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Abstract

To better understand the relation between sequence and structure, and in an attempt to simplify the protein folding
problem, a series of alanine substitutions was introduced into bacteriophage T4 lysozyme. In contrast to previous
studies in this system, which were restricted to singlea-helices, the present analysis included a helix–turn–helix
region, a loop–helix region, and twoa-helices that were well separated in the three-dimensional structure. It was
shown previously that T4 lysozyme is very tolerant of alanine substitutions withina-helices, especially at solvent-
exposed sites. The present study shows that the protein is also tolerant of such substitutions in turn and loop regions,
although less than in helices. The results confirm that the structural information in the amino acid sequence is highly
redundant. For example, the protein with the sequence AAAAAALAAAAWAAA folds normally, has melting127 141

temperature only 0.88C lower than wildtype, and has a crystal structure that is also very similar to wildtype.
Polyalanine substitutions within turns or loops can, however, lead to differences in structure and in folding. In one
example the triple substitution K35AyS36AyP37A caused this region of the molecule to change to a more helical
conformation. In a second case the mutant with the sequence AAAAALAAAKAALAAA , which spans a loop–34 49

helix region, had a dramatically altered thermal unfolding transition, suggesting that this region may tend to form a
single, uninterrupted, helix. Substitution of Ala38 in the above construct with aspartic acid caused the unfolding to
be more like wildtype, suggesting that residue 38, which is at a helix-capping position in the wildtype structure,
provides an initiation signal that is essential in the polyalanine mutant for the correct formation ofa-helix 39–50. In
a typical protein, the information that codes for the 3D structure is presumably distributed over many amino acids.
The present results suggest that in simplified sequences the key folding information may be restricted to a subset of
critical residues, and so be more readily accessible to experimental analysis.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Dedication

It is a special pleasure to dedicate this article to
our good friend, colleague and mentor, John
Schellman, and, at the same time, to acknowledge
the contributions and friendship of his wife Char-
lotte. John and Charlotte have both been involved
in, and have made critical contributions to, what
has become known as ‘the lysozyme project’.

Prior to our determination of the crystal structure
of bacteriophage T4 lysozymew1x, we invited
colleagues to predict the locations of the elements
of secondary structure. Among the 11 helix pre-
dictions that were received, Charlotte Schellman’s
was the most accurate(essentially co-equal with
that of Chou and Fasmanw2x) w3x. More recently
we used T4 lysozyme to investigate the role of the
‘Schellman motif’, named in Charlotte’s honor
w4,5x.

Our studies of the structures of mutant T4
lysozymes have been intimately coupled with anal-
yses of effects of the mutations on stability. The
experimental procedures to permit the stability
measurements, together with the theoretical under-
pinning, all originate directly from John Schell-
man’s laboratory w6–13x. Without these
contributions the ‘lysozyme project’ would not
have been possible.

1.2. The problem of protein folding

The question as to how the amino acid sequence
of a protein determines its three-dimensional struc-
ture has been attacked by a variety of experimental
and theoretical methodsw14–18x. One aspect of
the problem is the information that is encoded in
the sequence relative to the information that is
necessary to specify the structure. If we make the
admittedly gross oversimplification that the back-
bone conformation of each residue can be specified
by a binary choice, i.e. ‘helical’ or ‘extended’,
then the number of choices required to specify the
fold of a polypeptide chain ofn residues is on the
order of 2 . This corresponds to an informationn

content of w19x,2yn p ln p,nln 2 natsi i8is1

wherep is the probability of theith conformation.i

The fact that there are more than two possible
conformations per residue will increase this esti-
mate. The effects of excluded volume, however,
will reduce it. Bearing in mind that any one of the
20 amino acids can occur at any position in a
polypeptide chain, the chain can be estimated as
having on the order of 20 bits of information, orn

an information content of 20yn p ln p,i i8is1

The information in the sequencenln 20 nats.
therefore greatly exceeds that necessary to specify
the structure. Indeed, since ln 2yln 20s0.23, it can
be estimated that, in principle, only about a quarter
of the amino acids in a given sequence are required
to specify the 3D structure. In practice, it would
seem unlikely that nature would construct such a
protein since it would be very vulnerable to muta-
tion. Rather, the structural information is likely to
be shared by different amino acids to a different
extent. Having redundant information would per-
mit some mutation while maintaining the 3D
structure. Experimentally, however, one may be
able to create such proteins, thereby providing a
simplified model that could provide new insights
into the problem of protein folding.

