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have coupled effects on folding and stability
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Abstract

In order to further explore the tolerance of proteins to amino acid substitutions within the interior, a series of core
residues was replaced by methionine within the C-terminal domain of T4 lysozyme. By replacing leucine, isoleucine,
valine and phenylalanine residues a total of 10 methionines could be introduced, which corresponds to a third of the
residues that are buried in this domain. As more methionines are incorporated the protein gradually loses stability.
This is attributed in part to a reduction in hydrophobic stabilization, in part to the increased entropic cost of localizing
the long, flexible methionine sidechains, and in part to steric clashes. The changes in structure of the mutants relative
to the wildtype protein are modest but tend to increase in an additive fashion as more methionines are included. In
the most extreme case, namely the 10-methionine mutant, much of the C-terminal domain remains quite similar to
wildtype (root-mean-square backbone shifts of 0.56 A), while the F and G helices undergo rotations of approximately˚
208 and center-of-mass shifts of approximately 1.4 A. For up to six methionine substitutions the changes in stability˚
are additive. Beyond this point, however, the multiple mutants are somewhat more stable than suggested from the
sum of their constituents, especially for those including the replacement Val111™Met. This is interpreted in terms
of the larger structural changes associated with this substitution. The substituted sidechains in the mutant structures
have somewhat higher crystallographic thermal factors than their counterparts in WT*. Nevertheless, the interiors of
the mutant proteins retain a well-defined structure with little suggestion of molten-globule characteristics. Lysozymes
in which selenomethionine has been incorporated rather than methionine tend to have increased stability. At the same
time they also fold faster. This provides further evidence that, at the rate-limiting step in folding, the structure of the
C-terminal domain of T4 lysozyme is similar to that of the fully folded protein.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Dedication

Joseph Cohn and John Edsall’s bookProteins,
Peptides and Amino Acids as Ions and Dipolar
Ions w1x is truly the bible of protein physical
chemistry. It was written 59 years ago and even
now serves as a useful reference to the basic
attributes of the ‘machines of life’. Almost one
generation later this success was repeated with
Edsall and Wyman’sBiophysical Chemistry w2x
putting a name to a then young field of scientific
endeavor. It is truly an honour to acknowledge
one of the great and also one of the first biophys-
ical chemists and to dedicate this article to the
memory of John T. Edsall.

2. Introduction

It is well known that proteins are usually tolerant
of amino acid substitutions on their surfaces. This
is not surprising in that solvent-exposed sidechains
can often be replaced with little if any interference
from the rest of the protein. In contrast, the cores
of proteins are usually tightly packed, and substi-
tutions at interior sites tend to introduce steric
clashes or otherwise reduce the stability of the
protein w3,4x. Nevertheless, proteins can tolerate
some changes in core residuesw5–7x. In order to
explore the importance of jigsaw-like packing in
defining protein structure we previously introduced
a series of methionines into the core of T4 lyso-
zyme w6x. Methionine was chosen because it has
approximately the same volume as the common
core residues leucine, isoleucine and phenylala-
nine. At the same time it has a flexible sidechain
and, relative to most amino acids, is more able to
adapt its conformation to occupy the space vacated
by the residue that it replaces.

Here we extend this approach to ask how many
methionines can be tolerated within the C-terminal
core of T4 lysozyme(this being the largest domain
of the protein). In previous workw6x methionine
was primarily substituted for leucine. To further
increase the number of methionines additional, less
isosteric, replacements of isoleucine and valine
were included in the largest constructs. We
describe the effects on both structure and stability
of successively including more methionines in the

protein. The effects of these variants on the kinet-
ics of refolding are also described. A comparison
of the methionine-containing variants with their
selenomethionine counterparts supports the idea
w8x that the formation of wildtype-like structure in
the C-terminal domain of T4 lysozyme is a rate-
limiting step in folding.

3. Methods

3.1. Protein preparation

All mutants (Table 1) were constructed in the
cysteine-free pseudo-wildtype lysozyme(WT*)
w9x. For all of the multiple and most of the single
mutants the modified genes were confirmed by
sequencing in both the 39 and 59 directions. Protein
expression and purification was carried out as
described w6,10,11x. Protein expression for the
selenomethionine variants(Table 2) was carried
out in RR1w12x, a strain of bacteria not auxotroph-
ic for methionine, using an adaptation of the
procedure described by Van Duyne et al.w13x. All
amino acids used for media preparation, including
D,L-selenomethionine, were of analytical grade
from Sigma. Selenomethionine incorporation was
maximized when the culture was grown for 10 h
to an A of 1.1, before induction to allow600

depletion of exogenous methionine levels. Thirty
minutes before induction, the shaker temperature
was lowered from 378C to 28 8C to reduce
inclusion body formation. Fifteen minutes prior to
induction, selenomethionine was added as a dry
powder to 0.3 mM. Upon addition of IPTG to 1
mM the shaker speed was reduced to half(150
rev.ymin) and induction carried out for 4 h or
more. To harvest the protein, cells were disrupted
by three passages through a French press at 20 000
psi in lysis buffer(0.1 M KCl, 10 mM Tris–HCl,
5 mM MgCl , pH 8.0) supplemented with 15 mM2

methionine to reduce oxidation. All subsequent
buffers included 15 mM methionine.

