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ABSTRACT. To examine the importance of side chain packing to protein stability, each of the 11 leucines
in staphylococcal nuclease was substituted with isoleucine and valine. The nine valines were substituted
with leucine and isoleucine, while the five isoleucines, previously substituted with valine, were substituted
with leucine and methionine. These substitutions conserve the hydrophobic character of these side chains
but alter side chain geometry and, in some cases, size. In addition, eight threonine residues, previously
substituted with valine, were substituted with isoleucine to test the importance of packing at sites normally
not occupied by a hydrophobic residue. The stabilities of these 58 mutant proteins were measured by
guanidine hydrochloride denaturation. To the best of our knowledge, this is the largest library of single
packing mutants yet characterized. As expected, repacking stability effects are tied to the degree of side
chain burial. The average energetic cost of moving a single buried methyl group was 0.9 kcal/mol, albeit
with a standard deviation of 0.8 kcal/mol. This average is actually slightly greater than the value-of 0.7
0.8 kcal/mol estimated for the hydrophobic transfer energy of a methylene from octanol to water. These
results appear to indicate that van der Waals interactions gained from optimal packing are at least as
important in stabilizing the native state of proteins as hydrophobic transfer effects.

How important are side chain packing considerations in is in the T4 lysozyme system where Rennell et &) (
determining protein structure and stability? One answer to assessed the tolerance of 163 of 164 positions for 13 different
this question is found in the fact that Nakagawa et 8. (  side chains. The least tolerant sites clearly tended to be buried
discovered the only way to classify vertebrate cytochreame residues. However, the changes that were tolerated in the
sequences into an acceptable evolutionary cladrogram wasrotein interior tended to be of one hydrophobic residue for
to group them by side chain volume and length. This finding another. Other experimental studies have explored the effects
that steric factors may be more important in determining the of substituting one buried residue for anoth&8-<24) but
course of protein evolution than functional group conserva- have not yet fully answered the question of how side chain
tion or codon similarity is less surprising when one recalls packing dictates what hydrophobic amino acids are accept-
that the hydrophobic cores of proteins are as tightly packed able at which buried positions. Reviews, 5—30) have
as organic crystal?f and that cavities in protein interiors summarized much of what is known about the effects of
tend to be few in number and smaB-5). When a protein perturbing the packing of the hydrophobic cores of proteins
is well-packed, it optimizes van der Waals interactions and by altering side chain size and shape. It is notable that success
minimizes the presence of cavities. A cavity represents thein predicting the effect of changes in side chain size and
loss of potential van der Waals interactions or, as they are shape upon protein stability has been limited.
sometimes termed, London dispersion forces, and cavity an opstacle to better theoretical understanding of this
formation also carries an entropic cost. problem is the lack of significant numbers of packing mutants

There is now much evidence that the hydrophobic interior with characterized thermodynamic stabilities. While experi-
of a protein contains much of the “folding information”.  ments such as those of Rennell et 8).4nd Lim and Sauer
Mutational studies show that the tolerance for substitution (10, 12) have examined large numbers of mutant proteins,
is clearly lower for buried residues than for surface residues these proteins have often been examined only by some
(6—8). The most extensive demonstration of this principle qualitative functional assay. For this reason, the stability
effects of altering side chain packing in the hydrophobic core
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determined by guanidine hydrochloride denaturation. This

: . : . Table 1: Guanidine Hydrochloride Denaturation Parameters
is a large increase in the number of thermodynamically

b c b c
characterized packing mutants. These stabilities are compared Mourch Cm®  AGH:0 Mourch Cm® AGr:0
to those of other substitutions previously made at these sameY23! g-gg g-gg g% = ?-gg 8-%% g-g
sites 81—33). Analysis of t_hese daFg pr_ovides insight_ into  v3g 661 084 55 L14V 714 055 39
how dependent the protein’s stability is on the particular V39L 6.68 0.68 4.5 L25 7.05 052 37
amino acid side chain present at a given site and how Y>1! g-gg 8-22 gg tgg?’ 2-22 8-22 gg
important packing is relative to other factors that influence ygg 594 074 44 L3686V 735 026 19
protein stability. This work also serves as a foundation for V66L 535 095 51 L37 6.00 057 34
the detailed study of multiple packing mutants described in V74!~ 7.01 051 36  L37V 5.53 043 24

