with aromatic
rings can provide stabilizing interactions at the i+1 position of a type Il turn.
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Effect of ammonium sulfate on RNase Sa stability

The solubility measurements were obtained in ammonium sulfate solutions. Sulfate salts
increase the stability of proteins. This is presumably because sulfate anions strongly salt-out
the hydrophobic groups in the protein while weakly salting-in peptide groups in the protein
(see Baldwin®? and references therein). The salting-out of interior hydrophobic groups causes
a strengthening of intramolecular hydrophobic interactions which increases protein stability.
To measure the effect of ammonium sulfate on RNase Sa stability, thermal denaturations were
performed up to 0.9 M ammonium sulfate for the T76D variant at pH 9.0. The T76D variant
was used to avoid aggregation of the denatured state in ammonium sulfate solutions. The
melting temperature of T76D Sa as a function of ammonium sulfate concentration at pH 9.0
isshown in Figure 2. The melting temperature of the enzyme increases as the ammonium sulfate
concentration increases from 0 to 0.9 M. Thermal denaturation experiments could not be done
at ammonium sulfate concentrations higher than 0.9 M due to excessive aggregation of the
denatured state, but the stability of the protein is expected to increase further at higher
ammonium sulfate concentrations given the mechanism by which sulfate salts stabilize
proteins*2. Given that all variants retain enzymatic activity, that none of the variants at position
76 are significantly destabilizing (Table 1), and that the protein is more stable at the other pH
values (3, 4.25, and 7)*3 used for the solubility experiments than pH 9.0, these results suggest
that RNase Sa and all of the variants at position 76 are fully folded under the conditions of all
of the solubility experiments.

Effect of initial protein concentration on solubility values

For the solubility measurements, the concentration of soluble protein was measured after
precipitation with ammonium sulfate. Therefore, the initial concentration had to be higher than
the solubility value. Since, the precipitate in these experiments was an amorphous solid phase
as opposed to a crystalline solid phase, we had to ensure that the solubility values did not
depend on the initial protein concentration?4: 45, To verify this, measurements were made on
samples that differed only in the initial protein concentration (Table 2). For example, in 1.75
M ammonium sulfate, a 5 mg/ml solution of RNase Sa and a 20 mg/ml solution of RNase Sa
result in the same concentration of soluble protein (~1.3 mg/ml). This was also verified for
measurements at other ammonium sulfate concentrations (Table 2). For all of the following
solubility measurements, the initial concentrations range from 10 to 20 mg/ml above the
solubility value to avoid dependence of the solubility values on initial protein concentration.

Salting-out solubility curve for RNase Sa

Solubility curves as a function of ammonium sulfate concentration were obtained for each
variant. Solubility curves as a function of ionic strength were reported by Green. Initially,
as the ionic strength increases, protein solubility increases. This is generally called the salting-
in region. Then, the solubility reaches a maximum, and protein solubility decreases as the ionic
strength increases (salting-out region). In the salting-out region, the precipitation is reversible,
and the protein structure is not expected to be affected*’.

A typical salting-out solubility curve for RNase Sa from 1.1 to 2.0 M ammonium sulfate is
shown in Figure 3. As expected for protein salting-out behavior#8, the logarithm of solubility
decreases linearly with increasing ammonium sulfate concentration. This suggests that our
experimental approach and the behavior of the system are reliable. The RNase Sa solubility
values range from ~20 mg/ml at 1.1 M ammonium sulfate to ~0.4 mg/ml at 2.0 M ammonium
sulfate. The data also suggest that the precipitated protein solution comes to equilibrium
quickly. For example, the protein samples with ammonium sulfate concentrations of 1.5 M
and greater were allowed to equilibrate for 1 day before determining the solubility values while
the samples with ammonium sulfate concentrations below 1.4 M were only allowed to
equilibrate for 1 minute. However, both sets of solubility values fall on the same line suggesting
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that all samples have come to equilibrium within one minute. Similarly, Feher and Kam*®
reported that amorphous lysozyme solutions generated by salting-out at high salt concentration
also came to equilibrium within one minute.