Expression of most of the variants, including
9a-M and 10a-M, yielded soluble protein that
could be purified by standard methodsw10x. The
lysozymes 9b-M and 10b-M tended to express as
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Table 1

Name of new Substitutions includeda Mets PDB Reference
varianta

I78M I78M 1 1CU0 w8,19x
L84M L84M 1 1CU2 w8,19x
V87M V87M 1 1CU3 w8,19x
L91M L91M 1 1CU5 w8,19x
L99M L99M 1 1L93 w15x
I100M I100M 1 1CUP w8,19x
V103M V103M 1 1CUQ w8,19x
V111M V111M 1 – This work
G110RyV111Mb G110RyV111M 1 1CV1 w8,19x
L118M L118M 1 1CV4 w8,19x
L121M L121M 1 1CV3 w8,19x
L133M L133M 1 1CV5 w19x
V149M V149M 1 1CV6 w8,19x
F153M F153M 1 1L88 w15x
2-M 118y121 2 1KS3 This work
3-Ma 84y91y99 3 1KW5 This work
4a-M 84y91y99y153 4 1KY0 This work
4b-M 84y91y99y133 4 1KW7 This work
5-Ma 84y91y99y118y121 5 1D3M(1D3N) w19x
6a-M 84y91y99y118y121y153 6 1L0J This work
6b-M 84y91y99y118y121y133 6 1KY1 This work
7a-Ma 84y91y99y118y121y133y153 7 1CX7(1CX6) w19x
7b-Ma 84y91y99y111y118y121y133 7 1L0K This work
7c-M 78y84y91y99y118y121y133 7 – This work
8a-M 84y87y91y99y111y118y121y133 8 1LWG This work
8b-M 84y91y99y100y103y118y121y133 8 – This work
9a-Mc 84y87y91y99yG110Ry111y118y121y133y153 9 1LWK This work
9b-Md 78y84y91y99y100y103y118y121y133 9 – This work
9c-M 84y91y99y118y121y133y149y150y153 9 – This work
10a-sM 84y87y91y99y100y103yG110Ry111y118y121y133 10 1LPY This work
10b-M 78y84y91y99y118y121y133y149y150y153 10 – This work

The naming convention is intended to indicate the number of methionines that have been engineered into the protein. ‘2-M’,a

for example, has two engineered methionines. The designation ‘118y121’ indicates that these are located at sites 118 and 121. If a
mutation is to a residue other than methionine this is stated explicitly. Variants 4a-M and 4b-M both have four engineered methi-
onines, but some of these are at different sites. In some prior publications a naming convention was used based on the total number
of methionines, i.e. including the engineered ones plus the five that are present in the wildtype protein. For example, ‘3-M’ was
referred to as ‘8M’, 5-M was referred to as ‘10M’ and 7a-M and 7b-M were referred to as 12Ma and 12Mbw20x. Where the structure
has been determined the PDB code is given. Codes given in parentheses refer to the selenomethionine-substituted protein.

This mutant was described by Gassner and Matthewsw19x and Gassner et al.w8x as ‘V111M’ but has subsequently been foundb

to be the double mutant G110RyV111M (see text).
This mutant was described by Gassner et al.w20x as ‘14M’. It has subsequently been found to include the additional mutationc

G110R.
This mutant was described by Gassner et al.w6x as ‘10-Met’. It was subsequently found not to include the F153M substitutiond

as described.

inclusion bodies and were purified as described by
Gassner et al.w11x. The selenomethionine proteins
were observed to elute from the CM-Sepharose
column at a somewhat higher ionic strength than
their methionine-containing counterparts.

3.2. Activity

The proteins all gave halos on the standardE.
coli plate assayw14x showing that they were active.
This was subsequently confirmed in vitro for some
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Table 2
Crystallographic data collection and refinement statistics

Mutant PDB Temperature Resolution Cell dimensions Completeness Rmerge R Dbond Dangle

code (8C) (A)˚ a,b (A)˚ c (A)˚ (%) (%) (%) (A)˚ (8)

2-M 1KS3 20 2.16 61.1 96.9 93 7.2 15.7 0.018 2.4
3-M 1KW5 20 1.75 61.1 96.9 90 4.1 16.1 0.018 2.7
4a-M 1KW7 20 1.89 61.2 97.1 93 4.5 15.8 0.020 2.7
4b-M 1KY0 20 1.97 61.3 96.5 94 4.1 16.0 0.020 2.8
5-M 1D3M 20 2.12 61.2 96.6 93 5.8 15.8 0.017 2.6
6a-M 1KY1 20 2.05 61.4 96.5 93 4.2 16.5 0.014 2.1
6b-M 1L0J 20 1.98 61.3 96.5 92 4.9 15.9 0.020 2.7
7a-M 1CX7 20 1.94 61.3 96.5 86 4.4 15.2 0.018 3.0
7b-M 1L0K 20 2.00 61.3 96.5 94 5.5 15.7 0.021 2.7
8a-M 1LWG y173 1.7 60.4 90.4 99 5.2 19.6 0.019 2.9
9a-sM 1LWK y173 2.1 60.3 91.4 99 5.0 21.7 0.018 2.9
10a-sM 1LPY y173 1.7 60.2 93.2 96 4.3 20.7 0.017 2.6
WT* 1LWK y173 1.45 60.2 95.4 99 5.6 19.7 0.018 2.6

All structures are isomorphous with WT* which has space group P3 21 and, at room temperature, cell dimensions ofasbs60.92

A, cs96.8 A w15x. The PDB code for the room temperature structure is 1L63.˚ ˚

of the multiple mutants using circular dichroism
(CD) at 223 nm to monitor degradation of pepti-
doglycan fragmentsw11x.