One way to experimentally identify the residues
of high information content is by substitution with
alanine w20–25x. Because of the redundancy of
the structural information encoded in the amino
acid sequence, the site-by-site substitution tech-
nique may not be sufficient to identify the mini-
mum set of critical residues(if such a set exists).
Therefore, a strategy of combining multiple alanine
substitutions has been proposed to systematically
eliminate less-important interactions and to thereby
simplify the protein folding problemw22x.

Previously, alanine substitution in T4 lysozyme
has been restricted to helical regionsw22,26–28x.
It could be argued that such substitutions are
especially favorable since alanine is a residue of
high helical propensity(e.g. seew29x and refer-
ences therein). Indeed, alanine substitution at
appropriate sites within helices can increase the
stability of the proteinw22,28,29x. In the present
report we describe a series of polyalanine substi-
tutions in both helical and non-helical regions of
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T4 lysozyme. These studies identify a helix initi-
ation (or termination) signal that, in a certain
context, seems to be critical for correct folding.

2. Materials and methods

2.1. Protein purification

Mutants were generated via the method of Kun-
kel et al. w30x either in wildtype lysozyme(WT)
or in the cysteine-free pseudo-wildtype protein
(WT*) which includes the mutations C54T and
C97A w31x.

Proteins were purified as described by Poteete
et al. w32x. The yield of some of the less stable
proteins was substantially reduced relative to
wildtype.

2.2. Crystallography

Crystallization was first attempted using;2 M
phosphate, pH;6.7–7.0, as for wildtypew33x. As
necessary, a ‘fast screen’ of alternative conditions,
based on Jancarik and Kimw34x was also used. X-
ray data were collected using a multiwire detector
w35,36x or oscillation photographyw37,38x. Struc-
tures of the mutants that crystallized isomorphous-
ly with wildtype were determined and refinedw39x
by standard procedures(e.g. w40x). Mutants that
crystallized in novel space groupsw41x (Table 3)
were determined by molecular replacement
w42,43x. For crystal forms with multiple copies of
the molecule in the asymmetric unit, but limited
resolution, averaging of the electron density maps
was used to improve their quality.

2.3. Thermal unfolding

Circular dichroism monitored thermally promot-
ed unfolding and data analysis were as described
w33x. Protein concentrations were between 5 and
30 mgyml and reversibility upon cooling was in
excess of 90%. Where appropriate(Table 2), free
energy changes were calculated using a two-state
model at an isotherm of 508C using a constant
DC of 1.8 kcalymol degw33x.p

3. Results

The regions of secondary structure of T4 lyso-
zyme that are the subject of the present analysis,
and the mutants that have been made, are shown
in Table 1 and Fig. 1. The locations within the
molecule as a whole are shown in Fig. 2.

3.1. Analysis of a helix–turn–helix

Previously it was shown that the combination
of the 4 substitutions D127A, E128A, V131A and
N132A within the a-helix that includes residues
126–134 increased the melting temperature of the
protein by 4.08C at pH 2.02w26x. The sequence
of the resultant mutant within thea-helical region
is WAAAAAALA . It can also be identified126 134

as A127–134(L ) (Fig. 1a), indicating that there133

are alanines from residue 127 to 134 except at site
133 where leucine is retained as in the wildtype
protein.

One part of the present study was to extend the
alanine substitutions beyonda-helix 126–134 up
to residue 141. Overall, the segment investigated
includes the initial helix, 126–134, a short turn
(residues 135–136) and the following short helix,
137–141(Figs. 1 and 2). Two triple-alanine sub-
stitutions K135AyS136AyR137A and Y139Ay
N140AyQ141A were added in two steps. The
two-step procedure is convenient for the oligonu-
cleotide-directed mutagenesis and also allows the
two segments to be evaluated independently. These
additional alanine substitutions were chosen to be
at the C-terminus rather than the N-terminus of
helix 126–134 because more of the sites were
solvent-exposed and the replacements therefore
less likely to perturb the protein core. Trp138,
which has 93% of its sidechain buried, was left
unchanged. It has previously been shown that the
substitutions Trp138™Ala and Trp138™Tyr
destabilize T4 lysozyme by 3.2 and 3.0 kcalymol,
respectively(Xu et al., unpublished;w10x).