Amino acid solubility scale at low negative net charge

Solubility curves for twenty RNase Sa variants at position 76 were measured at pH 4.25. At
this pH, the protein bears a slight negative net charge (about —1) considering that the
experimentally determined pl is 3.5 for RNase Sa°C. Typical solubility curves for the aspartic
acid, alanine, and tyrosine variants are shown in Figure 4. The differences between the variants
is magnified as the ammonium sulfate concentration decreases from 2.0 to 1.1 M. Hence,
solubility values at 1.1 M ammonium sulfate were used to compare the contribution of each
amino acid to protein solubility (Table 3). To gauge the favorable or unfavorable contribution
of each amino acid, the solubility value of the alanine variant is considered as the reference.
Those variants with solubility values higher than the alanine variant contribute favorably to
protein solubility, while variants with lower solubility values contribute unfavorably to protein
solubility under the given conditions.

The results in Table 3 suggest that aspartic acid contributes most favorably to protein solubility
while tryptophan contributes the most unfavorably. It was interesting to see dramatic
differences in solubility at 1.1 M ammonium sulfate for variants of RNase Sa differing only at
position 76. In moderate ammonium sulfate concentrations at low negative net charge (pH
4.25), the following is observed: First, the charged amino acids all display favorable
contributions to protein solubility relative to alanine. Second, of the non-ionizable, polar amino
acids (serine, threonine, asparagine, and glutamine), only serine contributes favorably to
protein solubility. Finally, for the aliphatic side chains, solubility decreases with increasing
number of carbon atoms. This is expected and agrees with the work of Nandi and
Robinson®! who reported that the solubility at a given salt concentration of a blocked amino
acid decreased as the number of side chain carbon groups increased.

Surprisingly, hydrophilic amino acids such as threonine, asparagine, and glutamine contributed
unfavorably to protein solubility compared to alanine (Table 3). In the case of asparagine and
glutamine, these data suggest that amide groups contribute unfavorably to protein solubility in
ammonium sulfate. This is in agreement with the results of Schrier and Schrier® who measured
salting-out constants for methylene, methyl, and amide groups in various salts. The salting-out
constants for the methylene and methyl groups were positive as expected. However, in sodium
sulfate the salting-out constant for an amide group was also positive, while it was negative in
all other salts tested. On the other hand, it was interesting that even in other salts, the amide
group salting-out constant only slightly outweighed the salting-out constant of two methylene
groups as would be applicable in the case of glutamine. This suggests that, even though the
unfavorable contribution of asparagine and glutamine observed here might be an artifact due
to the use of ammonium sulfate as the precipitating agent, asparagine and glutamine would
only be slightly favorable for solubility compared to alanine in other types of ionic solutions.
In other words, there are hydrophilic residues other than threonine, asparagine, or glutamine
that contribute much more favorably to protein solubility (Table 3).

Contribution of several polar amino acids to solubility at high negative net charge

The solubilities of the variants with hydrophilic amino acids ranged from 20 mg/ml for T76Q
to 43 mg/ml for T76D at low net charge (Table 3). To determine if this range depends on net
charge, the solubility values were also determined at pH 7.0 where the net charge of the protein
is about —5 (compared to a net charge of about —1 at pH 4.25). Again, solubility values for the
variants were compared at 1.1 M ammonium sulfate. Table 4 compares solubility values at pH
4.25 and pH 7.0. As expected due to higher net charge, solubility values at pH 7 were in general
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higher than those at pH 4.25. However, it was surprising that the solubility of some variants
increased dramatically more than others. For example, the solubility of the aspartic acid and
serine variants increased over three-fold, whereas the arginine and lysine variants only
increased 1.2-fold and 2-fold, respectively (Table 4). Furthermore, lysine and arginine were
found to contribute unfavorably to protein solubility under these conditions compared to
alanine.