3.3. Structure determination

The proteins were crystallized isomorphously
with WT* under similar conditionsw15x. X-Ray
data collection for the variants with up to seven
introduced methionines was conducted at room
temperature using a San Diego Multiwire Detector
w16x. Difference density maps were calculated with
WT* and mutant structure factors and WT* phases
(Fig. 3a). Each mutant showed clear positive
density features confirming introduction of the
methionine sulfur atom at sites of mutation. For
the variants with 9 and 10 replacements, the
selenomethionine-substituted proteins were used.
Also in these two cases as well as 8a-M the
crystals were immersed in Paratone(Exxon Chem-
ical) and then flash-frozen prior to data collection.
Data for 8a-M and 9a-sM were collected at the
Stanford Synchrotron Research Laboratory and for
10a-sM at the Advanced Light Source, Berkeley.

Atomic coordinates were refined with the TNT
packagew17x using WT* as a starting modelw15x.
Rigid-body refinement, typically using a 4-A res-˚
olution cutoff, was first used to place the mutant

in the unit cell. Next, rigid-body refinement was
carried out for the two domains using a 3-A˚
resolution cutoff. In some cases individual elemen-
ts of secondary structure were also refined as rigid
units. Finally, positional and B-factor refinement
were started with a 2.5-A or 3-A resolution cutoff˚ ˚
and increased by 0.5 A increments to incorporate˚
the highest resolution data collected. Difference
density maps were checked frequently for possible
errors, and to conservatively place water
molecules.

3.4. Protein stability

Stabilities were determined by monitoring the
circular dichroism at 223 nm as a function of
temperaturew15,18x in a buffer of 0.1 M sodium
chloride, 1.4 mM acetic acid, 8.6 mM sodium
acetate, pH 5.42.

Standard free energy changes were computed
for the process of protein unfolding at 598C
assuming a change in heat capacity of 2.5 kcaly
mol 8C except in those cases where the enthalpy
change upon unfolding was unusually low(specif-
ic instances noted in Table 3). In those cases the
isotherm was moved to the apparent melting tem-
perature of the variant. This has the effect of
ignoring both the apparentDH andDC values ofp
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Table 3
Thermal stability of methionine- and selenomethionine-substi-
tuted lysozyme

Mutant DTm DH DDG
(8C) (kcalymol) (kcalymol)

WT* – 130 –
WT*-sM 1.0 124 0.2
I27MyL33M y10.4 61 y3.0
I17MyI127MyL33M y9.3 55 y3.3*
V111M y1.4 123 y0.6
G110RyV111M y2.0 127 y0.7
L133M y1.2 128 y0.4
2-M y5.3 121 y1.9
3-M y8.8 106 y3.1
3-sM y6.6 103 y2.4
4a-M y10.5 108 y3.8
4b-M y9.6 112 y3.5
5-M y12.1 108 y4.3
5-sM y8.5 101 y3.0
6a-M y13.3 101 y4.7
6b-M y13.2 104 y4.7
7a-M y14.5 96 y5.0
7a-sM y8.8 94 y3.0
7b-M y11.9 107 y4.3
7b-sM y7.5 107 y2.6
7c-M y17.6 74 y5.5
8a-M y15.2 86 y4.9
8b-M y21.2 62 y6.5*
9a-M y17.7 74 y5.4
9a-sM y10.3 103 y3.5
9b-M y24.9 42 y7.0*
9b-sM y19.2 45 y7.2*
9c-M y24.4 46 y7.0*
10a-M y23.4 48 y7.0*
10a-sM y17.2 68 y5.2

DT is the change in melting temperature of the mutant pro-m

tein relative to WT*, which unfolds at 65.38C. DH is the
enthalpy of unfolding measured at the melting temperature and
DDG is the change in the free energy of unfolding of the
mutant lysozyme relative to wildtype. ‘3M’, for example, is
the mutant with three substituted methionines(plus the five
present in the native protein) defined in Table 1. ‘3-sM’, for
example, is the same protein but with selenomethionine rather
than methionine. For the variants marked with an asterisk the
enthalpy at theT was low for a purely two-state transition.m

In such casesDDG was determined at theT of the mutant.m

the mutant when applying the Gibbs–Helmholtz
equation to computeDG.