With the exception of Trp138, as well as the
buried residue Leu133, alanine substitutions within
the helix–turn–helix region 127–141 do not, in
general, destabilize the protein significantly. For
example, the melting temperatures of the mutants
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Table 1
Identification of mutant lysozymes

Name Lab PDB Substitutions
of mutant code code included in mutant

A128–132 37AAA 1L36 E128AyV131AyN132A
A127–132 4006A 1L73 D127AyE128AyV131AyN132A
A128–134 4007A 1L74 E128AyV131AyN132AyL133A
A127–134 5003A 1L75 D127AyE128AyV131AyN132AyL133A
A128–137(L )133 6004A 168L E128AyV131AyN132AyK135AyS136AyR137A
A127–137(L )133 7002A – D127AyE128AyV131AyN132AyK135AyS136A
A127–141(L W )133 138 10A01 – D127AyE128AyV131AyN132AyK135AyS136AyR137AyY139AyN140AyQ141A
A128–141(L W )133 138 9001A 169L E128AyV131AyN132AyK135AyS136AyR137AyY139AyN140AyQ141A
A40–49 A40–49 1L64 N40AyK43AyS44AyE45AyL46AyD47AyK48AyWT*
A40–49(K L )43 46 – – N40AyS44AyE45AyD47AyK48AyWT*
A40–49(K L )yA127–13243 46 I001A 192L N40AyS44AyE45AyD47AyK48AyD127AyE128AyV131AyN132AyWT*
A34–37 4008A 151L T34AyK35AyS36AyP37A
A34–49(L K L )39 43 46 J001A – T34AyK35AyS36AyP37AyS38AyN40AyS44AyE45AyD47AyK48AyWT*
S38A S38A – S38A
S38D S38D 1L19 S38D
A34–49(D L K L )38 39 43 46 J002A 174L T34AyK35AyS36AyP37AyS38DyN40AyS44AyE45AyD47AyK48AyWT*
A34–49(D L K L )35 39 43 46 J003A – T34AyK35DyS36AyP37AyS38AyN40AyS44AyE45AyD47AyK48AyWT*
A34–49(D L K L )36 39 43 46 J004A – T34AyK35AyS36DyP38AyS38AyN40AyS44AyE45AyD47AyK48AyWT*
A34–49(D L K L )37 39 43 46 J005A – T34AyK35AyS36AyP37DyS38AyN40AyS44AyE45AyD47AyK48AyWT*
A34–49(L D K L )39 40 43 46 J006A – T34AyK35AyS36AyP37AyS38AyN40DyS44AyE45AyD47AyK48AyWT*
A53–57(C G )54 56 33AAA 190L N53AyN55AyV57A
A53–58 6005A – N53AyC54AyN55AyG56AyV57AyI58A
A52–58 7004A – R52AyN53AyC54AyN55AyG56AyV57AyI58A
A53–57(C G )yA128–13254 56 6003A 191L N53AyN55AyV57AyE128AyV131AyN132A
A53–62(T K )59 60 7005A – N53AyC54AyN55AyG56AyV57AyI58AyE62A
A34–37yA128–132 7003A – T34AyK35AyS36AyP37AyE128AyV131AyN132A

Variants that are designated WT* include the substitutions C54T and C97A.

A127–141(L W ) and A128–141(L W )133 138 133 138

( AAAAAALAAAAWAAA and AAAAA-127 141 128

LAAAAWAAA ) which have 10 and 9 alanine141

substitutions, respectively, are only 0.98C lower
than that of wildtype lysozyme at pH 3.0(Table
2).

The triple substitution E128AyV131AyN132A
within helix 126–134(mutant A128–132) increas-
es the melting temperature by 2.28C at pH 3.0.
Addition of the 3 substitutions K135AyS136Ay
R137A, the first two of which are in the turn
region (Fig. 1a, Fig. 2), to give mutant A128–
137(L ), i.e. AAAAALAAAA , reduces sta-133 128 137

bility by 3.2 8C at pH 3.0(i.e. by approximately
1.4 kcalymol). This suggests that alanine substi-
tutions in turn regions are tolerated, although
perhaps less well than ina-helices.

