AL A

ELSEVIER

Biophysical Chemistry 110 (2004) 239248

Biophysical
Chemistry

www.elsevier.com/locate/bpc

Proteins with simplified hydrophobic cores compared to other
packing mutants

Junmei Chen', Zhigiang Lu?, Joshua Sakon, Wesley E. Stites ™

Department of Chemistry and Biochemistry, University of Arkansas, CHEM 101, Fayetteville, AR 72701-1201, USA

Received in revised form 6 February 2004; accepted 27 February 2004
Available online 27 April 2004

Abstract

Efforts to design proteins with greatly reduced sequence diversity have often resulted in proteins with so-called molten
globule properties. Substitutions were made at six neighboring sites in the major hydrophobic core of staphylococcal nuclease
to create variants with all leucine, all isoleucine or all valine at these sites. The mutant proteins with simplified cores constructed
here are quite unstable and have poorly packed cores, attested to by interaction energies. Eight related mutants with greater
sequence diversity were also constructed. Comparison to these mutants and 159 other permutations of these 3 aliphatic side
chains at these same 6 sites previously constructed shows that the simplified cores are not unusual in their stabilities or
interaction energies. Further, crystal structures of the two mutants with the worst packing, as measured by interaction energies,
showed no unusual disorder in the core. Therefore, reduction of sequence diversity is not necessarily incompatible with a single

stable native structure. Other factors must also contribute to previous protein design failures.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Hydrophobic packing; Protein structure; Side chain conformation

A tightly packed hydrophobic core, minimizing
cavities and maximizing favorable van der Waals
contacts, is very important for protein structure and
stability [1—6]. Richards [7] pointed out that protein
cores are about as tightly packed as an organic crystal.
This is rather remarkable given the complexity and
lack of symmetry in a protein interior compared to a
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crystal of a single type of small molecule. Naively,
one might expect that a simple core with a limited
number of side chain types, perhaps even just a single
type of side chain, might more readily find a good
packing solution than a diverse mixture of many
different hydrophobic side chains.

Indeed, many initial attempts to design proteins
used fairly simple hydrophobic cores utilizing a small
subset of amino acids. Such designs often formed a
compact structure similar to so-called molten globule
intermediates found upon unfolding in some naturally
occurring proteins [§—11]. Molten globules have the
characteristics of both folded and unfolded proteins.
They seem to have a-helix and P-sheet secondary
structures like native proteins, but they have no well-
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defined tertiary interactions, apparently having disor-
dered hydrophobic cores. It has been speculated that
the reduction of sequence diversity results in the lack
of specific interactions in the hydrophobic core nec-
essary to form a unique native structure [12—14]. An
oft cited analogy is that dominoes can be laid out in
many different two dimensional grids, but the inter-
actions in all the grids are identical. In contrast, a
jigsaw puzzle has only one arrangement with optimal
interactions between the pieces. If the idea behind this
analogy is correct, the diversity in sequence in natural
proteins may be important in making specific tertiary
interactions and resulting in a single, relatively well-
defined native state. Indeed, some designs with
more varied cores do seem to have well-defined core
conformations.

This issue has also been studied in natural proteins
by reducing the complexity of the hydrophobic core
sequence in Rop, T4 lysozyme and Cro repressor. A
Rop mutant with the hydrophobic core containing
only leucine folded into a molten globule state [15].
In contrast, Rop with methionines in the core
appeared to fold normally and 2 T4 lysozyme mutants
with 7 and 10 methionine substitutions in the hydro-
phobic core were found to have well-defined native
structures [16]. Similarly, a mutant of Cro repressor,
with 11 out of 13 core residues substituted by leucine,
was able to form a structure like wild-type [17]. On
the other hand, another group engineered a human
acidic fibroblast growth factor triple mutant increased
core symmetry, although it had more than one amino
acid type in the core. This mutant folded to a well
defined native state, but showed significant deviation
from the two-state denaturation behavior of the wild-
type protein [18]. The newly apparent folding inter-
mediate in this mutant might be a stabilized molten
globule, although this is not clear.

In order to understand the relationship between
hydrophobic core sequence complexity and protein
structure the effect of simplifying the hydrophobic
core in other proteins need to be examined. Recent
work in our laboratory on staphylococcal nuclease
affords a unique opportunity to examine the effects of
simplified cores relative to other possible packing
mutations.