Why do lysine and arginine contribute favorably at low net charge and unfavorably at high net
negative charge? One could argue that lysine and arginine appear to contribute unfavorably at
pH 7.0 due to the lower net charge (Znet) On these variants compared to the aspartic acid and
alanine variants (see Table 4). This argument will be addressed in the next section. We think
that lysine and arginine do contribute unfavorably at pH 7.0, and that the contribution involves
a balance between the charge on a particular residue, the net charge, and the water-binding
ability of the amino acid. The hydration of amino and guanidino groups is poor (see
Collins®3 and references therein). In fact, the guanidinium cation has been found to possibly
be the most weakly hydrated cation ever observed®* 9°. Furthermore, the rest of the lysine and
arginine side chains are hydrophobic methylene groups. Therefore, considering hydration, it
makes sense that lysine and arginine should contribute unfavorably to protein solubility.
However, it seems that any kind of charge on a residue at low net charge reduces self-
association of the protein molecules. Therefore, the charge on the amino and guanidino groups
probably results in a favorable contribution for lysine and arginine, respectively, at pH 4.25.
The favorable contribution of the positive charge of lysine at low net charge can be seen
considering the solubility value of the lysine variant is ~20 mg/ml higher than that of the
methionine variant at pH 4.25 (Table 3). On the other hand, when the net charge of the protein
is high, the favorable contribution of the charge on a particular residue may become masked
by the higher global net charge. The poor hydration then becomes more important resulting in
the unfavorable contribution of lysine and arginine to protein solubility at pH 7.0.

The results at high negative net charge also show that the range of solubility values between
the variants with hydrophilic amino acids increases at higher net charge. For example, the
difference between threonine and aspartic acid becomes more pronounced as the net charge
on the protein increases. At low net charge, the difference in contribution between threonine
and aspartic acid is about 23 mg/ml (Table 3). At high negative net charge, this difference
increases to about 120 mg/ml (Table 4). The serine variant solubility value also increased
significantly relative to threonine. Given the similar solubility values for the asparagine,
glutamine, and threonine variants at pH 4.25, aspartic acid and serine are expected to have
much higher solubility values (i.e. >100 mg/ml) than asparagine and glutamine at high net
charge as well.

Contribution of the aspartic acid, alanine, and lysine variants at high positive net charge

To investigate the balance between contributing factors of residue charge, net charge, and
hydration at high positive net charge, we analyzed solubility data in a variant of RNase Sa
called 3K43. Compared to RNase Sa (pl ~3.5), the pl is ~6.5 in the 3K variant43. Hence, the
3K variant allows analysis of solubility data at higher positive net charge than in the wild-type
protein. The data at high positive net charge for the aspartic acid, lysine, and alanine variants
at position 76 are shown in Table 5.