The structures of two of the mutants with
multiple alanine substitutions in the 127–141

region were determined, namely A128–137(L )133

and A128–141(L W ).133 138

The first of these, with sequence
AAAAALAAAA , has 6 substitutions in the128 137

helix–turn region of the helix–turn–helix. It crys-
tallized in space group P2 2 2 with five lysozyme1 1

molecules per asymmetric unit in a pentameric
arrangementw41x. If the backbone atoms of the
carboxy-terminal domain of the protein(residues
80–160) are superimposed on wildtype the root-
mean-square discrepancy is 0.45 A. For the region˚
of the substitution(residues 126–137) the discrep-
ancy is 0.65 A. Thus, the overall backbone struc-˚
ture is quite well conserved in the mutant.

The second mutant whose structure was deter-
mined has 9 alanine substitutions extending
throughout the entire helix–turn–helix region, to
give the sequence AAAAALAAAAWAAA .128 141

It crystallized in space group P2 , but again with1
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Fig. 1. Identifications of polyalanine mutants. The name A127–141(L W ), for example, means that residues 127–141 are all133 138

alanine except that residue 133 is leucine and residue 138 is tryptophan. See Table 1 for additional information. Amino acids that
are altered relative to wildtype are indicated in boldface. The ‘solvent accessibility’ is the fraction of the sidechain accessible to
solvent where 10 corresponds to 100% solvent-accessible and 0 is fully buried. The location of each residue is indicated as either
a (‘a-helix’), s (‘strand’), or b (‘b-sheet’). The reference protein in which each mutant was constructed is given in Table 2.(a)
Mutations in the vicinity of residues 126–147.(b) Mutations in the vicinity of residues 34–58.

five crystallographically independent molecules in
a pentameric arrangementw41x. In both of the
pentameric arrangements none of the alanine sub-
stitution sites are involved in the protein–protein
contacts within the ring, suggesting that the poly-
alanine substitution does not, of itself, favor the
formation of the pentamer. In the wildtype crystal

structure, however, residues Lys135–Ser136–
Arg137 participate in a crystal contact with
Lys48–Ala49–Ile50–Gly51 of a neighboring mol-
ecule w44x. Presumably, it is the elimination of
these contact residues that leads to alternative
crystal forms, although it is not obvious why the
pentameric association occurs in these two cases.
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Fig. 2. Backbone of T4 lysozyme showing the residues that were replaced with alanine.

Based on superposition of the carboxy-terminal
domain of the refined structure, the backbone
atoms in the vicinity of the substitutions(residues
126–141) differ from wildtype by 0.73 A(root-˚
mean-square). Thus, even the substitution of nine
residues with alanine does not change the local

structure to a very great degree. There is a rather
large change in the hinge-bending angle between
the amino- and carboxy-terminal domains but this
is observed in a number of mutant lysozymesw41x
and is not attributed to the polyalanine substitution,
per se.
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Table 2
Stabilities of mutant lysozymes

Mutant Reference DTm DH DDG
lysozyme protein (8C) (kcalymol) (kcalymol)

A128–132 WT 2.2 137 0.9
A127–132 WT 2.4 129 0.85
A128–134 WT y7 102 y2.5
A127–134 WT y7 103 y2.5
A128–137(L )133 WT y1.0 107 y0.5
A127–137(L )133 WT y0.9 102 y0.5
A127–141(L W )133 138 WT y0.8 103 y0.5
A128–141(L W )133 138 WT y0.9 102 y0.5

A40–49 WT* y8.5a 70a y2.1a

A40–49(K L )43 46 WT* 3.1a 117a 1.1a

A40–49(K L )yA127–13243 46 WT* 5.2 117 1.75

A34–37 WT y1.6 109 y0.7
A34–49(L K L )39 43 46 WT* y10 – –
S38A WT y1.95 118 y0.77
S38D WT 0.5b 123b 0.2b

A34–49(D L K L )38 39 43 46 WT* y3.8 – –
A34–49(D L K L )35 39 43 46 WT* y9.2 – –
A34–49(D L K L )36 39 43 46 WT* y8.5 – –
A34–49(D L K L )37 39 43 46 WT* y7.4 – –
A34–49(L D K L )39 40 43 46 WT* y9.7 – –