Isoleucine, leucine and valine are the three major
hydrophobic residues conserved in the hydrophobic
cores of staphylococcal nuclease and its homologs

[19]. We present here the results of simplifying the
core of staphylococcal nuclease by substituting six
selected core residues with a single type of residue:
isoleucine, leucine or valine. The six positions mutat-
ed here are fewer in number than some of the
examples cited above but we recently published the
stabilities of 12 single [20], 44 double [21], 64 triple
and 32 quadruple mutants [22], representing all pos-
sible permutations of isoleucine, leucine and valine at
2 overlapping sets of 4 positions selected from these
same 6 positions. In addition, quadruple and quintuple
mutants which assess the stability effects of the
consensus residues found in homologs of staphylo-
coccal nuclease have also been constructed [19].
These mutants are the largest library of packing
mutants ever thermodynamically characterized. This
library allows us to firmly place the effects of core
simplification in the larger context of other possible
packing mutations at these same sites.

1. Materials and methods

The mutants were prepared by multiple cycles of
Kunkel mutagenesis, and the mutated genes were
transferred into an expression vector, expressed and
purified as described previously [23]. Guanidine hy-
drochloride denaturation and data analysis was carried
out as previously described [24].

Enzyme activities of the leucine core and related
mutants were measured by the method of Cuatrecasas
et al. [25] at room temperature of 24 °C. The activity
of the wild-type protein was measured at the same
time. The amount of protein was adjusted in the
range of 0.13—0.26 pg/ml to obtain rates optimal for
measurement.

The crystals of the leucine core and related
mutants were obtained as described previously
[23]. Data collection and structure refinement were
also carried out as described previously [23]. Calcu-
lations of the root-mean-square deviations (RMSDs)
of the backbones between experimental or calculated
structures were performed in the CNS software
package [26] and the C terminus, residues 1-6,
and N terminus, 142—-149, which are not visible in
the electron density, were not used. In all RMSD
calculations the 42-50 loop was also excluded
because of poor electron density. Any residues with
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a side chain substitution between two structures were
excluded as well.

2. Results

The six core residues mutated in this study are
valines 23, 66 and 99, isoleucines 72 and 92, and
leucine 25. The triple mutant L25V/172V/I92V has six
valines at these positions. The all leucine core mutant
contains five mutations, V23L/V66L/172L/192L/
V99L. The all isoleucine core mutant is a quadruple
mutant, V23I/L251/V661/V991. This is summarized in
Table 1. In the course of constructing these three
mutants, eight previously unpublished mutants con-
taining substitutions at the selected six core sites were
also constructed and they were examined as controls.

2.1. Stability from GuHCI denaturation

The results of guanidine hydrochloride denatur-
ation of these mutants are summarized in Table 2.
All multiple mutants were less stable than wild-
type. The stability changes of these multiple
mutants relative to wild-type (AAG) are compared
to the sum of the stability effects from the
corresponding single mutants (EAAGsingm). The
interaction energy, A"Gj,.;, discussed in detail else-
where [21,22,27], is the difference between AAG
and EAAGSingIES. The superscript n indicates the
number of mutant side chains in the multiple mutant
and the subscript 1 indicates that the interaction
energy takes into account only the effects of single
mutants and not, for example, the interactions
between component triple mutants in a quadruple
mutant. (In the case of double mutants, the subscript
1 is usually dropped for A’Gy, since there are no
lower order component multiple mutants.) When

Table 1
Hydrophobic core sequences in wild-type staphylococcal nuclease
and simplified core mutants

23 25 66 72 92 99

Wild-type Val  Leu Val Ile Ile Val
Valine core mutant - Val - Val  Val -
Leucine core mutant Leu - Leu Leu Leu Leu
Isoleucine core mutant  Ile Ile Tle - - Tle

A"Giy1 is positive, there are favorable interactions
among the substitutions and the multiple mutant is
more stable than would be predicted from the
effects of the single mutants. Similarly, a negative
A"Gjy1 is presumably due to strains introduced by
the mutations and indicates that the multiple mutant
is less stable than expected from the effects of the
component single mutations. It should be noted that
interaction energies are empirical, not a fundamental
thermodynamic property and that several assump-
tions are made in their calculation [28,29], but they
nevertheless are powerful in their explanation of
experimental observations of packing effects and
protein stability [19].

