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ABSTRACT To test whether the structure of a protein is
determined in a manner akin to the assembly of a jigsaw
puzzle, up to 10 adjacent residues within the core of T4
lysozyme were replaced by methionine. Such variants are
active and fold cooperatively with progressively reduced sta-
bility. The structure of a seven-methionine variant has been
shown, crystallographically, to be similar to wild type and to
maintain a well ordered core. The interaction between the core
residues is, therefore, not strictly comparable with the precise
spatial complementarity of the pieces of a jigsaw puzzle.
Rather, a certain amount of give and take in forming the core
structure is permitted. A simplified hydrophobic core se-
quence, imposed without genetic selection or computer-based
design, is sufficient to retain native properties in a globular
protein.

The cores of globular proteins consist of buried, primarily
hydrophobic, amino acids. Tight packing of the amino acid side
chains (1) has led to the idea that the size and shape of the
nonpolar amino acids within the core may constrain or define
the overall protein fold (2, 3). This “jigsaw puzzle” model of
protein folding was originally introduced by Crick (4) as a
“knobs into holes” description of a-helix packing and has been
elaborated by Chothia et al. (5), and by Alber and co-workers
(6). Here the jigsaw puzzle model refers to shape complemen-
tarity (3), not to the pathway of folding (7). The model is
supported by the observation that changes in the sizes and
shapes of residues within the cores of proteins are usually
destabilizing (8-10). Also in support of the model, the struc-
tures of a-helical coiled coils appear to be determined by the
shapes of the buried side chains (6). In contrast with this view,
it has been shown that alternative core sequences that lead to
viable proteins could be selected by random mutagenesis for
both A-repressor (11) and T4 lysozyme (12), among others (13,
14). It is possible, however, that a limited number of combi-
nations of amino acids are viable and that they are the ones
identified by the mutagenic selection. Here we explore an
approach in which there is no selection other than the sites of
substitution.

MATERIALS AND METHODS

We chose methionine as a generic core-replacement residue
for a combination of reasons. First, a methionine side chain
occupies roughly the same volume as the frequently observed
core residues leucine, isoleucine, and phenylalanine. It is,
however, more flexible and can more readily adapt to occupy
whatever space might be available. In this sense methionine
contrasts with the rigid, predetermined shape of a piece of
a jigsaw puzzle. Methionine also occurs relatively infre-
quently in known proteins (15). Thus multiple methionine
substitutions would be expected to substantially change the
composition of the core. Finally, we wondered if the intro-
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Table 1. Activity and stability of methionine-substituted lysozymes
Activity AH(T) AH(ref) AAG
Mutant (%) ATm (°C) (kcal/mol) (kcal/mol) (kcal/mol)
WT* 100 130 115 —
178M 70 -3.7 117 111 -15
L84M 104 -49 110 108 -19
L91IM 96 =20 125 115 -0.8
Lo9Mmt 90 -13 134 122 -04
1100M 105 -4.5 125 121 -1.6
V103M 70 -3.1 117 109 -1.2
L118M 98 -18 130 119 -0.7
L121M 87 -2.1 129 119 -0.8
L133M 106 -1.0 128 115 -0.4
F153Mf 87 -1.6 128 116 -0.6
7-Mett 43 —-14.5 96 117 -5.0
10-Metf =20 =25 42 88 -73

The activity was determined as in ref. 28 except at 20°C in 66 mM
potassium phosphate, pH 6.8. For the 10-Met mutant, a loss in activity
was seen with time. Activities were also determined using lysis plates
(29) and found to be in agreement with the values given in the table.

Stability measurements (18) were made in 0.1 M sodium chloride/
1.4 mM acetic acid/8.6 mM sodium acetate, pH 5.42. The melting
temperature, T, of WT* lysozyme was 65.3°C. ATy, is the change in
the T, of the mutant relative to wild type. For the single mutants, the
uncertainty in ATy os +0.2°C; for the multiple mutants it is =0.5°C.
AH(Tp) is the enthalpy of unfolding measured at Trm. The uncertainty
is =5 kcal/mol. AH(ref) is the enthalpy of unfolding calculated at the
reference temperature of 59°C using a constant AC, of 2.5 kcal/
mol-deg. AAG is the free energy of unfolding of the mutant relative to
wild type. AG values were computed at 59°C using a constant ACp of
2.5 kcal/mol-deg. The uncertainty in AAG is *0.1 kcal/mol for the
single mutants and 0.4 kcal/mol for the 7-Met replacement. Because
of the low value of AH of the 10-Met mutant, AAG was determined at
the Ty of the mutant with an estimated uncertainty of about 1
kcal/mol.