: ; : V74L 635 066 42 L38l 6.47 051 3.3
the articles that |mmed|ately follow. \Velell 6.40 0.81 5.2 L38V 6.41 0.81 5.2
Vo9L 627 082 51 L89l 6.49 067 4.3
EXPERIMENTAL PROCEDURES V104l 641 0.87 56 L89V 6.69 060 4.0
V104L 6.48 071 46 L103l 6.68 065 4.3
MutagenesisMutants were prepared by the method of %ﬁ:_ g-g‘ll 8-;8 1-; ﬂggy g-gg 8-32 g-g
Kunkel (34, 35) as previously described@g). V114l 668 079 53 L1108V 631 025 15
Protein Expression and PurificatiorRrotein expression ~ v114L 6.48 066 4.3 L125I 6.54 0.68 4.4
ificati i i 115L 6.65 072 48 L125V 6.57 047 3.1
a:?f gtzjrlflcatlon followed the procedures previously described Y 618 082 =1 L1 620 071 46
(31 32). - o » I18L 645 081 52 L137V 658 060 4.0
Protein Stability Determinationlhe stabilities of each of ~ 118M 6.75 0.69 4.7 T13| 6.50 0.82 53
the mutants in this study were characterized by guanidine !72L ~ 6.67 0.78 52 T22I 640 074 47
. : . 172M 6.99 052 36 T33l 6.34 095 6.0
hydrochloride denaturauon at 2¢ using fluorescenceasa o572v 694 060 42 T4l 614 100 61
probe of structure as previously describ&@, (36, 37). We 192L 6.68 073 4.8 T44l 6.48 0.74 4.8
have found that the storage of staphylococcal nuclease!92M  7.09 053 3.8  T62I 519 072 37
; 192v 6.68 075 50 T82 651 090 5.9
samples in frost-free freezers slowly leads to metastable 139, 655 081 5.3 T120l 599 061 3.7
dimer formation just as it does for some other prote88).( I139M 6.66 0.76 50 widtype 653 0.82 5.4
These metastable dimers tend to slightly increase the apparent’! 630 072 45

stability of the protein but can be easily removed by briefly  2Slope value (change in free energy with respect to the change in
preheating the sample to 460 °C (39). We have found guanidine hydrochloride concentration). Units of kcal md¥i~1. The

: ; ; ; error is estimated to b£0.09.® Midpoint concentration (concentration
that for most mutants there is very little difference in apparent of guanidine hydrochloride at which half of the protein is denatured)

stability whether this preheating step is done, presumably iy ynits of molar. Error estimated to be 0.01 M.¢Free energy
because stabilities are usually measured very shortly afterdifference between native and denatured states in the absence of
proteins are prepared and also because the effects are natenaturant. Units of kcal/mol. Error estimated to-b@.1 kcal/mol.

large even in cases where prolonged storage leads to large

amounts of the dimer. However, for wild-type staphylococcal each of the 11 leucines was substituted with isoleucine and
nuclease, we have in the past routinely stored the proteinygjine, The five isoleucines, previously substituted with
for fairly long periods and even minor effects are important yajine (31), were substituted with leucine and methionine.
because we reference stability changes to the stability of thepreviously published work details the effects of mutating
wild type. Our values for the wild-type denaturation have g the valines, isoleucines, and leucines in nuclease to alanine

therefore been slightly elevated when our numerous Wi_Id- and glycine 81) and all the valines to threonine and serine
type runs were averaged. Average values of denaturation 32).

performed after alteration of our storage conditions and
w;gmuo;ffof the [f)reheart]tmg procgdurtla descnbeﬁd aggve @®nines at eight positions were individually replaced with
slightly different from those previously reported( 39). isoleucine. Threonine to valine mutations have previously

We believe this new value for the wild type should be used oo constructed and characterized by fluorescence solvent

when calculating changes in mutant stability from our genatrationg2). These two residues obviously differ greatly

prewoqsly p_ubllshed mutant protein stabilities. The estimated ; , hydrophobicity, but are very similar in size and shape.

basec on the random ertors fom determination to determ.  E2CT O the mutants i this study was subjected 1o asolvent

nation, not the systematic error corrected here denaturation using quorescencg as a probe _of structure. These
' ' data were analyzed as previously describ8d, 36) to