Most of these multiple mutants had interaction
energies near zero. In other words, the stability of
the multiple mutant was well predicted by adding the
effects of the component single mutants. However,
three mutants did have larger magnitude interaction
energies. The most notable of these was the all leucine
core, V23L/V66L/172L/192L/V99L. It was 1.1 kcal/
mol less stable than predicted by summing the stabil-
ity effects of the constituent single mutants. The other
two mutants with significant interaction energies were
V23L/L25V/V661/VIII and V231/V66L/172L/192L/
VI99L, being 0.4 and 0.5 kcal/mol, respectively, less
stable than predicted by the sum of the stability effects
of their component single mutants.

2.2. Crystal structures of the leucine core and related
mutants

The crystal structures of the all leucine core, V23L/
V66L/172L/192L/V99L, and a related mutant, V231I/
V66L/172L/192L/V99L, were solved to resolution of
1.65 and 1.70 A, respectively. The proteins are unli-
ganded, with no inhibitor or calcium ion present.
These structures have been deposited in the Protein
DataBank under accession numbers 1IHZ (V23L/
V66L/172L/192L/V99L) and 1113 (V23I/V66L/172L/
192L/V99L).

The overall structures of these two mutants are
very similar to that of wild-type (PDB number 1EYO0)
[19]. The RMSDs of the backbones in the structures
of the leucine core (1IHZ) and related mutant (1113)
relative to that of wild-type are 0.62 and 0.55 A,
respectively. The structural changes in the leucine
core mutant (V23L/V66L/172L/192L/VI9L) relative
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Table 2

Solvent denaturation data of the simplified core mutants and the related mutants

Mutants AGuo'  Cp° meaic”  AAGY SAAGgnge®  A"Git' A"Ginn®  ACH,"
L25V/172V/192V' 22 0.28 1.16 -32 ~3.4 0.2 0.2 -3
L251/172V/192V 2.0 0.25 1.19 34 —-3.3 —0.1 0.1 -2
V23L/V66L/AT2LA92L/VIIL! 2.8 043 099 -2.6 -1 ~1.1 nd. 3
V231/V66LAT2L/M92L/VIIL 33 058  0.86 2.1 ~1.6 -0.5 nd. 3
V66L/I72L/192L/V9IL! 4.1 065 098 -1.3 ~14 +0.1 0.6 2
V231/L251/V661/V99L 23 0.42 0.84 -3.1 =3.1 0.0 —0.1 3
V23I/L25V/V66I/VIIL 2.1 040  0.80 -33 -32 —0.1 0.0 2
V23L/L25I/V661/V99L 2.2 0.39 0.87 —-3.2 -3.0 —-0.2 —-0.3 3
V23L/L25V/V661/VIIL 1.9 032 090 -3 -3.1 ~0.4 -0.5 2
V23U/L251/V66L/VIIL 2.1 038 085 -33 -32 —0.1 0.3 3
V23L/V661/VIIL 42 071 090 ~1.2 -13 0.1 -03 3
V23I/V661/VI9IL 3.8 0.77 0.76 —1.6 —1.4 —0.2 —0.8 3
Wild-type 5.4 0.82 1.00 - - - - -

“ Free energy difference between native and denatured states in the absence of denaturant in units of kcal/mol. Error is estimated to be +0.1

kcal/mol.

® Midpoint concentration (concentration of guanidine hydrochloride at which half of the protein is denatured) in units of M. Error is

estimated to be +£0.01 M.

¢ Slope value (change in free energy with respect to change in guanidine hydrochloride concentration) expressed relative to wild-type value

of 6.53 kcal/(mol-M). Error is estimated to be +0.02.

4 Difference in free energy between the free energy of the mutants and the free energy of wild-type. AAG=AGy,0 (mutant)—5.4 (WT). Error

is estimated to be +£0.2 kcal/mol.

¢ The sum of the AAGgngie values of the component single mutants [20].

FA"Gip 1 =AAG—3 AAGgingle-

£ A"Giyio: When 7=3, A’Gips=AAG —2AAG ouple T 2AAGiingie: When #=4, A*Gip5=AAG —3AAGyoubie 23 AAGgingle- Lack of data for
the close 23/92 double mutant pairs made calculation less reliable for some mutants, which are indicated with n.d. (not determined).