TMutants L99M and F153M were described previously (18).

#The 7-Methionine mutant includes the substitutions L84M/L91M/
L99M/L118M/L121M/L133M/F153M. The 10-Methionine variant
includes the additional substitutions I78M/1100M/V103M. The mo-
lecular masses of these proteins determined by mass spectrometry
agreed with the theoretical values, suggesting little if any oxidization
of the introduced methionines (data not shown).

duction of multiple, flexible, amino acids within the core of
a protein might lead to the onset of molten globule charac-
teristics (16).

All sites of substitution are buried within the carboxyl-
terminal domain of T4 lysozyme, and the side chain of each
residue contacts at least one other side chain of the set. The
10 single-site mutants as well as various multiple-methionine
mutants were constructed (17) in cysteine-free pseudo wild-
type lysozyme, hereafter identified as WT* or wild type (18).
Activity and stability measurements for the 10 single mutants,
together with the 7-Met and 10-Met mutants, are listed in
Table 1.

RESULTS AND DISCUSSION

All variants possessed native-like properties. The thermal
denaturations of the one- and seven-methionine variants are
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Fic. 1. (a) Comparison of the thermal unfolding transition of the seven-methionine mutant with that of wild-type lysozyme. (b) Stabilities for
mutant lysozymes plotted as a function of the number of introduced methionines. The crosses show the stabilities, relative to wild-type, of the single
mutants and the seven- and 10-methionine mutants listed in Table 1. Additional crosses show the stabilities of other multiple-methionine variants
that have been constructed but are not described explicitly in Table 1 (unpublished results). The triangles show the sums of the stabilities of the
single mutants that are combined together to obtain a given multiple mutant. Two different combinations of substitutions were used to obtain 4-Met
and 6-Met lysozymes. The stabilities of both constructs are included in the figure.

essentially as cooperative as wild-type, with comparable
enthalpies of unfolding (Fig. 1a; Table 1). The 10-
methionine variant unfolds cooperatively, although the en-
thalpy is reduced (Table 1). Activity was equal to at least
20% that of wild type, suggesting that active site structure is
retained (Table 1). The aromatic circular dichroism spectra
of the largest construct, a 10-methionine core variant, was
comparable in shape and magnitude to the spectra of wild
type. The one-dimensional NMR spectrum of the same
variant had significant chemical shift dispersion (data not
shown). Taken together these results strongly suggest that
the 10-Met variant has a well-defined three-dimensional
structure and is not a molten globule (16).

Crystals of the 7-Met variant (Table 1) were obtained and
found to be isomorphous with wild-type lysozyme (18). X-ray
data to a 1.9-A resolution, 92% complete, were measured at
room temperature (19, 20). A difference density map (Fig. 2a)
showed seven well defined positive peaks corresponding to the
introduction of the electron-dense sulfur at each of the sites of
substitution as well as negative density where atoms were
deleted.

The variant structure (Fig. 3) was refined (21, 22) to a
crystallographic residual of 15.2% with bond lengths and
angles within 0.18 A and 3.0° of ideal values and was found to
be very similar to wild type. The coordinates have been
deposited in the Brookhaven Data Bank. The root-mean-
square discrepancy of the main chain atoms within the car-
boxyl-terminal domain is 0.20 A. In the six cases in which a
methionine replaced a leucine, the x; and y values in the
mutant were similar to those in wild type. Thus, each of the
substituted methionines essentially traced the path of the
residue that it replaced. For the Phe-153 — Met substitution,
however, x; changed by 92° to avoid a steric clash.

The crystallographic thermal factors of the side chains of the
seven methionines are, on average, marginally less than the
thermal factors of the amino acids that they replace (24.0 A?
versus 25.7 A?). The distal methyl groups are also well-ordered
(average thermal factor 23.8 A?). As shown in Fig. 2b, the

mobility of the surrounding side chains in the mutant structure
is also very similar to wild type. Therefore there is no
suggestion that the substitution of seven methionines leads to
disorder of the hydrophobic core.