Sobgg‘: Acc;assmle Surlfacle ¢ %alcqlatli)hn”ﬁ\r;\(/ah st%Ive?tt determine the stability difference in the absence of denaturant
accessible surtace was calcuiated using tne aur softwarey o veen a protein’s native and denatured stai€%,(o), the

package40) and the 1.6 A wild-type staphylococcal nuclease rate of chan ;

ge of free energy with respect to GuHCI
structure [PDB entry 1EY04(1)]. The probe was 1.4 A, and concentrationisunc of d(AG)/d[GUHCI]], and the concen-
SFation of guanidinium hydrochloride at which the protein is
half-denatured@,). These results are summarized in Table

In addition to the substitutions at valine positions, threo-

sibility of each wild-type residue was calculated by com-
parison to the accessibility of the same type of residue in an 1. The V6L, 172V, 192V, and I118M mutant proteins have

extended Gly-XXX-Gly tripeptide modeHe). been previously described3) but were remade here because
RESULTS of their importance to subsequent work reported in the
articles that immediately follow. Our independently created

Each of the nine valines in wild-type staphylococcal V66L and 192V mutants had, within experimental error,
nuclease was substituted with isoleucine and leucine, anddenaturation behavior identical to that previously reported.
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The stability of an independently created 172V mutation  Nevertheless, there is no instance in the experimental data
proved to be 0.6 kcal/mol greater than the value previously presented in Table 1 where substitution of an isoleucine or
published 81). This result was confirmed by a repeat leucine for a valine present in the wild-type structure of
determination of stabilities and a third independent creation staphylococcal nuclease results in a more stable protein.
of the mutation. We are quite confident that the earlier value Indeed, the larger leucine and isoleucine side chains often
is in error. The 118M mutant reported here is slightly less result in a less stable protein or, at best, one with stability
stable, by 0.2 kcal/mol, than that reported previoudl$)( equal to that of the wild type. Similarly, substitution of a
wild-type isoleucine with a leucine or a wild-type leucine
DISCUSSION with a isoleucine is only rarely energetically neutral and is
The exchange of a valine, isoleucine, or leucine residue usually unfavorable.
with another one of these aliphatic side chains is the most It is tempting to rationalize each result in Table 1. For
conservative change that can be made to assess the role gfxample, the data show that two of the most destabilized
packing in protein stability. With the exception of the mutations occur at position L108, with stabilities for the
truncation of a methyl group that occurs when substituting isoleucine- and valine-substituted proteins of 2.0 and 1.5 kcal/
isoleucine with the smaller valine residue, which can in mol, respectively. Aurora et al49) have pointed out that
theory be accommodated without rearrangement of either theL103 and L108 interact in a Schellman motif, capping the
main chain or side chains, all other exchanges between these&arboxyl termini of anc-helix. The low stabilities of the
residues would require some change in the packing of L108 mutations indicate that the requirements at this position
adjacent residues. are quite specific. Because the difference in stability of the
While we are interested in determining the changes in two L108 mutations is small, it may seem reasonable to
protein stability due to the packing, it is important to note assume that the packing of the residues in this capping motif
that this is not the only way that the substitutions made here is a possible explanation of the abnormally low free energies.
can affect protein stability. Each of the three side chains However, the L103 substitutions do not show the same
(valine, isoleucine, and leucine) has a distinct hydrophobic sensitivity toward mutation as the L108 position, despite
transfer free energy. Each side chain has different degreeseing packed against L108 in this capping motif. This points
of conformational freedom for the side chain and main chain out the difficulty of attempting to analyze every mutant in