" Difference in the number of methylene groups between the mutant and wild-type.

" The all valine, all leucine and all isoleucine core mutants are shown in bold. Other similar multiple mutants are grouped below the most

closely related homogenous core.

I The denaturation parameters for this mutant were previously published [22].

to wild-type are similar to the changes in the closely
related mutant V231/V66L/172L/192L/V99L.

The major hydrophobic core of staphylococcal
nuclease is defined by a five strand anti-parallel p-
barrel and two a-helixes. Residues of 23 and 25 are
located on p-strand 2, and residues 72 and 92 are on
R-strands 4 and 5, respectively. Residues 66 and 99
are located on helixes 1 and 2, respectively.

In these two structures, substitution of valine with
leucine or isoleucine at positions 23, 66 and 99
increases the total side chain size by three methylene
groups. This causes the backbone near these three
residues to move outwards from the core. The back-
bone changes near residues 66 and 99, which are
located in a-helixes, only affect the immediately
neighboring residues. The backbone movement at
position 23 is the largest, about 0.5 A (Fig. 1). This
movement extends to the whole p-strand 2, and also
causes PB-strands 1 and 3, hydrogen bonded to either

side of strand 2, to move consequently. Substitutions
of isoleucine with leucine at positions 72 and 92 do
not change the side chain size. The backbone of
residue 72 overlaps that of wild-type, but the back-
bone of residue 92 moves slightly outwards from the
core.

Other interesting structural changes are observed at
residues 19 and 21. The aspartates 19 and 21 are
located in the turn that connects P-strands 1 and 2.
The side chain orientation of aspartate 19 is complete-
ly changed and that of aspartate 21 is moved away
from its original position in wild-type structure (Fig.
1). Both these aspartates are highly conserved and
aspartate 21 is known to be one of the residues
required to bind the calcium ion essential for nuclease
activity [25,30]. In the presence of inhibitor and
calcium ion, aspartates 19 and 21 adopt different side
chain conformations from those in the wild-type
structure without inhibitor and calcium ion. When
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Fig. 1. Comparison of side chain conformations of residues 19 and
21 in the structures of unliganded wild-type staphylococcal nuclease
(1EYO, dark gray), wild-type nuclease liganded with Ca®>" and
inhibitor (ISNC, light gray) and the all leucine core mutant (11HZ,
black). The motion of the main chain at position 23 is the most
pronounced such change in the mutant protein. Figure prepared with
MolScript [39].

the structures of the leucine core and related mutant
are compared to the wild-type structure with inhibitor
and calcium ion (PDB number 1SNC) [30], it is found
that the side chain conformations of aspartates 19 and
21 in the two mutants are very similar to those in
ISNC (Fig. 1).

2.3. Enzyme activity

The enzyme activities of V23L/V66L/172L/192L/
VI9I9L and V23I/V66L/172L/192L/VIIL were the
same as that of wild-type within experimental error.

3. Discussion

Three mutants, each with only one type of residue
(valine, leucine or isoleucine) at six positions in the

hydrophobic core of staphylococcal nuclease, have
been constructed in our study. Other mutants which
either substitute the same positions with different side
chains, or represent a subset of the substitutions in the
all valine, all leucine or all isoleucine mutants were
also constructed. These mutants and the large library
of mutants previously constructed at these positions
[19-22] allow us to examine the effects of replacing
these six side chains with a single amino acid type
relative to other possible mutations that also alter
packing in the hydrophobic core.

Not surprisingly, all the multiple mutants are less
stable than wild-type, usually by very significant
amounts (Table 2). The key point to note is that the
stability of the all valine, all leucine and all isoleucine
mutants is not particularly reduced compared to the
other mutants in Table 2 nor do the values of C,, and
mgGunct Stand out as unusual in comparison.

While informative, examining only the stability
losses experienced by these mutants does not exploit
all the available information. Previously, we found
that interaction energies correlated strongly with evo-
lutionary fitness as assessed by the occurrence of
particular side chains at these six positions in homol-
ogous proteins [19]. Favorable interaction energies for
a pattern of side chain substitution was much better
correlated with frequent appearance for that particular
pattern in related proteins than the simple stability of
the mutant with that pattern. We interpreted this to be
due to the fact that the overall stability of the protein
measures not only the interactions of the mutated side
chains with each other but also the interactions of
those residues with the rest of the protein. Interaction
energies, to a first approximation, report only the
effects of interactions between the mutated residues.
Thus, regardless of whether the overall protein context
is favorable for a given multiple mutation pattern,
interaction energies report whether or not interactions
between the mutated side chains are stabilizing or not.