3.5. Refolding kinetics

The kinetics of refolding were measured using
stopped–flow mixing as described by Gassner et

al. w8x. In brief, the protein was unfolded in 2.0 M
urea at pH 2.0 and 208C and then rapidly mixed
with buffer to give a final, folding solution that
included 0.05 mgyml protein, 64.4 mM
K H PO , 0.1 M urea, 2.1 mM KCl, pH 6.7,3y2 3y2 4

also at 208C. Refolding was monitored by means
of the CD at 223 nm as well as the total fluores-
cence above 338 nm as beforew8x. Refolding rates
were taken to be the principal decay component
of a two-component exponential fit(ORIGIN,
version 6) to the post burst-phase decay curves as
beforew8x.

4. Results

4.1. Sites substituted

The sites that were substituted with methionine
are shown in Fig. 1. All are within the C-terminal
domain of T4 lysozyme and all are internal. Table
1 is intended to provide an up-to-date overview of
all relevant methionine substitutions that have been
made at buried sites within the C-terminal domain
of T4 lysozyme. The table includes both single
and multiple methionine mutants. In cases where
the structure has been determined, the Protein Data
Bank access code is included. During the detailed
study of some of these mutants, we found from
X-ray and sequence analysis that the spurious
mutation Gly110™Arg (G110R) had been inad-
vertently included in some constructs(detailed in
Table 1). For example, the mutant 10a-M, which
has 10 introduced methionines, also includes this
mutation.

4.2. Structural effects

The lysozymes with up to seven methionine
substitutions could generally be crystallized readi-
ly. Variants incorporating larger numbers of methi-
onines became successively more difficult to
crystallize and, at room temperature, tended to
diffract poorly. By using flash-freezing and syn-
chrotron radiation, the resolution limit for crystals
of WT* lysozyme can be increased from approxi-
mately 1.7 A resolution to approximately 1.0 A˚ ˚
resolution (B.H.M.M. and B.W.M., unpublished
observations). Flash-freezing and synchrotron radi-
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Fig. 1. Schematic drawing of thea-carbon backbone of T4 lysozyme showing the amino acids in the C-terminal domain that were
substituted with methionine.

ation also improved the diffraction quality of the
multiple methionine lysozymes, although not so
dramatically. The 8-methionine protein, for exam-
ple, increased from approximately 2.1 A resolution˚
to 1.7 A resolution and the discrepancy between˚
equivalent structure factor amplitudes decreased
from 12.1% to 5.2%. Thus, flash-freezing made it
feasible to collect data sets for T4 lysozyme with
eight, nine and 10 substitutions. In two of these
cases, selenomethionine was used instead of methi-

onine. It has previously been shown that the
structure of lysozyme substituted with seven selen-
omethionines is virtually identical with that sub-
stituted with seven methioninesw19x. Therefore,
from a structural perspective, substitution with
selenomethionine or methionine is expected to
make very little difference. The use of selenome-
thionine can, however, stabilize the protein some-
what relative to methioninew20x. Also, because
selenium is more electron dense than sulfur it is
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highly visible in the electron density map. If the
sidechain is disordered, or has multiple confor-
mations, this is more easily seen for selenome-
thionine than for methionine. Details of the X-ray
data collection and refinement statistics for all the
variants are given in Table 2.

Fig. 2a–d are ‘shift plots’ showing the changes
in the protein backbone associated with the suc-
cessive introduction of three, five, seven and 10
methionines or selenomethionines. The main result
of introducing the first three methionines, which
replace Leu84, Leu91 and Leu99, is a shift of
approximately 0.5 A near residue 84(Fig. 2a).˚
There is also a shift of up to 0.6 A in the vicinity˚
of the F helix(residues 108–114). This helix has
higher crystallographic thermal factors than most
of the T4 lysozyme moleculew15,21x, and is often
observed to shift and to become even more mobile
when nearby substitutions are made in the core
w22x.

When the two additional mutations, Leu118™
Met and Leu121™Met are included(Fig. 2b) the
structural changes near residue 84 that were asso-
ciated with the original triple-Met substitution are
retained, and the shift in Helix F becomes slightly
more pronounced. Fig. 2b shows that this helix
moves in such a way that it increases its distance
from residues 75–90 and 115–122 but at the same
time moves closer to the rest of the protein.

Fig. 2c shows the effect of adding two more
substitutions, V111M and L133M. As before,
many of the structural changes seen in the 3-Met
and 5-Met variants are retained. Val111 is, how-
ever, located in the F helix and its replacement
with methionine causes even larger backbone
changes in this vicinity. The center of mass of the
F helix moves approximately 1.2 A. In contrast,˚
the Leu133™Met replacement causes only a small
shift in the backbone at the site of the substitution,
as is also the case for Leu99™Met (Fig. 2c).

The difference electron density map for the 7-
Met mutant 7b-M is shown in Fig. 3a. The most
obvious feature is the positive and negative density
due to the shift in Helix F. Positive density features
can also be seen at most of the substitution sites
due to the enhanced electron density of methionine
relative to leucine or valine. The backbone of the
C-terminal domain of the 7b-Met mutant super-

imposed on that of WT* is shown in Fig. 3b. The
overall close correspondence of the two structures,
except for the F-helix, is very clear.