A53–57(C G )54 56 WT y4.0 104 y1.5
A53–58 WT y15.8 43 ;y4
A52–58 WT y16.4 40 ;y4
A53–57(C G )yA128–13254 56 WT y2.0 105 y0.8
A53–62(T K )59 60 WT y16.4 42 ;y4
A34–37yA128–132 WT 0.5 97 y0.2

DT is the melting temperature change relative to the reference protein.DH is the enthalpy of unfolding measured atT . DDGm m

is the difference between the free energies of unfolding of the mutant and reference proteins. In the solvent used here, which was
25.0 mM KCl, 20.0 mM KPO , pH 3.0, theT of WT is 53.48C with a DH of 127 kcalymol and theT of WT* is 51.7 8C with4 m m

a DH of 114 kcalymol. Errors inDDG for these data are expected to not exceed"0.2 kcalymol. Those proteins for whichDH and
DDG are not given did not unfold in a two-state manner and there was clear persistence of dichroism beyond the initial transition.
For these data a ‘T ’ was estimated from the midpoint of the first, relatively high enthalpy transition by means of overlaying them

thermal unfolding curves. No attempt was made to fit this single wavelength unfolding data to more complex thermodynamic
models. Errors in ‘T ’ determined in this fashion are on the order of"0.3 8C.m

From Heinz et al.w27x.a

From Nicholson et al.w50x.b

3.2. Analysis of a loop–helix–loop

In a second phase of the present study, the prior
analysis ofa-helix 39–50 w27x was extended to
include both the preceding and the following loops
(residues 34–38 and 51–57) (Figs. 1 and 2).

First, the substitutions K35A, S36A and P37A
were introduced in the loop that precedes helix
39–50. At the same time, Thr34, the last residue
of the precedingb-sheet was also changed to

alanine to give the mutant A34–37(Fig. 1). This
variant had limited effect on stability and on the
nature of the unfolding transition(Table 2). (Sub-
stitutions that include the fourth turn residue,
Ser38, behave in a very different manner and will
be discussed separately.)

Mutant A34–37 was crystallized under condi-
tions similar to wildtype but in space group R3
rather than P3 21w41x (Table 3). The protein2

molecules associate to form a tightly packed trimer
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Table 3
X-ray data collection and refinement statistics

Mutant I001A 33AAA 6003A 6004A 9001A J002A 4008A

Space group P3 212 P3 212 P3 212 P2 2 21 1 P21 P63 R3

Cell dimensions
a (A)˚ 61.1 60.6 61.0 157.2 40.4 89.7 100.5
b (A)˚ 61.1 60.6 61.0 177.9 112.3 89.3 100.5
c (A)˚ 95.1 95.8 97.2 40.5 135.2 87.1 40.8
b (8) 91.7

Data collection
Resolution(A)˚ 1.9 2.0 1.95 2.9 3.0 2.3 2.2
Molecules per asymmetric unit 1 1 1 5 5 2 1
Data completeness(%) 66 88 86 82 56 98 86
R (%)merge 7.6 6.4 5.0 9.9 10.6 3.0

Refinement
R (%) 16.9 17.1 17.1 19.9 16.1 19.8 18.7
D (A)bond length

˚ 0.016 0.017 0.016 0.017 0.015 0.015 0.016
D (8)bond angle 2.2 2.3 2.3 2.7 2.4 2.7 2.7
PDB code 192L 190L 191L 168L 169L 174L 151L

Mutants are listed by their laboratory code numbers. The full identifications are given in Table 1. Data for I001A were collected
by oscillation photography and the remainder by use of an area detector.

with the substituted alanines at positions 34, 35
and 37 participating in the trimer interface. During
refinement, difference electron density maps clear-
ly indicated a substantial change in the mutated
region (Fig. 3a). If the rigid parts of the amino-
terminal domain plus the amino-terminala-helix
(i.e. residues 3–11, 15–18, 25–30 and 40–60) are
superimposed on the wildtype structure, the back-
bone within the mutated region(residues 33–38)
differ by 3.3 A (Fig. 3b). In wildtype lysozyme˚
residues 33–38 are in a somewhat extended(i.e.
non-compact) loop with no two consecutive resi-
dues being in the ‘a’ region of the Ramachandran
diagram(Table 4). In the mutant, however, Ala34
and Ala35 adopt thea-conformation, and Ala37
and Ser38 are roughly in this conformation as well
(Table 4). Thus, residues 33–36 and 36–39 form
two, consecutive, ‘aa-type’ b-turns w45x.