In the mutants presented for the first time here
interaction energies near zero, i.e. additive stability
effects, are found in most cases. There are no partic-
ularly favorable or unfavorable interactions intro-
duced among mutated side chains. However, three
proteins do have unusually low interaction energies
relative to the other mutants in Table 2. The all leucine
mutant V23L/V66L/172L/192L/VI9L and the closely
related V231/V66L/172L/192L/V99L mutant have
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A"Gy,p energies of —1.1 and —0.5 kcal/mol, respec-
tively. They are significantly less stable than the sum
of the stability effects calculated from the component
single mutants. One other protein, V23L/L25V/V661/
V991, has an interaction energy of —0.4 kcal/mol.

However, viewed in the larger context of the
known range of interaction energies these values are
not particularly unusual. This is illustrated graphically
in Fig. 2 where we compare the A"Gj,.; values of the
all leucine, all isoleucine and all valine core mutants
to those of all other packing mutants in Table 2 as well
as the approximately 150 multiple mutants previously
examined at these six sites [19,21,22]. It is obvious
that the near zero interaction energies for the all
isoleucine and the all valine mutants are not at all
unusual. The negative interaction energy of the all
leucine mutant is notable but not unique.

This comparison is somewhat biased, since our
earlier packing studies [21,22] have shown that sta-
bility effects are correlated with the change in meth-
ylene groups upon mutation (ACH;). A loss of
methylene units generally lead to a more positive

value for the interaction energy and a gain of meth-
ylene units to a more negative value. However, in our
previous work [19,21,22], the largest gain or loss of
methylenes by any mutant was just two. The only
mutants we have yet constructed where three methy-
lene units were gained or lost are those presented in
Table 2. To increase the numbers of mutants for
comparison in Fig. 3A, we show the all valine mutant
as well as all other mutants which have lost either two
or three methylene units relative to wild-type. In Fig.
3B, the all leucine and all isoleucine mutants as well
as all other mutants that have gained either two or
three methylene units. The all valine and all isoleucine
exhibit quite comparable interaction energies to pack-
ing mutants with similar changes in number of meth-
ylene units. The all leucine mutant is at the low end of
the observed range of behavior, but is not a true
outlier. We also considered the possibility that the
high number of substitutions in the mutants presented
here relative to those we have previously examined
might be a factor. However, after either limiting
comparison to mutants with similar numbers of sub-

20

15 -

10

Frequency

-1 0

1 2

Interaction energy

Fig. 2. Histogram of interaction energies (A"Gi,.;) for various packing mutants of staphylococcal nuclease. The number of times mutants are
found with a given interaction energy is indicated by the frequency axis. All mutants with two or more substitutions at these six sites from
previously published work [19,21,22] as well as all mutants in Table 2 are included. The all leucine, all valine and all isoleucine mutants from
Table 2 are indicated in gray. All other packing mutants are indicated in black.
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Fig. 3. Histogram of interaction energies (A"Gj,.;) for packing mutants of staphycoccal nuclease sorted by the change in the number of
methylene units with respect to wild-type. The all valine mutant is potted (gray) in panel A along with all other mutants which have lost two or
three methylene units (black). The all leucine and all isoleucine mutants are plotted (gray) in panel B along with all other mutants which have

gained two or three methylene units (black).

stitutions or after normalizing A"G;,..; by dividing by
n the number of substitutions, the all valine and all
isoleucine mutants are, if anything, even less remark-
able (data not shown). The all leucine is still at the low
end of the observed range of behavior, but again we
do not find it remarkably low.