As more and more methionines are introduced into the
protein, the overall stability decreases (Fig. 1; Table 1). When
six or more methionines are substituted, the loss of stability is
somewhat less than the sum of the constituent single replace-
ments (Fig. 1b) with the discrepancy increasing to a maximum
of 2.5 kcal/mol for the 10-methionine construct. This indicates
that there is some relaxation in the polymethionine protein
that either introduces new, favorable, interactions or relieves
some of the strain associated with the single substitutions. The
loss in protein stability is understandable. For each methionine
replacement there is a reduction in the solvent transfer free
energy (about 0.6 kcal/mol for Leu to Met) (23). Also the side
chain of methionine has more degrees of freedom than do
other hydrophobic core amino acids. Each methionine-to-
leucine replacement at a restricted, internal, site is predicted
to have an entropy cost of about 0.8 kcal/mol (24, 25). Taken
together, these two factors are expected to reduce the stability
of the seven-methionine mutant by about 10 kcal/mol relative
to wild type. Some of the replacements may also decrease
stability because of introduced strain. The actual loss in
stability for the 7-Met mutant is only 5.0 kcal/mol, suggesting
that the above estimate of ~10 kcal/mol is too high.

The finding that 10 core residues in T4 lysozyme can be
replaced with methionine supports the overall importance of
the hydrophobic effect in protein folding. At the same time, the
results show that the interaction between the core residues is
not strictly comparable with the precise spatial complemen-
tarity of the pieces of a jigsaw puzzle. Rather, a certain amount
of give and take in forming the core structure is permitted. This
is in contrast to a-helical coiled-coils where changes in the
shape of hydrophobic residues can lead to different packing
arrangements (6).

The observation that methionines substituted at various
internal sites remain well ordered suggests that seleno-
methionine, or telluro methionine, introduced in this fashion
should be suitable for MAD phasing (26). The apparent lack
of oxidation of core sites, presumably due to reduced oxygen
accessibility, may aid in the use of such oxygen-sensitive
analogs.

Previous studies have shown that multiple alanine replace-
ments can be made on the surface of T4 lysozyme, at least
within a-helices, with little change in structure or stability (27).
The present study shows that multiple replacements with a
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FiG. 2. (a) Map showing the difference in electron density between the seven-methionine mutant and wild-type T4 lysozyme. Coefficients
(Fmut — Fwr+) where Fpny and Fwr+ correspond to the observed structure amplitudes of the mutant and wild-type structures. Phases from
the refined structure of WT* lysozyme (18). Resolution is 1.9 A. Blue contours representing positive density are drawn at +3o where o is the
root-mean-square density throughout the unit cell. Red contours (negative density) are_drawn at —3o. Superimposed is the structure of the
carboxyl-terminal domain of WT* lysozyme with the backbone shown in green and the substituted side chains in yellow. Crystals were ob-
tained using ~2M phosphate solutions, ~pH 6.7 (18). (b) Comparison of the thermal factors of side chains within the core of the 7-methionine
mutant (open bars) with those of wild-type lysozyme (solid bars). The figure includes the seven residues that were changed to methio-
nine (marked with stars) as well as all residues within 4 A of the substituted amino acids. The amino acids are identified as in the WT*
structure.
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single type of amino acid are possible in the core as well, albeit
with a progressive loss of stability. It suggests that it may be
possible to replace the overall amino acid sequence of a protein
with a much simpler sequence based on a subset of the 20
naturally occurring amino acids. Perhaps this may be a way to
simplify the protein folding problem.
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Fic. 3. Residues 81-161 of the carboxyl-
terminal domain of T4 lysozyme. The figure shows
the distribution of methionines within the hydro-
phobic core of the molecule. It illustrates the
structure of the mutant in which seven methionines
have been introduced genetically and includes two
additional methionines that are present in the
native protein. The methionine side chains are
shown in green with the sulfur atoms in yellow. The
carboxyl-terminal domain of T4 lysozyme contains
a single, completely buried, methionine (Met-102),
and two more (Met-106 and -120) that are about
80% buried. In addition, six leucines (Leu-84, -91,
-99, -118, -121, and -133), two isoleucines (Ile-78
and -100), one phenylalanine (Phe-153), and one
valine (Val-103) were chosen for substitution with
methionine.
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