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ABSTRACT. A total of fifty single site surface phenylalanine substitution mutants have been made in the
model protein staphylococcal nuclease. The fifty residues that were replaced with phenylalanine were
chosen to give a broad sampling of solvent accessibility, secondary structure, and backbone conformations.
The change in the stability of each mutant protein relative to wild type was measured by guanidine
hydrochloride denaturation. These results were compared to previous results obtained when these same
sites were substituted with an alanine and a glycine. By this means, changes in the stability due to the
loss of interactions of the wild-type side chain can be separated from the effects of introducing the bulky,
hydrophobic phenylalanine in these solvent-exposed positions. In general, our results agree with the
conventional wisdom that placing a hydrophobic residue in a solvent-exposed position is destabilizing in
most cases, but less destabilizing than most changes in the hydrophobic core of the protein. However,
the degree to which a hydrophobic surface substitution destabilizes or stabilizes a globular protein is
highly context-dependent, with some mutations being as destabilizing as those in the core. This indicates
that steric and packing considerations are also important on the surface of a globular protein but generally
are not as important as in the interior. No evidence for the widespread occurrence of the so-called reverse
hydrophobic effect at solvent-exposed sites was found. In addition, this survey of numerous sites suggests
that previous measurementseehelix “propensities” often seriously underestimate the importance of the
environment of the side chain.

In general, amino acids on the surface of soluble globular protein stability through evidence of phenotypic activity. As
proteins are hydrophilic while those in the interior are a protein may still retain activity even if the structural
hydrophobic. There are two possible explanations for the stability has been significantly lowered, such studies leave
exclusion of hydrophobic residues from the surface. The open the question of the degree of destabilization caused by
first reason could be the need to prevent protein associationhydrophobic substitutions on the surface.

and aggregation. A second reason could be that placing a |ndeed, it has been demonstrated in recent years that, in
hydrophobic amino acid on the surface of a globular protein at least some instances, when a hydrophobic amino acid is
is destabilizing. However, it has been generally accepted substituted into a hyperexposed site on the surface of a
that surface amino acid substitutions in globular proteins protein, the protein can be destabilized, with the extent of
usually have little effect on protein stabiliti,(2). In fact, the destabilization linked to the degree of hydrophobicity.
the energetic consequences of placing nonpolar substitutionsThis has been attributed to the “reverse hydrophabic effect”
on the surface of a protein have not been as extensively(g). The reverse hydrophobic effect is said to occur when a
examined as the effects of substitutions in the interior. hydrophobic residue is more solvent-exposed in the native
Several studies have shown that the tolerance for substitutionstate than in the denatured state. It is argued that this burial
is clearly lower for buried residues than for surface residues of the hydrophobic surface in the denatured state stabilizes
(3—5). The most extensive tests have been in the T4 the denatured state relative to the native state. Inthese cases,
lysozyme €) and in the Lac repressor)(where the tolerance  a good correlation between increasing protein stability and
for 12 or 13 different side chains at 163 and 328 positions, decreasing side chain hydrophobicity of the substituted amino
respectively, was assessed. The most tolerant sites clearlycid side chain is present. Although the initial observations
were solvent-exposed residues. Still these studies did showof Pakula and Sauer) in the A Cro repressor may be
effects at some solvent-exposed sites. Further, it should beexplained on the grounds of a three-state unfolding mech-
noted that this work relied on qualitative assessments of anism @) rather than the reverse hydrophobic model, similar
effects have been observed by other workers at hyperexposed
T Support for this work was provided by Army Research Office Grant sites in other proteins1Q, 11). Similar effects of hydro-
DA*ACLO?%Z%%S%' author. phobic substitution have also been observed at sites that are
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surface of a globular protein can increase the stability of the  Data analysis was carried out as previously descriBéd (
protein. The thermal stability of the neutral protease found 21) except for 5 mutants that had noticeable downward
in Bacillus stearothermophilusas increased when a solvent-  sloping native baselines in their denaturation curves. These
exposed surface residue was substituted with large hydro-mutants were P47F, E52F, E57F, Q80F, and D143F. In
phobic amino acidsld). This effect was attributed to the addition to the usual titration at 5@g/mL, these mutants
hydrophobic contacts that the large hydrophobic amino acid were titrated at protein concentrations of S8/mL. Next,

was able to make with hydrophobic portions of the sur- P47F, E52F, E57F, and D143F were titrated in a high ionic
rounding hydrophilic residues at the surface of the protein. strength initial buffer (600 mM NaCl, 25 mM sodium

It was suggested that this type of structural motif, termed a phosphate, pH 7.0). The values &Gh,0, Cm, andMgynci
small exterior hydrophobic cluster (SEHC), occurs naturally for these mutants were calculated in all cases using a
in proteins such as plastocyanin. It has also been proposeconlinear least-squares analyskR)(

that this motif could be important in helping to stabilize the

tertiary structures of proteind®). In fact, a SEHC motif = RESULTS

was engineered in the neutral proteaseBatillus subtilis

in imitation of the features found in the neutral protease of k ) . ) ;
B. stearothermophilus|n this instance, the placement of a S€Nting approximately half of all residues with even slight

hydrophobic amino acid on the surface also stabilized the SOIVent exposure in the crystal structure of staphylococcal
B. subtilisprotein (L6). nuclease 43, 24). Lysine to phenylalanine mutations ac-

counted for 17 of the 47 substitutions. Other wild-type
residues mutated to phenylalanine were 8 glutamates, 4
aspartates, 4 glycines, 3 prolines, 3 glutamines, 3 alanines,
2 serines, 1 methionine, 1 arginine, and 1 histidine. There
were also 3 solvent-exposed surface tyrosine residues that
were mutated to phenylalanine previously whose stabilities
were redetermined in this stud¢®). This brings the total
number of phenylalanine substitutions to 50. The identities
of these mutants and the parameters derived from the analysis