Fig. 2d is the shift plot comparing the 10-
selenomethionine protein 10a-M with WT*. Rela-
tive to 7b-M (Fig. 2c) the additional substitutions
are at sites 87, 100 and 103 plus the inadvertent
mutation G110R. This mutant displays substantial
changes in the backbone structure not only in
Helix F but also in Helix G(residues 115–124).
In order to characterize these structural changes in
more detail, we first superimposed the C atomsa

of the C-terminal domain(residues 81–162) of
10a-sM on to the corresponding atoms in the low-
temperature WT* structure. The root-mean-square
discrepancy was 0.93 A. If, however, the atoms˚
including the F- and G-helices(residues 108–124)
are deleted and the superposition is repeated, the
root-mean-square discrepancy falls to 0.56 A. Giv-˚
en this superposition(Fig. 3c) the F helix(residues
108–114) is seen to have rotated 238 and its center
of mass translated approximately 1.5 A while the˚
G helix (residues 115–124) has translated approx-
imately 1.2 A and rotated 178.˚

4.3. Effect on stability and folding

The thermal stabilities of the multiple methio-
nine mutants are given in Table 3. In a number of
cases the protein was also expressed incorporating
selenomethionine rather than methionine. The ther-
mal stabilities of these variants are included in the
Table 3. It should be kept in mind that WT*
lysozyme has five methionines, i.e. Met1, Met6,
Met102, Met106 and Met120. In the selenome-
thionine-containing variants each of these five sites
will necessarily be substituted with selenomethion-
ine. Thus, in comparing the Met and SeMet ver-
sions of mutant 7b-M, for example, a total of 12
residues will be replaced with selenomethionine.

The trend in stability of the multiple methionine
mutants is clearly downward with increasing num-
bers of substitutions. Equally clear is the recovery
of a modicum of stability upon conversion to
selenomethionine. Four multiple mutants which
have the V111M mutation have higher melting
temperatures(T ) as well as concomitantly higherm

enthalpies of unfolding than do the other multiple
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Fig. 2. ‘Difference distance’ plots showing the changes in distances between C atoms that occur on successive introduction ofa

methionines. The first solid contour indicates pairs of C atoms which are 0.5 A further apart in the mutant than in WT*. The firsta ˚
dashed contour indicates pairs of C atoms that move closer by 0.5 A. Successive contours are at increments of 0.5 A. The solida ˚ ˚
circles show the locations of the substituted methionines. In the following listing the PDB codes are given in parentheses.(a)
Mutant 3-M (1KW5) vs. WT* (1L63). (b) Mutant 5-M (1D3M) vs. WT* (1L63). (c) Mutant 7b-M(1L0K) vs. WT* (1L63). (d)
Frozen mutant 10-sM(1LPY) vs. frozen WT*(1LW9). (e) Mutant G110RyV111M (1CV1) vs. WT* (1L63).
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Fig. 3. (a) Difference electron density map for mutant 7b-M with methionines substituted at sites 84, 91, 99, 111, 118, 121 and
133. Coefficients are F(mutant)-F (WT*) where F are observed structure amplitudes and phases are from the refined structure ofo o o

WT*. The map is contoured at increments of 3s wheres is the root-mean-square density throughout the unit cell. The backbone
structure of the C-terminal domain of T4 lysozyme is superimposed with nitrogen and carbon atoms drawn solid. For clarity, the
sidechains are omitted except at the sites of substitution.(b) Superposition of the C-terminal backbone of mutant 7b-M(solid
bonds) on that of WT* (open bonds). For clarity, all sidechains are omitted except at the sites of substitution.(c) Superposition of
the backbone of the C-terminal domain(residues 81–162) of mutant 10a-M(open bonds) on WT* (solid bonds). The superposition
is based on the alignment of residues 81–107 plus 125–162. The 10 residues that are substituted with selenomethionine in the
mutant structure are numbered.
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Table 4
Rates of refolding of methionine- and selenomethionine-sub-
stituted lysozymes

Methionine Selenomethionine
variants variants

Protein Rate,k Protein Rate,k
(s )y1 (s )y1

WT* 18.6 WT*-sM 17.8
L84M 8.7 L84sM 11.6
I100M 10.3 I100sM 12.4
V103M 21.1 V103sM 22.3
L133M 21.2 – –
F153M 13.2 F153sM 19.3
G110RyV111M 13.1 – –
2-M 11.7 – –
3-M 5.5 3-sM 8.0
4a-M 4.3 – –
4b-M 5.0 – –
5-M 5.1 5-sM 8.1
6a-M 4.7 – –
6b-M 5.6 – –
7a-M 5.0 7a-sM 9.6
7b-M 6.6 7b-sM 12.6
8a-M 5.7 – –
9a-M 4.4 9a-sM 7.8
I27MyL33M 17.7 – –
I17MyI27MyL33M 25.8 – –

The table gives the rates of refolding for single and multiple
mutants of T4 lysozyme and, insofar as they have been deter-
mined, the corresponding rates for the selenomethionine-sub-
stituted protein. The rates for the additional single methionine
mutants are given in Gassner et al.w8x.

mutants containing identical numbers of new
methionines but not V111M.