in the denatured state and thus varies in the entropic cost ofdetail. Instead, we focus on the broader trends that this large
freezing into a single conformation in the native state. We data set may show.
can estimate the energetic consequences of these effects. The Can the changes in protein stability be attributed largely
leucine and isoleucine side chains have similar hydrophobicor solely to packing, or are there other factors, such as
transfer free energies when being transferred from octanolsecondary structural propensity, that we should consider? To
to water @4, 45), 2.27 and 2.40 kcal/mol relative to glycine, answer this, we first examine the effect of solvent exposure
respectively. The energy for the smaller valine side chain is since the effects of packing at exposed sites should be
significantly lower, only 1.61 kcal/mol. The energetic costs minimized. Summarized in Table 2 are the differences in
at 20°C of changing the entropic freedom of the polypeptide protein stability between any two side chains at a given site.
backbone by substitution of a valine, isoleucine, or leucine Also shown in Table 2 is the percentage of the side chain
side chain for one another are negligible, only 0.04 kcal/ surface that is accessible to solvent in the wild-type structure.
mol difference between isoleucine and leucine and a 0.02 This measure of solvent accessibility is plotted against these
kcal/mol difference between valine and leucine or isoleucine stability differences in Figure 1.
(46), reflecting perhaps the very similar nature of these three  Figure 1 clearly shows that high degrees of solvent
side chains. The energetic costs of lost degrees of freedomexposure translate into relatively minor stability differences,
between the denatured and native states are very similar foregardless of the identity of the original side chain at a
the leucine and isoleucine side chains, only 0.03 kcal/mol position. As the side chain becomes more buried, the range
difference 47). However, a valine side chain has even fewer of stability differences increases dramatically. This is
degrees of freedom lost upon folding to the native state, soconsistent with the expected effects of packing. As pointed
substitution with either a leucine or isoleucine is expected out in the introductory section, good packing optimizes van
to destabilize the native state by approximately 0.5 kcal/ der Waals interactions and minimizes cavities. Neither of
mol. This cancels out much of the difference in hydrophobic these is relevant in a solvent-exposed position, but both are
transfer free energies. This simple calculation predicts that critical in a fully buried residue. For example, the loss of
substituting a buried valine side chain with a leucine side hydrophobic transfer free energy when either an isoleucine
chain will stabilize the native state relative to the denatured or a leucine is replaced with a valine would also be more
state by 0.18 kcal/mol; substitution with an isoleucine important as the side chain becomes more buried, and this
stabilizes the native state relative to the denatured state bycomplicates interpretation of the observed stability differ-
0.32 kcal/mol. Of course, it is debatable whether the transfer ences. The simple analysis presented earlier of hydrophobic
free energy values for transfer from octanol to water are transfer free energy and entropic effects predicts little
correct for side chain burial in a proteid8 and equally difference between a buried valine, isoleucine, and leucine,
debatable whether the calculated values for entropy costsbut nevertheless, comparison of valine to isoleucine or
are correct. Still, in the absence of packing effects, it seemsleucine seems more problematic.
reasonable to predict substitution of an isoleucine or leucine  We therefore focus on the difference in stability between
for a buried valine should slightly stabilize the native state isoleucine and leucine at various positions. As pointed out
and that exchange of isoleucine and leucine should beabove, isoleucine and leucine should have very little differ-
energetically neutral. ence in hydrophobicity and loss of degrees of freedom upon
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Table 2: Relative Stability of Proteins with Different Side Chains at
a Given Position 4 o »  AAG,,