Phenylalanine substitutions were made at 47 sites, repre-

The examples above illustrate that the effects of placing
a hydrophobic amino acid on the surface of a globular protein
are not completely understood but may be important to the
structure and stability of the protein in certain circumstances.
Unfortunately, no large-scale systematic surveys of the
guantitative thermodynamic effects of hydrophobic amino
acid substitutions on the surface of proteins have been
undertaken, so it is difficult to say how significant or frequent
such effects are. Therefore, in this study, we made and . - . . ‘

, : . ; . of their guanidine hydrochloride denaturations are found in
examined 47 single-site phenylalanine substitutions on theTabIe 1
surface of staphylococcal nuclease. We also include in our o ) ]
analysis 3 single-site surface phenylalanine substitutions AS described above, five mutants had unusual sloping

prepared previouslyl(). native baselines. To explore the possibility that these sloping
baselines might be due to protein association, these mutants
MATERIALS AND METHODS were titrated at protein concentrations ofgmL and 500

ug/mL. The denaturation curves were superimposable within
Mutagenesis.The mutants were prepared by the method experimental error. The values calculated for the.g0
of Kunkel (18, 19) and screened as described previous.(  mL samples were the same as those calculated for the 500
Protein Expression and PurificationThe mutated nu-  ug/mL samples, within experimental error. In addition,
clease genes were transferred into an expression vectorP47F, E52F, E57F, and D143F were titrated in a high ionic
expressed, and purified as described previousi.( The strength initial buffer in order to determine if changes in
only exception was for the mutant K16F. When K16F is in ionic strength as guanidine hydrochloride is added play a
urea and is dialyzed against a high-salt phosphate buffer torole in the sloping native baseline. In all cases both low
remove the urea, it precipitates. Therefore, this mutant wasand high ionic strength titration curves appeared similar. For
initially dialyzed against distilled water to prevent precipita- E57F and P47F calculated valuesA®,o0, Cm, andmegunc
tion and then dialyzed against the native low-salt phosphatewere identical within experimental error. For E52F the value
buffer. All other steps in the expression and purification of of AGu,0 was identical within experimental error, whit&,
this mutant are identical to those previously reported. andmgunc were slightly different. For D143F the value of

Protein Stability DeterminationsGuanidine hydrochloride =~ AGh,0 was 5.4 kcal/mol in a low ionic strength initial buffer
denaturations were carried out as previous]y descrigd ( versus 5.7 kcal/mol in a hlgh ionic Strength initial buffer
21) on an Aviv model ATF-101 fluorometer except that the With similar magnitude changes @n and meusc.. While
Samp|es were heated to 86 for 5to 10 min and a”owed haVing greater than normal eXpeI’imentEﬂ error, these Changes
to cool to 20°C before titrating. This was done to remove d0 not seem be of the degree expected if the sloping baseline
any metastable protein oligomers. Heated samples usuallywere due to ionic strength changes. Analytical ultracen-
showed little stability difference from those not so treated. trifugation experiments also do not indicate major changes
The K16F mutant, howeven was not preheated because Oﬂ.n the degl’ee of reversible association (G R. SChOfiE|d, W.
the tendency of this protein to precipitate upon heating. To E. Stites, unpublished observations). Thus, while protein
ensure that irreversible precipitation in the guanidine hy- oligomerization and ionic strength effects seem to be ruled
drochloride titration was not occurring, and to allow any Out, the origin of this sloping baseline effect remains obscure.
metastable oligomers present the opportunity to unfold and The values for the tyrosine to phenylalanine mutations
disassociate, the titration of K16F was performed with both have previously been published7. For two of these
5- and 25-min equilibration times between additions of mutations the redeterminations were identical within experi-
guanidine hydrochloride2(l). Titrations under both condi- mental error. For one, Y85F, the redetermined free energy
tions were identical within experimental error. was 0.3 kcal/mol lower than that previously found. We have
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Table 1: Solvent Accessiblity, Secondary Structure, Guanidine Hydrochloride Denaturation Parameters, and Relative Stabilities for
Phenylalanine Substitution Mutants