The rates of refolding of the multiple methio-
nine-containing mutants and their seleno-methio-
nine analogs are given in Table 4. As seen
previouslyw8x, approximately 50% of the expected
CD signal developed within the deadtime of the
instrument which was 11.5 msw8x. Two-component
exponential fits were done to the visible part of
the decay curves to calculate the refolding rates
which were taken to be the principal component
and to eliminate a low-amplitude, slower compo-
nent which has been ascribed to proline isomeri-
zation w8,25x. While rates determined by CD are
presented here, those determined by the same
method for the fluorescence signals were also
computed. For the 42 mostly single-site mutants
from Gassner et al.w8x plus the 24 new constructs

presented here, the average ratio of the refolding
rate determined by fluorescence to that determined
by CD was 0.98("0.07), that is, essentially unity.

The refolding rates tend to decrease with stabil-
ity but not in a monotonic manner at least not for
the multiple methionine mutants in the C-terminal
core. That is, for 3-M through 9a-M, refolding
rates are uniformly decreased relative to WT* but
only modest changes are apparent within the group,
with clustering approximately 5("0.8) s . Asy1

was the case for stabilities, the rates of refolding
for the selenomethionine-substituted constructs
were all greater than their methionine analogs
(with the exception of WT* itself).

As was observed for single methionine substi-
tution in the N-terminal domainw8x, stabilities are
decreased for multiple mutants(I27MyL33M and
I17MyI27MyL33M; Table 3) although kinetics of
refolding do not appear to be affected(Table 4).

5. Discussion

5.1. Tolerance to methionine substitution

One of the striking results of the present study
is the tolerance of T4 lysozyme to methionine
replacements within the core. The C-terminal
domain of the protein can be considered to include
residues 75–164 plus the N-terminala-helix (Fig.
1). As such it contains all the naturally-occurring
methionines in T4 lysozyme. Ignoring the N-
terminal helix this corresponds to 89 residues of
which 29 can be considered to be ‘buried’, i.e. the
surface areas of their sidechains are at least 90%
inaccessible to solventw23x. In the 10-Met mutant
10 out of 29, or 34%, of these buried core residues
are replaced with methionine. Nevertheless, the
protein still folds and is active.

At the same time, the successive substitution of
more methionines does result in a progressive loss
of stability. On average, each additional substitu-
tion decreases stability by approximately 0.65
kcalymol, with the individual point substitutions
ranging from 0.4 kcalymol for L99M and L133M
to 2.3 kcalymol for V87M w8x. The loss in stability
can be attributed to a combination of three factors.
First, a methionine sidechain has two more rotat-
able bonds than leucine(the most commonly
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Table 5
Comparison of B-factors in wildtype lysozyme and the protein
10a-sM substituted with 10 selenomethionines

Amino acid in WT* B-factor of Ca

atom(A )2˚
Average B for
sidechain atoms
(A )2˚

(SeMet in mutant)

WT* 10-sM WT* 10-sM

Leu84 21 23 20 36
Val87 17 26 18 39
Leu91 13 16 16 23
Leu99 13 11 19 41
Ile100 17 9 16 18
Val103 14 11 18 21
Val111 18 22 17 25
Leu118 17 34 18 50
Leu121 15 25 17 30
Leu133 16 15 15 27
Average 16 19 17 31

The table summarizes the B-factors for each of the residues
substituted in 10a-sM lysozyme. The first and third columns
are taken from the refined structure of flash-frozen WT* lyso-
zyme. The second and fourth columns are from the refined
structure of the flash-frozen mutant. In the latter case the side-
chains of residues 91, 99 and 111 have alternative conforma-
tions and the B-values quoted are the averages for the two
conformers.

replaced residue) and is estimated to require an
additional entropic free energy of approximately
0.8 kcalymol to localize in the folded structure
w6x. Second, the solvent transfer free energy of
methionine is approximately 0.6 kcalymol less
than that of leucine. Finally, the substituted methi-
onine may introduce steric clashes. In this context
it is of interest to note that L84M, a highly
destabilizing point mutant, distorts the local protein
backbone(Fig. 2a), whereas L99M and L133M,
the least destabilizing point mutants, cause very
little perturbation of the backbone close to the site
of substitution(Fig. 2a–c).

At the same time it should be emphasized that
a large change in structure does not necessarily
imply a large change in stability. In particular, as
shown in Fig. 2e the mutant G110RyV111M
causes a quite large(;3 A) change in the local˚
backbone but is only modestly destabilizing(0.6
kcalymol).

5.2. Maintenance of core packing

Generally speaking, the core of the protein
retains a well-packed, well-defined structure not-
withstanding the introduction of up to 10 methio-
nines. As can be seen in Fig. 2d there are a limited
number of backbone atoms in the 10-selenome-
thionine structure that move up to 3.5 A further˚
apart than in WT*. At the same time there are
also a few atoms that move approximately 1.5 A˚
closer to each other than in WT*. For most of the
atoms, however, the shifts are much less(see also
Fig. 3c). Thus, there is neither a dramatic expan-
sion nor a collapse of the mutant structure.