It could be asked whether this change to a more
‘a-like’ conformation is due to the substitution of
the 4 alanines or might, rather, be due to the
replacement of Pro37. This would seem not to be
the case in that the structure of the single mutant
Pro37™Ala w46x has been determined and found
to be virtually identical with wildtype(root-mean-

square discrepancy of 0.09 A for the backbone˚
atoms of residues 15–60). Since it is just a matter
of deleting the appropriate sidechains, it is trivial
to construct a model with the mutant sequence and
the wildtype conformation. The inverse model-
building experiment, however, in which the wild-
type sidechains are built into the crystal structure
of the mutant, results in steric conflicts which
suggest that the wildtype sequence cannot adopt
the conformation seen in the mutant. In the mutant
structure, Ala36 is completely buried, suggesting
that the substitution S36A may be required for the
conformational change. Also the substitution T34A
would tend to create a cavity, presumably desta-
bilizing the native structure.

Substitution of some of the residues in the loop
that follows helix 39–50 (e.g. N53AyN55Ay
V57A to give mutant A53–57(C G )), have54 56

limited effect on stability. If, however, 7 consecu-
tive alanines are substituted in this region the
resultant mutant A52–58 is substantially destabi-
lized (Table 2). This is presumably because Arg52
and Glu62 form a salt bridge that is estimated to
contribute approximately 2 kcalymol to the stabil-
ity of the folded protein at neutral pHw47x. Also
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Fig. 3. (a) Difference electron density map in the vicinity of residues 33–38 in the mutant A34–37. The model of the structure
with residues 33–38 deleted was refined for 8 cycles. Structure factors,F , and phases were then calculated and were combinedc

with the observed amplitudes,F , to calculate a map with coefficients(F yF ). The map is contoured at 3s and is to 2.2 Ao o c
˚

resolution.(b) Superposition of the structure of mutant A34–37(solid bonds) on WT (open bonds) showing the large change in
conformation in the vicinity of the mutation. The overall superposition of the two structures is based on the backbone atoms within
the amino-terminal domain, i.e. residues 15–70.

the (w, c) values for Gly56 are in the ‘left-
handed’ region of the Ramachandran diagram,
common for glycine but rare for alanine.

The crystal structure of the mutant with 3
substitutions (i.e. mutant A53–57(C G ),54 56

sequence ACAGA) was determined. In this53 57

case the mutated residues are all solvent-exposed
and, even though Asn53 and Asn55 participate in
a crystal contact, the mutant crystallized isomor-
phously with wildtype. The refined structure
(Table 3) is very similar to that of wildtype with
overall root-mean-square discrepancy between the

backbone atoms of 0.22 A. Within the region of˚
the mutations(residues 50–59) the discrepancy
was 0.19 A.˚

3.3. Combination of two distant polyalanine
helices

To investigate the combination of polyalanine
substitutions at separate sites, replacements within
a-helix 126–134 were combined with those ina-
helix 39–50. These helices are approximately 40
A apart(Fig. 2).˚
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Table 4
Change in backbone dihedral angles in the vicinity of residues
32–40 for mutant A34–37

Wildtype Mutant A34–37

Amino w c Amino w c

acid acid

Leu32 y64 131 Leu y68 134
Leu33 y95 y48 Leu y99 80
Thr34 y164 150 Ala y55 y22
Lys35 y89 y1 Ala y91 y15
Ser36 y76 148 Ala y96 120
Pro37 y73 y19 Ala y108 8
Ser38 y81 125 Ser y124 y106
Leu39 y66 y22 Leu 172 y41
Asn40 y78 y37 Asn y58 y41

First, the mutant with the sequence
ACAGA , was combined with the previously53 57

described variant E128AyV131AyN132A w22x, to
give A53–57(C G )yA128–132. The stability of54 56

this variant was close to WT*(Table 2). The
mutant also gave crystals isomorphous with wild-
type and a very similar structure(overall backbone
discrepancy of 0.26 A).˚

An alternative construction gave mutant A40–
49(K L )yA127–134(L ) which combines the43 46 133

sequence segments LAAAKAALAAAI and39 50

WAAAAAALA . This protein is 5.2 8C more126 134

stable than wildtype at pH 3.0(Fig. 4a) and is
additive in terms of its constituent parts.