mutant SASA secondary structute MoyHck Cnd AGp,0° AAGE-wr' AAGE-9
K9F 0.39 E 0.93 0.70 4.3 1.2 -0.3
P11F 1.11 E 0.94 0.79 4.9 0.6 0.2
K16F 0.78 E 0.96 0.79 5.0 0.5 0.2
D19F 0.02 S 0.90 0.67 4.0 15 1.3
K24F 0.52 E 0.93 0.80 4.9 0.6 0.3
K28F 1.03 T 0.99 0.71 4.6 0.9 0.1
G29F 0.00 T 1.09 0.57 4.1 1.4 0.1
PATF 1.08 T 0.95 0.83 5.2 0.3 -0.3
K48F 1.28 T 0.91 0.83 5.0 0.5 0.5
K49F 0.88 T 0.94 0.89 5.5 0.0 —-0.4
G50F 0.00 N 0.94 0.75 4.7 0.8 1.0
E52F 0.07 N 0.94 0.78 4.8 0.7 0.5
E57F 0.56 H 1.01 0.72 4.8 0.7 0.4
S59F 0.05 H 0.81 1.00 55 0.0 0.4
AGOF 0.77 H 1.00 0.71 4.7 0.8 0.8
K63F 074 H 0.93 0.58 35 2.0 14
K64F 1.15 H 0.92 0.85 5.2 0.3 0.3
M65F 0.11 H 1.03 0.58 3.9 1.6 —-0.4
E67F 0.36 H 0.97 0.64 4.1 1.4 0.3
K70F 1.06 H 0.96 0.83 5.3 0.2 0.0
K71F 0.77 N 1.00 0.84 55 0.0 —-05
E73F 0.20 E 0.92 0.73 4.4 1.1 -0.4
Q80F 0.66 N 0.96 0.76 4.8 0.7 0.6
D83F 0.01 N 0.88 0.06 0.3 5.2 1.3
K84F 1.08 T 0.95 0.74 4.6 0.9 1.0
Y85F 0.92 T 0.98 0.82 5.3 0.2 —-0.2
G86F 0.00 S 1.01 0.53 35 2.0 1.4
D95F 0.21 T 0.59 0.06 0.2 53 1.9
G96F 0.00 T 0.75 0.51 25 3.0 1.2
K97F 1.05 E 0.95 0.76 4.8 0.7 0.6
E101F 0.02 H 0.78 0.47 2.4 3.1 1.1
A102F 0.09 H 0.91 0.60 3.6 1.9 1.9
R105F 0.19 H 0.84 0.44 2.4 3.1 1.7
A112F 0.00 N 0.93 0.64 3.9 1.6 1.6
Y113F 0.99 N 0.98 0.84 5.5 0.0 0.0
Y115F 0.88 T 0.97 0.83 5.4 0.1 -0.2
K116F 0.98 T 0.91 0.91 5.4 0.1 0.2
P117F 0.74 T 0.92 0.96 5.8 —-0.3 0.5
E122F 0.09 H 0.86 0.82 4.7 0.8 0.3
Q123F 0.82 H 0.94 0.78 4.8 0.7 0.3
H124F 0.64 H 0.93 0.94 5.8 -0.3 0.0
K127F 1.04 H 0.97 0.81 5.2 0.3 0.4
S128F 0.09 H 1.00 0.68 4.5 1.0 1.7
E129F 0.02 H 0.89 0.26 1.5 4.0 1.5
Q131F 0.39 H 0.95 0.77 4.8 0.7 0.5
K133F 0.55 H 0.93 0.66 4.1 1.4 -0.1
K134F 0.80 H 0.93 0.82 5.0 0.5 0.5
E135F 0.44 T 0.96 0.68 4.3 1.2 0.4
K136F 1.05 T 0.91 0.72 4.3 1.2 0.4
D143F n/a n/d 0.98 0.83 5.4 0.1 -0.1
WT n/d' n/d 1.00 0.83 55 0.0 nfa

a Fraction of the solvent-accessible surface area of the wild-type side chain relative to the Ala-Xxx-Ala tripeptide in the extended conformation.
b Secondary structure determination by the method of Kabsch and SauBéerE( S-sheet; H,o-helix; S, bend; T, hydrogen-bonded turn, and
N, no regular secondary structuferirst derivative ofAG,0 with respect to guanidine hydrochloride concentration. Expressed relative to the
wild-type value of 6.60 kcal/(mol M). Error is estimated to $8.02 kcal/(mol M).4 Concentration of guanidine hydrochloride at the midpoint of
denaturation expressed in M. Error is estimated ta-BeD1 M. ¢ The free-energy difference between the native and denatured states at O guanidine
hydrochloride concentration expressed in kcal/mol. Error is estimated 4)bdekcal/mol.f The difference in the stability of the wild-type protein
(AGwt = 5.5 kcal/mol) and the stability of the respective phenylalanine mutants in kcal/mol viAg®e .wr = AGwt — AGene. ¢ The difference
in the stability in kcal/mol between single-site alanine mutants and their corresponding single-site phenylalanine mutatA@here= AGaia
— AGpne AGaja Values were taken from réf5—27. "n/a: not applicable.WT: wild-type nuclease.

found that a number of samples show similar slight drops in and 1.5 kcal/mol, and 5 halAG values between 1.6 and
stability after heating to remove metastable oligomers. 2.0 kcal/mol. Only 2 mutants had AGr—yt values that

Of the 50 phenylalanine mutants, 15 A G .\ values were between-0.5 and—0.1 kcal/mol. In addition, there
(AAGe-wt = AGuiid-type — AGphe Where AGyiig—ype IS the were only 6 mutants that halAGg.wr values that were
stability of wild type, 5.5 kcal/mol, an@\Gegy is equal to between 2.1 and 5.5 kcal/mol (Figure 1A).
the stability of the phenylalanine muta’¥G,o, in Table In previous studies, single-site alanine substitutions had
1) between 0 and 0.5 kcal/mol, 14 hAAG values between  been made at virtually every site in staphylococcal nuclease
0.6 and 1.0 kcal/mol, 8 had AGgwr values between 1.1  (25—27). Using these data, the difference in the stability of
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16 phenylalanine to make averages and ranges meaningful.
14 - A Relatively small numbers of other residue types were
12 substituted and thus are not as statistically significant. The
3 10 | impact of electrostatic interactions upon the substitution of
8 g wild-type lysine and glutamate side chains can also be
i 6 examined. The effects of phenylalanine substitution upon
= 4 each of these subdivisions are summarized in Table 2 and
5 their meaning is considered in the discussion.
0 05fc Oto 06t 1ifo 16t 21t DISCUSSION
01 05 10 15 20 55 Why are hydrophobic residues seldom found on the
Ranges of AAGr, yr surfaces of soluble proteins? There are two possibilities.
25 Solvent-exposed hydrophobic residues may destabilize the
B folded state relative to the denatured state or they may lead
20 | to undesirable protein association or aggregation. It was
> primarily to determine the stability effects of substituting
§ 15 hydrophobic residues on the surface of a protein that this
g 10 study was undertaken. Phenylalanine was the residue chosen
w to substitute into surface sites of staphylococcal nuclease
5 because of its hydrophobicity and size. While other residues
such as leucine and isoleucine are about as hydrophobic as
0 05to Oto 06to 11to 16to phenyalanine3l), their side chains are not as large and bulky
0.1 0.5 1.0 1.5 20 as phenylalanine and may not expose as much hydrophobic
Ranges of MG, , surface area to the solvent because of interactions with other