As was seen previously with up to seven sub-
stitutions w6x, the methionine sidechains tend to
follow the paths of one or both branches of the
aliphatic residues that they replace. This trend is
also followed with the larger constructs. The fol-
lowing is a brief summary of the behavior of the
10 selenomethionines in 10a-sM. Both conformers
of SeMet99 follow the CD2 branch of Leu99. The
CD1 branch is not available due to the increased
size of SeMet111. For SeMet91, one conformer
follows each of the possible branches of Leu91.
Val to SeMet substitutions are particularly disrup-
tive. For SeMet111, despite the considerable back-

bone shifts, both conformers are still relatively
cramped. For SeMet103, the sidechain follows the
CG1 path which has additional space as a result
of the substitution at Leu84. Because SeMet103
occupies volume near the CD1 branch of Leu84,
SeMet84 follows the other branch(CD2). Se-
Met100 follows the longer of the two possible
branches occupied by Ile100. The conformation of
SeMet118 seems to be the least like the wildtype
conformation and collapses toward the interior to
fill voids left by nearby mutations at 84, 87 and
99. At position 87, the SeMet sidechain follows
the CG1 path of Val87, largely because of
increased volume from the Leu121 replacement.
The CG2 path may be less favorable since it
appears to be solvent-exposed. SeMet121 has a
large backbone shift perhaps to make room for the
replacements of Leu118 and Val87. SeMet133
follows the CD1 branch of Leu133.

Table 5 compares the crystallographic B-factors
of the 10 substituted selenomethionines in the 10a-
sM structure with the corresponding residues in
the wildtype protein. As judged by the very modest
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Fig. 4. Comparison of the observed stability(DDG) of each
methionine multiple mutant(h) with the sum of the stabilities
(s) for each of the constituent single mutants(X). Observed
stabilities for the multiple mutants including V111M are indi-
cated (q). The figure includes every multiple mutant for
which the stabilities of the constituents are available(Table 3)
and the data are plotted as a function of the number of intro-
duced methionines. In some cases(e.g. 8a-M and 8b-M) the
total number of methionines(eight) was achieved in two or
more different ways(Table 1). This leads to two sets ofDDG
values, one for mutant 8a-M and the other for 8b-M.

increases in the B-factors of thea-carbon atoms,
the backbone of the mutant structure is essentially
as well ordered as that in the wildtype structure.
The selenomethionine sidechains in the mutant
structure do show an average increase in B-factor
from 17 A to 31 A , relative to WT*. Also the2 2˚ ˚
sidechains of SeMet 91, 99 and 111 each display
two alternate conformations at approximately
25:75 occupancy. Nevertheless, the interior of the
mutant still retains a well-defined structure with
little suggestion of molten-globule characteristics.

5.3. Additivity of changes in stability for multiple
mutants

Fig. 4 compares the observed loss in stability of
the multiple methionine mutants with the sum of
the loss of stability of each of the constituent
single mutants. Up to the point that six methionines
are included these values are almost identical. This
indicates that each of the methionine substitutions
is acting in an independent manner. Also, as

suggested in Fig. 2a,b, the structural changes
accumulate in an additive fashion with little if any
compensation or cancellation from one site to
another. However, with seven or more methionine
substitutions, the protein is somewhat more stable
than predicted by summing the effects of the
constituent single mutations. This effect is espe-
cially noticeable for the four variants 7b-M, 8a-M,
9a-M and 10a-M(Fig. 4). Strikingly, these are the
multiple mutants that include the substitution
V111M. As noted above, this replacement is locat-
ed within the F helix and also causes an unusually
large change in the backbone conformation(Fig.
2e). It is this same helix that undergoes the largest
structural change in response to changes at other
sites (Fig. 2a,b). This suggests that the effect of
the V111M mutation is to move part of the F
helix and to disrupt the hydrophobic contacts
between this helix and the rest of the protein.
When other mutants which also tend to distort the
F helix are combined with V111M, the energetic
cost of the distortion is shared. Thus, the combined
mutants realize net gains in stability relative to
their constituents. It may also be noted that the
variants that include V111M(7b-M, 8a-M, 9a-M
and 10a-M) all have enthalpies of unfolding that
are equal to or higher than their counterparts with
equal numbers of methionines. This also suggests
that the presence of V111M has improved the
packing in these variants.

The three residues in 10a-sM that have alterna-
tive sidechain conformations(sites 91, 99 and
111) are arranged in a line in the folded structure
but the newly-introduced selenomethionine side-
chains do not appear to strongly interact with each
other. Depending on the actual fractions of the
observed alternative conformations and whether
this variable occupancy is concerted or independ-
ent, we expect a stabilizing entropic contribution
to the free energy of up to approximately 1 kcaly
mol relative to a situation in which such motion
would not be possible. Present data are insufficient
to say whether or not this effect contributes to the
enhanced stability.