The mutant was crystallized isomorphously with
wildtype, although with a decrease of 1.7 A in the˚
c cell dimension(Table 3). This is presumably
due to the fact that although helices 39–50 and
126–134 are at opposite ends of the lysozyme
molecule, helix 39–50 of one molecule forms a
crystal contact with helix 126–134 of an adjacent
molecule. Associated with the adjustment in the
crystal contact, and the reduction in the cell dimen-
sion, there is a change of 58 in the hinge-bending
angle between the two domains. Otherwise, the
mutant structure is well conserved with root-mean-
square difference in coordinates for the amino-
terminal domain (i.e. residues 15–60) and
carboxy-terminal domain(residues 80–160) of
0.27 and 0.26 A, respectively. Within the carboxy-˚
terminal domain the backbone of Lys135 moves
by 1.2 A, presumably due to a combination of the˚

effects of the multiple mutations plus changes in
the crystal contacts in which this residue partici-
pates. Within the amino-terminal domain there is
no residue that has a root-mean-square coordinate
shift larger than 0.5 A.˚

None of the residues substituted here are thought
to be directly involved in catalysis although
Asn132, Lys135, Ser136, Arg138 and Gln141
participate in substrate bindingw48x.

4. Discussion

4.1. Tolerance to polyalanine substitutions within
different types of secondary structure

It has previously been shown that multiple
alanine substitutions in different helices of T4
lysozyme are well tolerated. Alanine substitutions
at solvent-exposed sites generally change stability
little, and, so long as favorable interactions are not
lost, can often increase the stability of the protein
w22,26–28x. Alanine substitutions at buried sites
are usually destabilizingw33,49x. The thermody-
namic measurements, per se, do not show whether
these differences in stability are due to changes in
the folded or the unfolded state.

The present results provide further support for
these general principles. They also show that
polyalanine substitutions in differenta-helices can
be combined together. The mutant A40–
49(K L )yA127–134(L ) combines a total of43 46 133

9 alanine substitutions in two different helices and
actually increases the melting temperature of the
protein by 5.28C. The mutant includes the two
sequence segments AAAKAALAAA and40 49

AAAAAALA , i.e. a total of 15 alanines127 134

within a combined span of 18 residues. Neverthe-
less the protein folds normally, based on halo size
at 37 8C is fully active, could be crystallized, and
retained a 3D structure very similar to wildtype.
In this case the twoa-helices were far apart in the
3D structure and the effects on stability were
additive.

In a second example, mutant A127–
141(L W ) included 10 alanine substitutions133 138

within two consecutivea-helices (126–134 and
137–141) without significantly changing stability
(Table 2). The sequence of this mutant, i.e.
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Fig. 4. Thermal unfolding transitions followed by changes in circular dichroism, of representative lysozyme mutants.(a) Comparison
of standard, cysteine-free wildtype lysozyme(WT*) with mutant A40–49(K L )yA127–132, which is 5.28 more stable.(b)Mutant43 46

A34–49(L K L ) has the sequence AAAAALAAAKAALAAA and begins to unfold at a temperature less than that of wildtype,39 43 46 34 49

but seems to retain some helical character at a temperature when WT* is fully unfolded. If Ala38 in this polyalanine mutant is
replaced with aspartic acid, to give the mutant A34–49(D L K L ), the unfolding transition reverts closer to that of wildtype.38 39 43 46
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AAAAAALAAAAWAAA , included 13 ala-127 141

nines within a contiguous span of 15 residues.
This mutant includes the 2 substitutions K135A
and S136A within the turn connecting the two
helices. This and a number of other mutants with
substitutions in turn or loop regions, including
A53–57(C G ), A53–58, A52–58, A34–37 and54 56

A34–37yA128–132, all suggest that such substi-
tutions can be tolerated(Table 2), although not
quite so well as withina-helices. In the crystal
structures of the mutants A53–57(C G ) and54 56

A53–57(C G )yA128–132, both the overall54 56

structure and the local conformation of the back-
bone were well conserved suggesting that changes
in stability that did occur were due to a loss of
interactions within the substituted sidechains. In
the crystal structure of mutant A34–37, however,
a change to a morea-like conformation in the
vicinity of the substitution was observed(Fig. 3b).
This suggests that multiple alanines tend to adopt
a helical conformation, consistent with their high
a-helix propensity(w28x and references therein).
In other words, multiple alanine substitutions with-
in turn or loop regions will tend to adopt a
conformation that differs from the conformation in
native lysozyme(an extreme example of this is
discussed below).