Ficure 1: (A) A histogram showing the frequency of the surface residues.
occurrence of a given change in the stability relative to wild type  The 47 sites that were mutated to phenylalanine in this
for the 50 different mutants. (B) A histogram showing the frequency study as well as the three mutated in a previous stady (
of the occurrence of a given change in the stability relative to an . . .
alanine substitution mutation at the same position. are surface sites. There are a variety of ways to define a
residue as a surface residu@?), For this work, surface
the phenylalanine mutant and the corresponding alanineresidues were chosen for mutation by inspection, with
mutant was calculated\AGr-.n = AGaa — AGprg. Of the reference made to solvent accessibility data. Not every
50 phenylalanine mutants, 23 havAAGg., of 0t0 0.5, 6 solvent-accessible site was chosen, but sites were chosen to
have aAAGg-., of 0.6 to 1.0, 7 have &AAGg.5 value of give a broad, global distribution across the surface of the
1.1-1.5, 5 have aAAGr-.A of 1.6 to 2.0, and 9 have a protein and to represent a range of solvent accessibility. Most
AAGEg-pvalue of —0.1 to —0.5. These are summarized in of the side chains substituted with phenylalanine were
histogram form in Figure 1B. hydrophilic. However a few solvent-exposed hydrophobic
There are various ways to subdivide this set of 50 residues were substituted with phenylalanine as well.
substitution mutants in order to look for trends. Several Comparison to Alanine MutantsIn previous studies
factors seem relevant. The degree of solvent exposure, thesingle-site alanine substitutions have been made at virtually
type of the side chain substituted with phenylalanine, the every site in nucleas®%—27). Because of this, we are able
absence or presence of electrostatic interactions, and the typéo compare the stabilities of the single-site phenylalanine
of secondary structure at the site of the substitution are all substitutions with the stabilities of the alanine mutants made
readily defined and appear to be likely to affect stability. at the same sites. Figure 2 shows that the stabilities of the
Solvent accessibility was defined in relative rather than phenylalanine mutants correlate well with the alanine mutants
absolute terms. The fractional solvent-accessible surface aregr = 0.8471). In general, when an alanine mutant is
is a ratio of the solvent-accessible surface area of any givendestabilized with respect to wild type, the phenylalanine
amino acid side chain in the protein crystal structure to the residue at the corresponding site is also destabilized to a
solvent-accessible surface area of that same amino acid imoughly similar extent. The average loss in stability
an extended Ala-Xxx-Ala reference tripeptid28). The (AAGe—w1) for the phenylalanine mutants was H11.2
categories of solvent exposure we defined were hyperexposedkcal/mol, while the average loss in stabilit&AGa—wr) for
sites (fractional solvent-accessible surface area was equal tdhe alanine mutants at these same sites was-00® kcal/
or greater than 1), exposed sites (0.5 to 0.99), accessible sitemol. As this implies, the phenylalanine mutants tend to be
(0.1 to 0.49), and marginally accessible sites (0.0 to 0.09). less stable than the alanine mutants, with an aveAd{f@r .o
Helical, sheet, and turn residues were defined by the criteriaequal to 0.5 kcal/mol. Therefore, it appears that as a general
of Kabsch and Sanders29). The fractional solvent-  rule the phenylalanine substitutions on the surface of nuclease
accessible surface area and the secondary structure of eacare almost twice as destabilizing as the alanine substitutions.
site substituted with phenylalanine are found in Table 1. By way of comparison, the mutation of eleven leucine side
Strained backbone conformations were defined as previouslychains in staphylococcal nuclease, largely buried in the
published 80) and we divide these into residues that are in hydrophobic core, to alanine destabilizes the protein by an
left-handed helical backbone conformations and all other average 3.1 1.5 kcal/mol and the nine valine to alanine
strained backbone conformations. Large enough numbersmutants destabilize the protein by an averaget245 kcal/
of lysine and glutamate residues were substituted with mol (27).
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Table 2: AverageAAG Values for Various Groupings

group no. in group avgAAGE—w 1P avgAAGE-a°
hyperexposed sites 10 0460.3 0.3+0.3
exposed sites 17 050.6 0.2+ 0.5
accessible sites 8 29614 0.6+1.8
marginally accessible sites 14 HO1.3 1.1+ 05
o-helical sites 20 1211 0.7£0.7
p-sheet sites 6 0.80.3 0.1+ 0.3
turns 13 1.1+15 0.4+ 0.6
left-handed helix 7 2&16 0.7+ 0.7
strained backbone conformations 5 &0.5 0.5+ 0.6
hydrophilic residues (D, E, K, H, Q, R, S) 36 H21.3 0.5+ 0.6
hydrophobic residues (M, P, Y) 7 0#40.6 —-0.1+0.3
lysines 17 0.4 0.5 0.3+ 0.5
glutamates 8 1612 0.5+ 0.5
overall average 50 1£1.2 0.5+ 0.9

2The number of mutated sites in wild type that fit the criteria of the group under consideratiba.averageAAGr—wr was calculated from
the differences in stability between wild type and the phenylalanine substitutionANS:-.wr = AGwr — AGphgd at each site of interest. The
standard deviations are also given. The stability of wild typ&r) is 5.5 kcal/mol. Units are kcal/mot.The averageAAGg., was calculated
from the difference in the stability between the alanine and phenylalanine mutantA{i®g-» = AGaa — AGpnhg at each site of interest. The
standard deviations are also given. Units are kcal/mol.

compared to a smaller hydrophobic side chain at a specific
surface site in nuclease. This raises two new questions. Why
is the substitution of a phenylalanine usually destabilizing?
And what factors influence whether a phenylalanine is more
or less destabilizing than an alanine mutation? We consider
first the influence of different degrees of residue solvent
exposure and residue packing.