From these data, the following is observed: The solubility of the alanine variant does not change
in going from pH 4.25 to pH 3 despite an increase in net charge from about 3 to about 6 (Table
5). This is probably due to the counterbalance between protonation of the surface carboxyl
groups of the protein, which would decrease solubility, and the increase in net charge, which
would increase solubility. Also, in agreement with hydration data from Kuntz>6 which showed
that a protonated aspartic acid binds three times less water than that of the ionized form, we
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observe a dramatic decrease in the solubility of the T76D(3K) variant under conditions (pH 3)
where the side chain is expected to be protonated compared to the solubility value for the T76D
(3K) variant at pH 4.25 where the side chain is expected to be mostly ionized (52 vs. 180 mg/
ml, respectively). Surprisingly, this dramatic decrease is observed despite a significant increase
in net charge of the variant between pH 4.25 and pH 3 (Table 5). Even so, the contribution of
the protonated aspartic acid is significantly more favorable than that of lysine (Table 5). Also,
the contribution of lysine remains favorable compared to alanine even at a net charge of about
6, but the magnitude of the favorable contribution decreases as net charge increases. For
example, the lysine variant is about 17 mg/ml more soluble than the alanine variant at pH 4.25,
but only 6 mg/ml more soluble than the alanine variant at pH 3 where the net charge on the
protein is higher (Table 5). These data at pH 4.25 and pH 3 seem to support the hypothesis
about the relationship between residue charge, net charge, and hydration mentioned above (i.e.
the favorable contribution of the positive charge on the lysine gradually becomes
overshadowed by the overall net charge, and the poor hydration of the lysine becomes more
important). In contrast to the data at high negative net charge showing that lysine makes an
unfavorable contribution to solubility, the contribution of lysine remains favorable compared
to alanine even at a positive net charge of about 6 (Table 5). This suggests that the positive
charge on lysine provides a stronger favorable contribution to solubility when there is an excess
of positive charge on the protein compared to when there is an excess of negative charge. Also,
one could argue that lysine and arginine contribute unfavorably at high negative net charge
because the net charge of these variants is lower than the alanine and aspartic acid variants
(Table 4). However, the T76D(3K) variant is still dramatically more soluble than the T76K
(3K) variant at pH 4.25 despite the fact that the lysine variant has a higher net charge than the
aspartic acid variant (Table 5). The data in Table 5 lend further support to the superior
contribution of acidic residues to protein solubility compared to the contribution of lysine and
arginine residues. These data also demonstrate the complexity of the amino acid contribution
to protein solubility with most of the complexity being due to contributions of the ionizable
amino acids. The contributions of the ionizable amino acids can vary widely depending on the
net charge of the protein.

Proteins from halophilic organisms show an increased amount of acidic residues
accompanied by a decreased amount of lysine residues

Halophilic organisms are capable of living in environments containing 2.5-5.2 M NaClI°’.
Studies of the properties of proteins from these organisms that allow them to adapt to these
conditions should prove useful for the engineering of proteins to function in other dehydrating
conditions (i.e. organic solvents) that are used in industrial processes®’. The main finding of
such studies are that the surfaces of proteins from halophiles contain an excess of acidic residues
presumably due to their superior water-binding abilities®® which would help prevent poor
protein solubility in such highly dehydrating conditions®8—0. Other studies have also observed
a concomitant reduction in lysine content in proteins from halophiles®%: 2, Our results here
show directly that acidic residues are far better than other residues for protein solubility in high
salt concentrations, especially at high negative net charge (Table 4), while lysine is unfavorable
for protein solubility under these conditions.

Correlation between amino acid contribution to protein solubility in ammonium sulfate and
amino acid hydrophobicity

Unexpectedly, hydrophobicity did not correlate well with the contribution to solubility for
several polar amino acids. For example, Figure 5a shows hydrophobicity values as reported
by Fauchere and Pliska® plotted against solubility values of the polar variants at pH 4.25. The
solubility values were normalized to the solubility value of the glycine variant. As seen in the
plot, the correlation is poor. On the other hand, hydrophobicity and solubility were found to
correlate very well for the hydrophobic variants (Figure 5b).
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Amino acid contribution to protein solubility in agueous buffer alone