side chain © o AAGV—)L
pOSition AAGy-—.2 AAGVQLb AAG,—.. ¢ AAGWTaAd SASA® 3 4 o
v AAG,

V23 -0.2 —-0.1 —-2.9
V39 —2.2
V51 —-0.3
V66 —2.2
V74 —-31
Va9
V104
V111
Vil4
115
118
172
192
1139
L7
L14
L25
L36
L37
L38
L89
L103
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L125
L137
T130
T22
T33
T41
T44
T62
T82
T120
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Ficure 1: Value of AAG plotted against the solvent accessible
surface area of that residue of the side chain in wild-type
staphylococcal nuclease.
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folding. Again let us focus first upoAAG,—, an energetic
change likely to reflect primarily the effects of repacking.
The largest observed value-is3.4 kcal/mol, at position 108.
This is a very large change in stability, resulting from moving
the position of a single methyl group. Unmistakably, packing
is of major importance in this case. However, neither this
extreme case nor the other extreme where there is no stability

- — — difference is indicative of the more normal course of events.
a Difference between the apparent stability of the protein with an

. et . I St =" Average values should be considered.

isoleucine side chain and the stability of the protein with a valine - . .
substitution at a given positioMAGy— = AGje — AGva). The error For purposes of e}/aluatlng the 'mportanf?e of packlng, we
in each mutant stability was estimated to £6.1 kcal/mol, and the are not particularly interested in which amino acid is more
error in the difference is estimated to #®.17 kcal/mol. Difference stable at a given position. The most stable side chain is nearly
in free energy between the free energy of the protein with a leucine always the wild-type side chain. The magnitude of the
side chain and the free energy of the protein with a valine substitution . . . o . .
(AAGy_ = AGrey — AGya). The error is estimated to b0.17 kcall d|fferencg is of more |mportance. Itis likely that.the identity
mol. © Difference in free energy between the free energy of the Of the wild-type side chain affects the magnitude of the
isoleucine substitution and the free energy of the leucine substitution energy differences discussed here as well, but this is a more
(AAG—L = AGLeu — AGe). The error is estimated to ke0.17 kcal/ subtle effect that we ignore in this broad analysis of the
mol. 4 Difference in free energy between the free energy of the protein overall magnitude of packing energetics. We therefore took

with an alanine side chairBy) and the free energy of the wild type
(AAGwr—a = AGaa — AGywr). The error is estimated to b&0.17 the absolute value of eadAGy—, AAGy—, andAAG; -,

kcal/mol. © Solvent accessible surface area of the side chain in the wild- Value and averaged them. It is possible that in partially
type structuref The free energy data of proteins with isoleucine to exposed residues there is a change in the amount of buried
valine SU_bStitUtiOnS are _from _Shortle et aBl), except for those hydrophobic surface upon mutation, complicating interpreta-
redetermined here and listed in Table9The free energy data for 5y Somewhat surprisingly, there is relatively little differ-
threonine to valine substitutions are from Byrne et 8R)( and the . . -
free energy data for threonine to alanine substitutions are from Green €NC€ 1N the average energet_lc ch_ange Whether_a" reS'U_'UES
etal. @3). are included in this calculation, just those residues with
<10% solvent exposure, or just those that are fully buried.
folding. Other factors should dictate the stability differences. Nevertheless, it is possible that in partially exposed residues
In some cases, this differencAAG,—, is negative. This  there is a change in the amount of buried hydrophobic
indicates that the isoleucine side chain results in a more stablesurface. Accordingly, it seems appropriate to center attention
protein; in other cases, a positive value indicates that leucineon buried residues. The average value and standard deviation
is better at a given position. Regardless of sign, the range ofof AAG,—.. absolute values at the six residues fully buried
stability changes between isoleucine and leucine clearly in the wild type is 1.14 0.3 kcal/mol. If we slightly broaden
increases as the extent of side chain burial increases,the definition of buried to include positions withl% solvent
consistent with what would be expected if packing were at exposure in the wild type, 12 residues in all, the average
the root of these stability differences. No other factor which and standard deviation ®AG,—.,. absolute values is 0.2
would depend on side chain burial suggests itself. It seems0.8 kcal/mol.
clear that packing is critical to protein stability. In short, moving a single methyl group in the protein
The next issue is comparison of the relative energetic interior costs on averagel kcal/mol. The average absolute
importance of packing and hydrophobicity, the latter com- values of AAGy—. and AAGy—, reinforce this conclusion.
monly held to be the principal driving force for protein There is a change in hydrophobicity here to complicate
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interpretation, but at positions with1% solvent exposure 4
in the wild type, the average absolute values and standard
deviations ofAAGy—.. and AAGy—, are 1.2+ 1.0 and 0.7 .
+ 0.6 kcal/mol, respectively. It is interesting to note that 3 4
the average energetic difference between valine and isoleu-
cine is smaller than that of the valine to leucine exchange. 2 | t
Both valine and isoleucine ayg-branched so the packing
rearrangements required for the latter exchange would be
predicted to be larger, and this is reflected in the energetics.

It might be argued that these results are of limited
generality since we are comparing only conservative aliphatic 0 | s
for aliphatic substitutions at sites which are originally ¢ @
optimized for an aliphatic residue. Mutations to isoleucine *
and valine at sites which are threonines in the wild type -1 1 ° 0
provide a test of this argument. Presumably, none of these ; ; : ; . - :
wild-type threonine positions is somehow optimized for any -6 -5 -4 -3 -2 -1 0
of these hydrophobic side chains. In this set of mutants, we AAG
see little difference between the stability of isoleucine- and A-WT
valine-substituted proteins at solvent-exposed sites. TheFIGURE 2: Value of AAGwr—a (AAGwT—a = AGaa — AGwr)
energetic changes at the two threonine sites witt% plotted againstAAG—. (AAGi—i = AGiey — AGye). Those