Sobent Accessibility The method we have chosen to
qguantify this property is based on the fractional solvent-
accessible surface area of the wild-type residue at each site.
The fractional solvent-accessible surface area is a ratio of
the solvent-accessible surface area of the amino acid side
chain in the protein of interest to the solvent-accessible
T T . ; T surface area of that same amino acid in the Ala-Xxx-Ala

0 1 2 3 4 5 6 reference tripeptide2g). For example, as shown in Table
Stability of Phenylalanine Mutants 1, the solvent-accessible surface area at site K48 in nuclease
Ficure 2: The stability of the alanine substitution at a given is 1.28. This means th.at the_ lysine residue at ,S',te.48 is 28%
position versus the stability of phenylalanine substitution at the same More solvent-exposed in native nuclease than it is in the Ala-
site. Energies are in units of kcal/mol. Circles are hyperexposed Lys-Ala model tripeptide.
sites, squares are exposed sites, triangles are accessible sites, andyyjith this in mind, we defined four different categories of

diamonds are marginally accessible sites. The stability of F and A f it the basis of their fracti | solvent ol
substitutions at residue 143 is not included since solvent accessibility"sur ace siies on the basls ot thelr iractional solvent-accessiole

information is not available due to the lack of electron density at surface area. These FatGQQVies were hyp.erexposed Si_IES,
this site in the crystal structure. exposed sites, accessible sites, and marginally accessible

sites. The hyperexposed sites were defined as those sites

This provides at least part of the answer to the main whose fractional solvent-accessible surface area was equal
question that we wished to address: is the substitution of ato or greater than 1. There were 10 of these sites chosen.
large hydrophobic side chain on the surface of proteins Sites with a fractional solvent-accessible surface area of 0.5
usually destabilizing? Yes, it is and significantly more so to 0.99 were defined as exposed sites. Seventeen of these
than the substitution of a small hydrophobic residue. While sites were chosen. The accessible sites were those sites that
not as profound in its effects as the truncation of a have a fractional solvent-accessible surface area of 0.1 to
hydrophobic residue in the core of the protein, putting a 0.49. There were 8 of these sites that were used in this study.
hydrophobic residue on the surface does have an energetiSites with a fractional solvent-accessible surface area of 0.0
cost that is a respectable percentage of the effects of alteringo 0.09 were defined as marginally accessible sites. There
a single residue in the core. were 14 of these sites chosen.

While in general a solvent-exposed phenylalanine is A possible pitfall of defining solvent accessibility in this
destabilizing, such generalizations can be dangerous as therenanner is illustrated by the marginally accessible sites.
are many exceptions to the rule. When the stabilities of the These residues are typically those with small side chains that
phenylalanine and alanine mutations are plotted against eactcan be protected from the solvent by nearby residues with
other (Figure 2), there are numerous mutants both above andarger side chains. For example, G29 has little solvent
below the regression line. Therefore, there is a strong contextexposure because of the lysine residue nearby at site 28. In
dependence involved in determining whether a large hydro- addition, the G of G29 is approximately 4.1 A away from
phobic side chain is energetically favorable or unfavorable the side chain oxygen of Y27. These residues shield the

Stability of Alanine Mutants
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A that such a site may be less solvent-exposed in the denatured

state than in the native state. Therefore increasing the

o, hydrophobicity of the side chain buries more hydrophobic

Oa & surface in the denatured state and stabilizes it. While another

@ explanation has been proposed for this particular observation

& in 4 Cro repressor9), others have reported possible evidence

O . . . .

) o) of the reverse hydrophobic effect at exposed sites in different

o proteins (0—13). If this is a common effect, it could be a

o major reason for the relative scarcity of solvent-exposed

0.50 = hydrophobic residues in proteins.

5 If the reverse hydrophobic effect were common in nu-

clease, we would expect to find phenylalanine substitution

0.25 A mutants at hyperexposed sites much less stable than alanine

substitutions. Positions in nuclease where such evidence for

the reverse hydrophobic effect is present are rare. In the

case of hyperexposed residues, we find most phenyl-

T ; ; | 4 l alanine mutations either had the same stability as the

0 1 2 3 4 5 corresponding alanine mutant or were slightly less stable than
AAG e the alanine mutant. As shown in Table 2, the average

Ficure 3: The fractional solvent-accessible surface area of the wild- difference in stability between the alanine and phenylalanine

type side chain at each site substituted with phenylalanine versusmutants at hyperexposed sites was .8.3 kcal/mol with.
the difference in stability between the substituted protein and the the alanine mutants being more stable. The average differ-
wild-type protein AAGe-wr = AGwr — AGpng at each site. Circles  ence in stability between the phenylalanine and alanine
are sites ina. helices, squares are sites finsheets, triangles are  utations for the exposed sites was only &.2.5 kcal/mol

sites in turns, and diamonds are sites that are not located in any

type of secondary structure as defined by Kabsch and SaundersWIth the alanine mutants being more stable. Indeed, there

(29). The stability of the F substitution at site 143 is not included Were 6 exposed sites where the phenylalanine mutant was
since solvent accessibility information is not available due to the more stable than the alanine mutant. A phenylalanine side