These results are applicable to increasing protein solubility in ammonium sulfate for
enhancement of protein crystallization, but how would these results in ammonium sulfate
compare to results in simple buffer solutions alone (i.e. for protein pharmaceutical and general
biochemical characterization applications)? For example, would hydrophilic amino acids such
as glutamine and arginine still contribute unfavorably in buffer alone? We note that the
unfavorable contributions of these amino acids are probably exaggerated in ammonium sulfate,
but there is evidence in the literature that seems to suggest that these residues would not
contribute favorably in buffer alone either. For example, Davidson and Sauer®* constructed
folded proteins that mainly contained random combinations only glutamine, leucine, and
arginine. The three QLR proteins they characterized contained roughly 45% glutamine, 45%
leucine, and 10% arginine. Despite containing essentially 55% hydrophilic residues, these
folded QLR proteins were not soluble in aqueous buffers and had to have some guanidine
hydrochloride present to be soluble. In contrast, Doi et. al®® constructed random sequence
proteins consisting of alanine, glycine, valine, aspartic acid, and glutamic acid residues. The
eight proteins they characterized contained an average of 17% valine and 29% alanine for an
average total of about 46% hydrophobic residues as opposed to an average of only 23% acidic
residues (i.e. aspartic acid and glutamic acid combined). Despite having a much higher
percentage of hydrophobic residues than acidic residues, these VADEG proteins possessed
“remarkably high solubility®”. Furthermore, a double mutant (N48E, N130D) vastly increased
the solubility of S1 dihydrofolate reductasel®. The results from these three studies suggest that
acidic residues contribute more favorably to protein solubility than other polar amino acids
such as asparagine, glutamine and arginine and therefore, based on our results, lysine and
threonine as well — even in aqueous buffers alone.

Results for position 76 apply elsewhere in RNase Sa

Two other single mutants (Q32D and Q77D) were made in RNase Sa to determine if significant
increases in solubility could be achieved by substituting glutamine for aspartic acid. These
mutations were modeled using Swiss-PDBViewer5 and the percent burial of the carboxyl
oxygens were calculated using pfis3’ (Table 7). Substitution of these glutamines with glutamic
acid would have allowed the carboxyl oxygens to be more exposed to solvent. Nevertheless,
significant increases in solubility were observed in these two variants (Table 7). The Q32D
mutation resulted in an increase of about 20 mg/ml and the Q77D mutation resulted in an
increase of about 14 mg/ml. These values were obtained using the same conditions used in
Table 3. The higher increase in the Q32D variant makes sense considering that the carboxyl
oxygens are predicted to be more solvent exposed than those in the Q77D variant on average
(64% and 70% buried, respectively). Since glutamine, asparagine, and threonine residues
contribute similarly to protein solubility (Table 3), the results for the Q32D and Q77D variants
suggest that mutating solvent exposed asparagines, glutamines, and threonines to acidic
residues should be a generally applicable strategy to increase protein solubility.

Strategy for increasing protein solubility in the absence of structural information

Which residues should be targeted for replacement in cases where protein structure is not
known? Given the results in this paper, asparagine, glutamine, and threonine residues would
be good targets for two reasons. First, these residues don’t appear to contribute significantly
favorably to protein solubility in ammonium sulfate solutions or even in buffer alonel8: 64,
Second, these polar residues are, in general, more likely to be solvent exposed than traditionally
targeted hydrophobic residues. For example, Lesser and Rose®7 analyzed structures of sixty-
one proteins to determine how much area each residue buries upon folding compared to a Gly-
X-Gly standard state. According to their analysis, traditionally targeted hydrophobic residues
have, on average, 14% of their surface exposed in folded proteins. On the other hand, the polar
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residues that we recommend targeting (asparagine, glutamine, and threonine) have, on average,
39% of their surface exposed in folded proteins. Therefore, they are almost three-fold more
exposed than traditionally targeted hydrophobic residues. Furthermore, only one out of twenty
traditionally targeted hydrophobic residues in RNase Sa is more than 50% exposed, whereas
eleven out of twenty of the polar residues recommended for targeting are more than 50%
exposed. Hence, if the structure of RNase Sa were not known, one would be ten times more
likely to be successful at targeting a surface exposed asparagine, glutamine, or threonine that
targeting hydrophobic residues such as valine, leucine, isoleucine, phenylalanine, and
tryptophan. Therefore, in cases where the protein structure is not known, replacement of
asparagine, glutamine, or threonine residues with acidic residues or serine should yield
significant increases in protein solubility.