. . - . positions which are leucine in the wild type are shown with black

solven_t exposure in the W'I_d tyPe are in line with the rgsults triangles ¥); wild-type isoleucines are shown with black circles
at positions which are valine, isoleucine, or leucine in the (@), and valines are shown with white circle®)( The black
wild type. Similarly, the effects of the methionine substitu- symbols all have the same number of atoms lost upon truncation
tion, still hydrophobic but containing a much more polariz- to alanine, whereas the white symbols (valines) have lost one fewer
able sulfur atom, at isoleucine positions are quite comparableMéthylene.

to the effects of valine or leucine substitution at those same , . .
sites. In other words, this is evidence that the importance of alanine. The free energy changes for mutation to alanine are

packing is general and dependent primarily upon the degreetake” from earlier work31) and are shown in Table 2. The

of burial of a side chain, rather than upon the hydrophobicity, values ofAAGwr—, are plotted againshAGi—. in Figure
charge, hydrogen bonding, or other properties of either the 2: Clearly, there is very little correlation between these two
wild type or mutant side chain at that site values. In other words, the sensitivity or lack of sensitivity
The hydrophobic transfer free energy gaiﬁed when asingIeOf a given valine, leucine, or isoleucine site to substitution
methylene unit moves from octanol to water can be estimatedWith a much smal_ler_ residge poorly predict; t_he .sensitivity
from the data of Wimley et al46) as approximately 0-7 to mutation to a similarly sized residue. This indicates that
0.8 kcal/mol. Numerous cave;slts apply to this estiméﬁe ( the plasticity of structure that accommodates the subtractive
49), but it appears that the average energetic cost of repacking'change to alar_une apparently does not necessarily translate
a buried methyl group within the core of staphylococcal into the plast|C|ty of structure that can accommodate a larger
nuclease is actually greater than the hydrophobic transfers'de _chaln or even one of the sa_me. Size, but altered gepmetry.
free energy gained from burying that same methyl group. This begs_the following question: V\_/hlch factors do dictate
A well-packed protein optimizes van der Waals inter- the energetic response of the protein to pagklng changes?
actions, and while there is no doubt that appreciation of the The answer to that is beyond the scope of this work, but we

importance of packing has been growisigZ5—30), it seems begin t_o explore it in the articles which immediately follow
fair to say that the commonly held point of view has been N this issue.
that the principal driving force for protein folding is the
hydrophobic effect§0). In part, this may be because it was CONCLUSION
not clear whether the van der Waals interactions afforded The exchange of leucine, isoleucine, and valine residues
by the close packing of native protein interiors are a net can cause quite large stability changes or have negligible
contributor to protein stability because the van der Waals effects. As others have previously observed, solvent-exposed
interactions of the unfolded protein with solvent might be residues usually tolerate substitution well. Buried residues
thought to be of roughly equivalent energy. It is precisely are clearly more sensitive to packing effects, as would be
for this reason that Dill in his oft-cited 1990 review said of expected. Strikingly, the average magnitude of the packing
van der Waals interactions and hydrogen bonding that their effects observed when a single methyl group is moved at a
“magnitudes, among all the types of force contributing to buried site appears to be greater than the energetic loss
protein folding, are currently perhaps the most difficult to expected from hydrophobic transfer effects when a buried
assess”§0). These results show that that such an assumptionmethylene unit is simply removed. This result and recent
is incorrect for the average buried side chain in staphylo- related findings by other worker§1, 52) call into question
coccal nuclease. Close packing of the protein seems to be ghe widely held belief that hydrophobic transfer effects are
net stabilizing factor of magnitude similar to the hydrophobic the principal driving force for protein folding. The results
effect. presented here certainly seem to indicate that the optimization
Finally, we compare the sensitivity of a site to repacking of van der Waals contacts in the native state of the protein
as measured by methyl group rearrangement to the effectds of at least equal energetic importance to hydrophobicity
of truncating the wild-type side chain by mutating it to in maintenance of that native state. However, we temper this
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by noting our recent conclusiod?) that better packing is

not the primary mechanism by which thermophilic organisms

achieve high protein stabilities. In short, we feel that while

packing is not the single dominant factor in determining 5,

protein stability, it plainly ranks as one of several critical

factors and one whose importance may have been commonly 25.

underappreciated.
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