lack of electron density at this site in the crystal structure. chain has one of the greatest hydrophobic-transfer free
energies. For example, on the FauehePliSka scale 81)
glycine at site 29 from the solvent even though the glycine the hydrophobic-transfer free energy of phenylalanine is
residue is located on the surface of the protein fitarn, —2.40 kcal/mol and of alanine is0.42 kcal/mol. Thus,
as readily apparent from the examination of the crystal assuming complete solvent exposure in the native state and
structure 3, 24). Any phenylalanine substituted in this site. complete burial in the denatured state, a rough estimate of
will be quite solvent exposed. Therefore what the fractional the maximal destabilizing reverse hydrophobic effect of a
solvent accessibility value conveys is not necessarily how phenylalanine relative to an alanine is 2 kcal/mol. We
solvent-accessible a phenylalanine will be but rather some pelieve that, for most of these sites, the minimal difference
sense of how crowded the vicinity is and whether other in stability between the relatively hydrophobic phenylalanine
residues will interact with the newly substituted side chain. and the less hydrophobic alanine argues that the reverse
Such interactions are, of course, potentially stabilizing or hydrophobic effect is either very slight or nonexistent.
destabilizing. One site where the reverse hydrophobic effect may be
The average stability changes for each of the four solvent acting was K84 since the K84F mutation was 1 kcal/mol
accessibility groups are summarized in Table 2 and illustrated less stable than the alanine mutant (Table 1). This difference
more fully in Figure 3. The hyperexposed or exposed sites in stability is much larger than the average difference
are roughly equivalent and are significantly less destabilized between phenylalanine and alanine mutants at hyperexposed
when substituted with phenylalanine than are the accessiblesites in generalg, 31). There is also one exposed site that
and marginally accessible groups, which are also roughly could be a possible candidate for evidence of the reverse
equivalent to each other. This trend seems intuitively hydrophobic effect. This was the K63 site where the
satisfying. Again, a low value of fractional solvent acces- phenylalanine mutant is 1.4 kcal/mol less stable than the
sibility of the wild-type residue indicates that one or more alanine mutant at this site. But these are the exception to
other residues interact with it. Substitution with the bulky the rule. As Table 2 indicates, most cases where the
phenylalanine side chain could disrupt favorable and/or phenylalanine is much less stable than the alanine involve
introduce unfavorable interactions. Thus, even though positions with lower solvent accessibilities. A site with a
residues on the surface of proteins are more mobile than thelower accessibility seems more likely to be destabilized by
hydrophobic core, as evidenced by the surface residues’unfavorable packing interactions in the native state.
generally higher temperature factors and greater degree of Phenylalanine substitutions are in general somewhat less
disorder in crystal structures, steric interactions and packing stable than alanine substitutions or the usually hydrophilic
considerations on the surface of a protein are also important.wild-type side chains and this may indeed be due to a reverse
The Reerse Hydrophobic EffectThe reverse hydropho-  hydrophobic effect, but we estimate on the basis of the
bic effect was proposed) as a possible explanation for the generally low value oAAGg_., at hyperexposed and exposed
observation that substitutions at a hyperexposed sitedro positions that it can be no more than a few tenths of a kcal/
repressor showed decreasing stability as the hydrophobicitymol. A reverse hydrophobic effect of a large energetic
of the substituted residue was increased. It was suggestednagnitude, if it occurs at all, occurs only at a small subset
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of hyperexposed and exposed sites in staphylococcal nu-effect is more likely due to greater tolerance of the phenyl-
clease. alanine’s size rather than the presence of some stabilizing

Evidence For Hydrophobic Interactions Between Surface hydrophobic interaction(s) in a solvent-exposed hydrophobic
Residues There also appears to be no evidence for the cluster.

formation of “small exterior hydrophobic clusters” (SEHCS)  Helical Propensities It is well-known that some amino
(19) in staphylococcal nuclease upon hydrophobic substitu- acigs are frequently part af helices (e.g., alanine) while
tion. We made substitutions at marginally solvent-accessible gthers are very seldom found inhelices (e.g., glycine or
sites, in part to test for the formation of SEHCs. We thought proline). This has led to the idea of helical propensities
it possible that the hydrophobic portions of the large \yhere the attempt is made to assess in some energetically
neighboring hydrophilic side chains such as lysine and gyantitative manner the preference for a given type of residue
arginine could form favorable hydrophobic interactions with 5 3 reside in a helix33—40). Typically these studies place
the substituted phenylalanine at these sites and perhapgach of the twenty amino acids in a given solvent-exposed
stabilize the protein, as has been described previously in Otherposition of a protein or peptide system and measure the
proteins (4, 16). As noted above, the relative hydrophobic- itferences in stability. These differences are usually at-
transfer free energieS{) mean that a phenylalanine could yipyted to the relative propensity of the substituted amino
potentially stabilize a native state by about 2 kcal/mol relative 5.iq 1o adopt helical conformations. Many of the phenyl-
to an alanine. However, it is also possible that large gianine substitutions made for this work were in helical sites
neighboring hydrophilic side chains could interact with the 55 getermined by the method of Kabsch and Saun@sys (
substituted phenylalanine unfavorably. For example, Steric gjnce these same helical sites were mutated previously to
crowding, side chain repulsion, or unfavorable torsion angles 413nine and glycine265—27), it was possible to consider that

all could destabilize the protein. Frigerio etdlgf mention e stapility differences between these three side chains at
that these types of problems occurred in one of their designsygjica sites could be due in whole or part to differences in
when they engineered an SEHC into the neutral protease ofyq helical propensity. In contrast to earlier studies, although

B. subtilis _ - . we consider only the relative stability of three residues, we
The average loss in stabilitAAGe—.wr) at the marginally do so at a large number of sites.

accessible sites was significantly higher than the average . . .

stability losses at the hyperexposed and exposed sites. Table35'hows thg average d|ﬁerences n stability between

Interestingly, the average stability loss at the marginally phenylzﬂar;lmlg, e}lanlng,. and glymrrlle mutalltlons at Zohglolvent-

accessible sites was about the same as the average stabilit xposed helica posmon.s. in t € nuclease. While our
alculated helical propensities are in the same rank order as

loss at the accessible sites. Since this is the case, it seem f1h ; ; |
highly unlikely that a SEHC exists at any of the accessible most of those descrlb_gd previousBB(-39), our vajues are
usually larger. In addition, the standard deviations for these

or marginally accessible sites. In fact, not one of the - | | s -
phenylalanine mutants at the marginally accessible sites wagWwenty sites aré nearly as large as the “helical propensity
values that we find. This clearly indicates that there are other

more stable than wild type and only one, S59F, had the same . A > . - )
stability as wild type. However, it is not surprising that S59F energetically significant interactions specific to each site and

had at least the same stability as wild type because this sitethe changes in stability at these sites cannot be attributed