Conclusions

Aspartic acid, glutamic acid, and serine appear to contribute dramatically more favorably to
protein solubility than the other amino acids, especially at high net charge. We also observe
the following: First, the favorable contribution to solubility of lysine and arginine is diminished
as net charge of the protein increases and even becomes unfavorable at high negative net charge.
Second, protonated acidic residues contribute much less favorably than ionized acidic residues,
but still seem to contribute more favorably than any other residue for solubility. Third, we
observed that the difference in contributions between aspartic acid (as well as glutamic acid
and serine) and the other hydrophilic amino acids gets larger as the net charge of the protein
increases (Table 4). Lastly, the contribution of polar amino acids to protein solubility appears
to be mainly determined by their water-binding ability (i.e. hydration) rather than their
hydrophobicity. For example, the amino and guanidino groups of lysine and arginine residues
bind water less strongly than water binds itself (see Collins®3 and references therein).
Accordingly, we found them to have only a small favorable or unfavorable contribution to
protein solubility at high positive or high negative net charge, respectively despite the fact that
they are highly hydrophilic residues®? (Table 6). On the other hand, the results of Kuntz®® and
Cacace et al.%8 suggest that the carboxyl groups of the acidic residues bind water much better
than the side chain groups on other amino acids (see Collins®3 as well). Accordingly, we
observe that they contribute most favorably to protein solubility. Serine appears to be the only
other residue that contributes highly favorably to solubility. Our strategy will hopefully lead
to more successful attempts at increasing protein solubility for applications in protein
crystallography, the protein pharmaceutical industry, and general biochemical
characterization.

Materials and Methods

Preparation of mutant plasmids and proteins

Primers were ordered from Integrated DNA Technologies at www.idtdna.com. Site-directed
mutagenesis was performed using the QuikChange® Site-Directed Mutagenesis Kit from
Stratagene. Mini-preps of the mutant plasmids were performed using the QlAprep® Spin
Miniprep Kit from Qiagen. Sequencing of the mutant plasmids was done at the Gene
Technologies Laboratory, Department of Biology, Texas A&M University. All proteins were
expressed and purified as described previously®C.

Thermal denaturation experiments

The following buffers at 30 mM concentrations were used: pH 4.25, acetate and pH 7.0, Mops.
Thermal denaturation experiments were done using an AVIV Circular Dichroism Spectrometer
Model 62DS as previously described37: 69, The data were analyzed using KaleidaGraph version
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3.6.4 (Synergy Software). The analysis of thermal denaturation curves has been previously
described?0.

Solubility measurements

All measurements were performed at room temperature (25°C). Three solutions were prepared:
50 mM buffer, 3.0 M ammonium sulfate in 50 mM buffer, and a protein stock solution in 50
mM buffer (see figures and tables for specific buffers used). These three solutions were then
mixed together in a 0.2 ml PCR tube for a final sample volume of 15 pl with the desired
ammonium sulfate and protein concentrations. For example, to obtain a solubility value for
RNase Sa at 1.1 M ammonium sulfate, given a protein stock of 100 mg/ml, one would mix 3.5
pl buffer, 5.5 pl 3.0 M ammonium sulfate, and 6 pl 100 mg/ml protein stock. This would give
an initial protein concentration of 40 mg/ml, and RNase Sa would typically salt-out leaving
~20 mg/ml concentration of soluble protein in the tube. Initial protein concentrations ranged
from 5 to 20 mg/ml above the expected solubility value. The sample was allowed to equilibrate
for >1 minute which is adequate for amorphous salting-out processes as shown by Feher and
Kam?® and as explained in the results and discussion section (Figure 3). After equilibration,
the sample was transferred to 1.5 ml eppendorf tubes and centrifuged for 1 minute at 16000
RCF. The spectrophotometer was blanked with 495 pl of a 1.1 M ammonium sulfate solution.
After centrifugation, 5 pl of the sample was added to the 495 pl blanking solution and mixed
to generate a 100-fold dilution. For solubility values at ammonium sulfate concentrations >1.5
M, 65 pl samples were used instead of 15 pul samples and 10-fold dilutions were used instead
of 100-fold dilutions for the absorbance measurements. The measurements were replicated
three times, and the error from these replications was +10%, which is typical for good solubility
data’. In most cases the error was less than 10%.
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Figure 1.