5.4. Kinetics of folding

Gassner et al.w8x previously determined the
kinetics of folding of a series of single alanine and
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Fig. 5. Comparison of the effects of mutations on the stability of T4 lysozyme and on the kinetics of folding.DDG is the change
in the Gibbs free energy of folding of the mutant relative to WT*.DDG is derived from the rate constants for folding(Table 4)‡

by the equationDDG syRTln(k yk ) wherek andk are the observed refolding rates of the mutant and WT*, respectively.‡
WT* mut mut WT*

(a) Single- and multiple-methionine mutants within the C-terminal domain of T4 lysozyme. The straight line was obtained previously
w8x. (b) Single- and multiple-methionine mutants within the N-terminal domain of T4 lysozyme.(c) Comparison of methionine and
selenomethionine mutants of T4 lysozyme. The arrowed lines connect the data point for the methionine-containing mutant with the
data point for the corresponding selenomethionine mutant.

methionine substitutions in T4 lysozyme. It was
found that many of the substitutions that destabi-
lized the molecule and were located in the C-
terminal domain also slowed down the rate of
folding. In contrast, destabilizing mutations that
were located in the N-terminal domain had little
effect on the rate of folding. The availability of
the multiple mutants described here, some of

which substantially reduce stability, provides an
opportunity to further examine this trend.

In Fig. 5a we compare the effect of single and
multiple methionine substitutions in the C-terminal
domain on the stability of T4 lysozyme and on
the kinetics of folding. Fig. 5b is a similar com-
parison for all available methionine substitutions
located within the N-terminal domain. Unfortu-
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nately, the latter sample is rather limited. Never-
theless, the overall trend seems clear. Within the
C-terminal domain, mutations that destabilize the
protein also reduce the rate of folding. In contrast,
mutations in the N-terminal domain may reduce
stability but they do not slow folding. This strongly
supports the idea that formation of the C-terminal
domain is rate-limiting in the folding of T4 lyso-
zyme and that the structure of this domain at the
transition state is akin to that of the fully-folded
protein although the hydrophobic core is not fully
developedw8x.

Additional support for this idea comes from a
comparison of the stability and kinetic data for the
methionine and selenomethionine proteins(Fig.
5c). Due to the increased hydrophobicity of selen-
omethionine relative to methionine, the selenome-
thionine-containing lysozymes are consistently
more stable than their methionine counterparts
w20x. At the same time, the structures of the Met
and SeMet proteins are highly isomorphousw19x.
Thus, the replacement of Met with SeMet makes
it possible to generate pairs of proteins which have
virtually identical structures but differ significantly
in stability (Table 3).

As shown in Fig. 5c the replacement of Met
with SeMet not only increases stability, but also
increases the rate of folding. This provides further
evidence that the rate-limiting step for folding of
T4 lysozyme must have a structure in which the
C-terminal domain is quite similar to that of the
folded protein.

Within the context of this overall observation
that refolding rates and stabilities are simply relat-
ed, we note that some effects in Fig. 5a appear to
be characteristic of the particular sites being con-
verted to methionine. The diagonal line(with slope
of 1y0.22) is drawn from Gassner et al.w8x
wherein it appeared that in the case of single
mutants approximately 22% of the free energy of
refolding was typically manifested during the for-
mation of a transition state. We note that points
for the multiple mutants depart from this line
approximately in accord with the degree to which
they contain mutations at sites 121 and 133. These
two individual mutations also depart from this line.
On a case-by-case basis, 2-M contains 121M and

is below this line. 3-M, 4a-M and 4b-M contain
neither 121M nor 133M and fall on or slightly
above the line. 5-M and 6a-M contain 121M and
are below it. 6b-M, 7a-M and 7b-M contain both
121M and 133M and are roughly twice as far
below the line. This is also the case for 8a-M and
9a-M which both contain 121M and 133M but
which also have 87M. V87M is a site which is
quite atypical as a single mutation but which in
the cases of these two multiples does not seem to
further contribute, possibly because it is part of
the same unit of secondary structure as L84M, a
mutation which reduces the refolding rate to an
even greater degree as a single site mutant than
does V87M.

While conditions have been found for which T4
lysozyme folding appears to be two-statew24x, the
WT* refolding pathway in the solvent condition
used here is known to have a kinetic intermediate
w25,26x. The presence of such an intermediate was
consistent with refolding data for T4 alanine and
methionine point mutantsw8,27x and has been seen
for other T4 lysozyme mutants(W.A.B. and
B.W.M., unpublished results). Hence, although
kinetic intermediates have not yet been directly
demonstrated for even the single-site T4 lysozyme
methionine mutants, it is likely the rates observed
here correspond to an intermediate-to-folded tran-
sition. This invites rationalization of these data in
terms of stability changes of an intermediate;
however, neither changes in barrier heights nor
transmission efficiencies over barriers can be ruled
out by our rate data.

Selenomethionine replacement of methionine
increases the stability of such constructs(Table 3).
It also accelerates the rate of refolding in a manner
that is directly proportional to the increase in
stability (see the connected arrows in Fig. 5c). In
other words, it appears for each of these mutants
that approximately 22% of the free energy of
folding is manifest in the formation of the transi-
tion state(Fig. 5c). We believe this means that
the isomorphism between methionine and seleno-
methionine found in the final folded proteins is
also present in the transition states. Because the
multiple mutants studied here are a nested set(e.g.
L84M is present in all multiples in Fig. 5c), the
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results may not be general. It seems, however, that
selenomethionine incorporation might be a suffi-
ciently small perturbation to allow the uncoupling
of stability effects from structural effects in the
study of protein folding, at least for those proteins
which contain or can be made to contain a suffi-
cient number of methionine residues.
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