is in an o helix and serine is known to be a nonhelix- S°lely to the differences in the helical propensities of the
stabilizing residued3, 34). In fact, from this perspective it @Mino acids. This conclusion is reinforced if we also
is somewhat surprising that the S59F mutant is not more CONsider the effects of solvent exposure.
stable than wild type since phenylalanine is a helix-stabilizing ~We examined the average differences in stability between
residue 83, 34). Moreover, the less hydrophobic alanine the three residues for each helical position using the four
mutation at position 59 is more stable than the hydrophobic classifications of solvent exposure previously described. Very
phenylalanine. All of this indicates that it is highly unlikely ~ similar averages were observed for helical hyperexposed and
that this site is an example of a new SEHC. exposed positions, so these were grouped together. The
The lack of newly formed SEHCs says nothing about accessible and marginally accessible helical positions also
whether stabilizing hydrophobic interactions might already showed very similar averages, but distinct from the hyper-
be present on the surface of the wild-type protein. This can exposed and exposed positions, so accessible and marginally
be addressed by examining the effects of mutating the severaccessible positions were grouped together. As Table 3
surface residues that are reasonably large hydrophobes tshows, the average difference between alanine and glycine
begin with (P11, P47, M65, Y85, Y113, Y115, and P117). ata hyperexposed or exposed site is less than the difference
The average loss in stabilipAAGE—w7) for these sites is  at an accessible or marginally accessible site. The range of
0.4+ 0.6 kcal/mol. This is less destabilizing than the overall effects, as illustrated by the standard deviations, is also less
average of phenylalanine substitutions. Is this because thefor the more exposed positions. Similarly, the average
phenylalanines can partake in some stabilizing hydrophobic difference in free energy between a phenylalanine and a
interaction? Probably not, since the average difference in glycine residue in a helical position is less at the hyperex-
stability between the alanine and the phenylalanine mutantsposed and the exposed sites than at the accessible and
(AAGg-4) at these seven sites was very small, only.1 + marginally accessible sites and the standard deviation of these
0.3 kcal/mol, and an alanine does not provide much scopedifferences is greater for the less solvent-accessible positions.
for the hydrophobic interaction. Overall, this indicates that This is precisely what one expects. The less exposed
while substituting a surface hydrophobic site with another residues, that is, those in more crowded environments, show
hydrophobic residue is not as destabilizing as substituting aa wider range of effects. But even exposed residues show
surface hydrophilic residue with a hydrophobic residue, the a wide range of stability effects.
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Table 3: Helical Propensities

AAGg--p AAGg-—¢ AAGE-p
all helical residues 1.2+0.7 0.6+ 0.9 0.7£ 0.7
hyperexposed and exposed residlues 0.9+ 0.5 0.5+ 0.7 0.4+ 0.4
accessible and marginally accessible resitlues 1.5+ 0.8 0.6+1.2 0.9+ 0.8
O'Neil and DeGradé 0.77 0.41 0.36
Horowitz et al® 0.91 0.22 0.69
Blaber et af. 0.96 0.59 0.37
Charkrabartty et &l. 1.88 0.95 0.93
Yang et al? 1.05 —0.06 1.11
Myers et al. 0.90 0.34 0.56
Myers et al. 0.98 0.37 0.61

aThe average difference in free energy between two different side chainsA&Gs—-» = AGaa — AGgy) at each helical site mutated in
staphylococcal nuclease. Units are kcal/mol. Stability of alanine and glycine mutants at helical positions in staphylococcal nuclease is from refs
25—27. " The average difference in free energy between two different side chainsAAGr-a = AGaa — AGpng at each hyperexposed and
exposed helical site mutated in staphylococcal nuclease. Units are kcal/mol. The stability of alanine and glycine mutants at helical positions in
staphylococcal nuclease is from ré&5—27. ¢ The average difference in free energy between two different side chainsAAGs—r = AGphe —
AGgyy) at each accessible and marginally accessible helical site mutated in staphylococcal nuclease. Units are kcal/mol. Stability of alanine and
glycine mutants at helical positions in staphylococcal nuclease is fron28ef27. ¢ Helical propensities calculated by placing the residues into a
guest position in a noncovalent homodimerofielices. Units are kcal/mol. The sign convention of the energy change has been reversed from the
original work 33). ¢ Helical propensities calculated by the substitution of different amino acids into the solvent-exposed site Ala32 in the second
o helix of barnase. Units are kcal/mol. The sign convention of the energy change has been reversed from the origiBg)l. wiiital propensities
calculated by the substitution of different amino acids into two sites af &elix in T4 lysozyme 83). Units are kcal/mol? Helical propensities
measured by placing amino acid residues into an alanine-based peptide in the absence of helix-stabilizing side chain interactions. Theisign convent
of the energy change has been reversed from the original work. Units are kca®®pdl idelical propensities measured by placing amino acid
residues into the peptide succinyl-YSEEEEKAKKAXAEEAEKKKKNH,, where X is the position where the amino acid residue is placed into the
peptide. The sign convention of the energy change has been reversed from the original work. Units are R8)\/nitél{cal propensities measured
at site 21 in the single. helix of RNase T. The values listed are the free-energy values relative to &y (Helical propensities measured in a
peptide with the same sequence as the singhelix of RNase T. The values listed are free-energy values relative to GH. (