Position 76 in RNase Sa and neighboring turn residues (Ala75, GIn77, and Glu78). The side
chain of Thr76 is 2.5% hyper-exposed to solvent as determined by pfis3’. The figure was
generated using the Swiss-Pdb Viewer program®6,
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Figure 2.
Effect of ammonium sulfate concentration on the melting temperature of T76D Sa in 50 mM

diglycine buffer at pH 9.0.
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Figure 3.
RNase Sa solubility as a function of ammonium sulfate concentration in 50 mM sodium acetate

buffer at pH 4.25.
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Figure 4.
Solubility curves as a function of ammonium sulfate concentration at pH 4.25 for the aspartic
acid (circles), alanine (squares), and tyrosine (diamonds) variants.
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Figure 5.

Hydrophobicity values as reported by Fauchere and Pliska® plotted against normalized pH
4.25 solubility values. Solubility values were normalized to the solubility value of the glycine
variant. (a) Correlation for the hydrophilic variants. (b) Correlation for hydrophobic variants.
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Table 2

Dependence of solubility values on initial protein concentration for RNase Sa
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[AS] (M) Solubility (mg/mi)2
Initial [protein] (mg/ml)
1.45 5 4.1
20 4.2
1.6 5 2.3
20 24
1.75 5 1.2
20 13

aMeasured in 50 mM sodium acetate, pH 4.25 at 25°C. The error is £10%.
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Table 3

RNase Sa solubility values near pl (pH 4.25) in 1.1 M ammonium sulfate at 25°C
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Amino acid at position 76 Solubility (mg/ml)@
Asp 43
Arg 42
Glu 42
Ser 39
Lys 31
Gly 27
Ala 27
His 24
Asn 21
Thr 20
GIn 20
Pro 15
Cys 12
Met 11
Val 10
Leu 9.3

lle 8.2
Tyr 5.6
Phe 4.4
Trp 3.6

&I'he error in these measurements is + 10%.
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Table 4

Solubility values for low negative net charge (pH 4.25) and high negative net charge (pH 7.0) in 50 mM buffer
and 1.1 M ammonium sulfate at 25°C

Solubility (mg/ml)

Amino acid at position 76 - - Zer (PH 7.0)°
pH 4.25 pH7.0
Asp 43 160 -6
Arg 42 50 -4
Ser 39 130 -5
Lys 31 60 -4
Ala 27 92 -5
Thr 20 41 -5

a50 mM sodium acetate buffer
b50 mM Mops buffer

c . . .
Calculated using native state pK values reported in Laurents et al.’2
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Table 5

Comparison of the contribution of aspartic acid, alanine, and lysine to solubility at high positive net charge in
the 3K Sa variant in 1.1 M ammonium sulfate at 25°C

Solubility (mg/ml) Zoot
Protein
pH 32 pH 4.25P pH3 pH 4.25
T76D(3K) 52 180 5.8 2.2
T76K(3K) 38 59 7 4
T76A(3K) 32 32 6 3

a50 mM glycine buffer
b50 mM sodium acetate buffer

cEstimated using the data in Figure 5 of Laurents et al.72, The net charge for the T76D(3K) variant was estimated relative to the T76A(3K) variant

assuming the aspartic acid has an unperturbed intrinsic pK of 3.67 as reported by Thurlkill et al.’3,
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Characteristics and solubility values for the Q32D and Q77D RNase Sa variants

Table 6
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Residue Atom Burial (%)2 Solubility (mg/mi)?
o 2 -
Asp32 oD? % %0
GIn77 N P 20
o ; :

%alues calculated using pfis37

bVaIues at 1.1 M ammonium sulfate in 50 mM sodium acetate, pH 4.25 at 25°C
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