4.2. A helix initiation signal

It was previously shown thata-helix 39–50 can
be stabilized by alanine substitutions, as in the
polyalanine mutant A40–49(K L ) (Table 2)43 46

w27x. The loop that precedes the helix was also
seen in the mutant A34–37 to be tolerant of
alanine substitutions. When these two mutants
were combined together, however, and the substi-
tution Ser38™Ala was also included, to give the
mutant A34–49(L K L ), the protein behaved39 43 46

in an unexpected manner. In the first place the
stability was very much reduced(DT sy10.4m

8C) (Table 2). This was not anticipated because
the two major constituent mutants, A40–
49(K L ) and A34–37, were themselves either43 46

stabilizing or neutral. The remaining constituent
mutant S38A was constructed as a single substi-
tution, and, as expected, had little effect on stabil-
ity since Ser38 is largely solvent-exposed. Also,

the mutant S38Dw50x is known to be slightly
stabilizing(Table 2). The second unusual property
of mutant A34–49(L K L ) is its atypical ther-39 43 46

mal transition(Fig. 4b) which suggests that the
mutant protein begins to unfold at a temperature
;10 8C lower than wildtype, but then maintains
substantiala-helical structure at a temperature well
above that at which WT* is completely unfolded
(Fig. 4b). This suggests that the high proportion
of alanines present in A34–49(L K L ), i.e.39 43 46

AAAAALAAAKAALAAA , tends to cause this34 49

region to form a single longa-helix. Such an
extendeda-helix is different from the native struc-
ture which consists of a loop followed by a helix.

In wildtype lysozyme Ser38 is at the N-cap
position of a-helix 39–50 and itsg-hydroxyl
accepts hydrogen bonds from the amide groups in
the first turn of thea-helix w50x. It therefore seems
that residue 38 might serve, at least in part, as an
initiation signal for helix 39–50(cf. w51x). Accord-
ing to this hypothesis, residues 34–49 in the
alanine-rich mutant A34–39(L K L ) either39 43 46

form a single extendeda-helix in the ‘unfolded’
state, or form such a helix during condensation of
the structure, and so interfere with the normal
folding process. This would rationalize the reten-
tion of a-helical structure under denaturing con-
ditions, as judged by CD, and the substantial loss
in stability of the folded versus the unfolded
structure(Fig. 4b).

As a test of this hypothesis we performed
random mutagenesis on residue 38 in the polyalan-
ine background(i.e. in the context of the alanine-
rich mutant A34–39(L K L )). A small number39 43 46

of plaques gave halos indicative of functional
lysozyme and on sequencing proved to contain the
lysozyme in which Ala38 had been replaced by
aspartic acid. Aspartic acid is a preferred helix-
capping residuew52,53x. This single substitution,
giving the mutant A34–49(D L K L ), caused38 39 43 46

the behavior of the protein to revert much closer,
although not entirely, to wildtype(Fig. 4b). This
strongly supports the idea that residue 38 provides
at least part of a helix initiation signal that is
necessary for the fold observed in T4 lysozyme.

We were not able to crystallize mutant A34–
49(L K L ) but did obtain the structure of A34–39 43 46

49(D L K L ). In this structure the sidechain38 39 43 46
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of Asp38 appears to act as an N-cap for the residue
39–50a-helix. However, an alanine at site 38 is
not, of itself, substantially destabilizing(Table 2).
Rather, it seems that in the context of the poly-
alanine mutant A34–49(L K L ), Asp38 acts as39 43 46

a helix initiation signal.
In a typical protein, the information that codes

for the 3D structure is presumably distributed over
many amino acids. The present results suggest that
in simplified sequences the key folding informa-
tion may be restricted to a subset of critical
residues, and so be more readily accessible to
experimental analysis.
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