The importance of the environment is demonstrated in due to four wild-type glycine residues which as a subgroup
another example. Six surface helical lysine residues (K63, are even more notably divergent from the overall averages.
K64, K70, K127, K133, and K134) and five surface helical The averagAAGg.wr value of 1.8+ 0.8 kcal/mol at these
glutamate residues (E57, E67, E101, E122, and E129) werefour wild-type glycine sites and especially the average
mutated in this study. The stability of the wild-type residue, AAGg- value of —0.9 + 0.8 kcal/mol are significantly
lysine or glutamic acid, can be used with the stability of the different from the overall averages of 111.2 and 0.6+
alanine, glycine, and phenylalanine mutations at these same0.9 kcal/mol, respectively. Thus, as previously notgd),(
sites to calculate the average helical propensity values relativean alanine substitution at these positions is worse than an
to glycine. The rank order of our helical propensities alanine substitution elsewhere and a phenylalanine substitu-
calculated for the lysine sites wasXA > F > G and for tion is more unfavorable than a phenylalanine substitution
the glutamate sites wasEA > F > G. These results are  elsewhere. However, less predictably, the aversty&Se
different from the rank order of helical propensities previ- value of 0.9+ 0.5 kcal/mol is much greater than the overall
ously reported which is usually A K > F> E > G (33— average of 0.5+ 0.9 kcal/mol. This indicates that the
39). This demonstrates that the environment of the helical phenylalanine substitution is more unfavorable than the
site is very important in determining the best helical residue alanine substitution seems to predict. It is not clear whether
for a particular site since in both cases the wild-type residue this is due to the strained conformation of the backbone in
had the best helical propensity. wild type, the low solvent accessibility of these positions,

Consequently, we believe that the disagreement in helicalor some other factor(s).

propensities reported by other workers can be explained Electrostatic interactions are a common occurrence be-
largely by the differences in the environment of the particular tween hydrophilic residues, and phenylalanine substitution
site where the substitutions were done. Further, we believeopyiously disrupts such interactions. (A table summarizing
that our data clearly shows the danger of interpreting stability || electrostatic interactions that involve side chains substi-
changes in any system as being solely due to any one factoryyted with phenylalanine is available as Supporting Informa-
Other Factors. We also examined the effects of several tion in the microfilm edition.) Only three of the lysine side
other factors, including the identity of the wild-type side chains substituted are involved in salt bridges or hydrogen
chain, the presence or absence of side chain electrostatibonds. Though of limited statistical significance, it is
interactions, and the effects upon residueg sheets, turns, interesting to note that mutation to either an alanine or a
and strained backbone conformations. These effects arephenylalanine at these three sites was generally more
summarized in Table 2, and because of the generally lowerdestabilizing than the average found for the 14 lysines not
numbers of residues involved and/or the lack of clear participating in a salt bridge or hydrogen bond. All but two
conclusions, only a few noteworthy points will be discussed of the glutamate side chains are involved in salt bridges or
briefly. hydrogen bonds, opposite of the situation found for lysine
Residues that are in a left-handed helix or other strained side chains. Again, mutation to a phenylalanine or an alanine
backbone conformations are notably different from average at the two sites not participating in a salt bridge or hydrogen
in their behavior (Table 2). Much of this, though not all, is bond was generally less destabilizing than for the six sites
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that do have electrostatic interactions. Although this is range of helical propensities for surface helical sites in
suggestive, the range of values found does not allow clearnuclease, indicating that the idea of measuring helical
conclusions about the energetic significance of electrostatic propensities using just one site in a protein or peptide should
interactions. be viewed with caution.

Similar Sites, Similar StabilitiesThere are many different Little evidence was found for the occurrence of an
factors to consider when trying to explain differences in energetically significant reverse hydrophobic effect at ex-
stability at different sites in a protein. These factors include posed and hyperexposed residues. Such an effect may be
changes in hydrophobicity, electrostatic interactions, loss of operating, but does not generally appear to cause unfavorable
hydrogen bonds, differences in solvent accessibility betweenenergy changes of more than a few tenths of a kcal/mol.
sites, and differences in secondary structure. One could lookTherefore, in the absence of another plausible mechanism
at a single site and using these different factors rationalize attributing the destabilizing effects of solvent-exposed hy-
the reasons for a decrease or an increase in the stability duglirophobic residues to their hydrophobic character, we
to a mutation at that particular site. However, such ad hoc attribute the majority of the generally unfavorable energetic
rationalizations have a strong possibility or even probability changes found when phenylalanine substitutions are made
of being incorrect. In contrast, one can look at similar to unfavorable steric and packing interactions. This is
mutations at different sites that have at least some similar consistent with the greater energetic effects found at less
characteristics, such as solvent accessibility and secondaryolvent-exposed sites and the comparable effects of alanine
structure, and see if these are sufficient to give mutants mutations at all sites.
similar stabilities. Specific examples of the generation of favorable packing

Mutants K64F, K70F, and K127F provide one example. and hydrophobic interactions on the surface of proteins are
All had solvent exposure in the hyperexposed group as found in the literature. However, the formation of such small

defined previously, all were in helices, and none of them gxterior hydrophobic clusters QOes not appear to occur readily
participated in any side chain hydrogen bonding according I nuclease upon phenylalanlm_a-.substltutlon. It does seem
to the crystallographic dat&4). Interestingly, their stability likely that the _unfavorable stability changes observed here
values are all the same within experimental error. Similarly, aCt as a selective pressure to prevent the appearance of large
the two mutants K49F and K116F which are both in turns Nydrophobes on the surface. We see no reason, a priori,
and are both in the exposed solvent-accessible group, alsgVY stabilizing hydrophobic and van der Waals interactions
have stabilities that are the same within experimental error, could not be formed by optimizing the packing of side chains
These examples are still not entirely convincing since the N the surface through further substitutions. The evolution

stability changes upon alanine substitution are different and ©f Well-packed, optimized hydrophobic exteriors is more
the loss of stability is quite small at these sites. Perhapsikely prevented, or favored, by the effects of protein
more convincing would be the mutants K16F and K24F, association and aggregation. Therefore, we again conclude

which also have the same stabilities within experimental that although phenylalanine is not frequently found on the
error, but with a more significant stability drop. These Surface of proteins, it is not generally because of some
mutants are both if8 sheets and have solvent-accessible destabilizing effect due to residue hydrophobicity.

surface areas in the exposed range as well. The effects of
alanine substitution at these sites are also identical Within'A‘CK'\K')WLEDGME'\IT

experimental error. Consequently it appears that if the e thank Lee Manuel, Mike Byrne, and Grace Velasco
environments of the two positions are indeed sufficiently for their help in this work.
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