Previously, we had shown that the effects of triple
and quadruple mutants were very well predicted by
taking into account not only the effects of the com-
ponent single mutants, but also the interaction ener-
gies of the component double mutants (A*Gyn) [22].
Further, we have shown that the interaction energies
of double mutants that are not in close proximity to
one another (i.e. a Cy—Cg distance of more than 8 A)
are near zero. We have constructed most, but not all
component double mutants that make up these multi-
ple mutants. Generally, the distance between the two
residues is far enough that the assumption of a zero
value of A’G;,, seems warranted for those pairs where
we do not have actual data. The sole exception to this

is residue pair 23/92, for which we do not have data,
but which are close enough that non-zero interaction
energies are likely. Accordingly, we calculated the
residual interaction energies for each mutant after
taking in account the effects of single mutants and
double mutants (A"G;,., in Table 2) assuming zero
values of A’Gy, for double mutants we have not
constructed. Because of their proximity, no A"Giyo
value is shown for multiple mutants which have
mutations at both 23 and 92. Most values of A"Gj,»
are very near to zero, indicating that the effects of the
single and double mutants well predict the stability of
the multiple mutant, whether it is all one type of side
chain or not.

In short, there is no evidence that cores limited to a
single amino acid type at these six positions are
particularly destabilized or energetically unusual
merely because they are simplified.

This, however, does not rule out structural
changes that are not energetically obvious. In a very
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interesting series of studies performed in Richards’
laboratory [31-33], packing effects in the major
hydrophobic core of staphylococcal nuclease were
studied by chemically creating different length un-
natural amino acids at position 23. The valine at
position 23 was first replaced by a cysteine. A series
of unnatural straight and cyclic sulfides were
connected to cysteine at position 23 by a disulfide
bond. The crystal structures of these mutants showed
that the nuclease hydrophobic core could accommo-
date a side chain as large as 1-n-propyl cysteine
disulfide without perturbation of the surrounding
residues. When the side chains were longer than 1-
n-propyl cysteine disulfide, the packing around these
side chains was still very similar to the wild-type.
The over-packing was compensated for by the dis-
placement of a helix in the global structure. Howev-
er, in a very striking and unusual result, the
unnatural side chain itself became disordered and
no longer had recognizable electron density. This
disordering of the side chain is akin to what is
thought to happen to all side chains in a molten
globule.

Could mutants with simplified cores fold into
native-like structures but have a disordered cores like
the unnatural amino acids placed at valine 23 or
perhaps even be full fledged molten globules? The
latter seems unlikely. Again, the guanidine hydrochlo-
ride denaturation behavior of these proteins was not
unusual in any way compared the hundreds of staph-
ylococcal nuclease mutants we have examined in the
past. Second, all the proteins here that were stable
enough to examine thermal denaturation behavior had
high cooperativity (data not shown) similar to wild-
type and other mutants, which is different from the
typically lower cooperativity of thermal denaturation
found in molten globules [34—38]. However, as the
example of the disordered unnatural side chain at
V23C plainly illustrates, the possibility of local dis-
order must be taken seriously.

The crystal structures of the two mutants with the
lowest interaction energies, the all leucine mutant
V23L/V66L/172L/192L/VIIL and the closely related
V231/V66L/172L/192L/VOIL mutant, were according-
ly solved to high resolution. The overall structures of
both mutants are similar to that of wild-type. Most
importantly, the core side chains, mutated and unal-
tered alike, have defined conformations. The B values

of the backbone and side chains for the core residues
are all lower than the average B values of the
backbone and side chains of the entire structure, with
the exception of position 92 which has a side chain B
value similar to the average. Therefore, the data of the
crystal structures and thermal denaturation of the
leucine core and related mutants indicate that the
leucine core and related mutants have unique and
defined structures in the hydrophobic core without
even local disorder and certainly are not molten
globules. The disorder in unnatural amino acids at
position 23 observed by others [31—33] is perhaps an
artifact of that particular system rather than being a
general packing issue, possibly reflecting why such
amino acids are not found in nature.

In conclusion, the present study demonstrates that
staphylococcal nuclease with large numbers of iso-
leucine, leucine or valine in the hydrophobic core
can still fold into well defined native state. No
particular destabilization of the protein which could
be attributed to sequence simplification was ob-
served. The marked stability changes found in these
mutations seem reasonably attributed to poor packing
of the core. Crystal structures of the two mutants
with the worst interaction energies had no special
disorder of the side chains, either local or global. A
single packing arrangement was still found in the
core. This, and the similar results found in other
proteins [15—17], indicate that the molten globule
like behavior of some designed proteins can not be
purely attributed to simplified cores with low se-
quence diversity. If the domino versus jigsaw puzzle
analogy cited in the introduction is correct, it appears
it is also because of symmetry at higher levels of
structure.
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