
Tolerance of a protein helix to multiple alanine and valine
substitutions
Lydia M Gregoret1 and Robert T Sauer2

Background: Protein stability is influenced by the intrinsic secondary structure
propensities of the amino acids and by tertiary interactions, but which of these
factors dominates is not known in most cases. We have used combinatorial
mutagenesis to examine the effects of substituting a good helix-forming residue
(alanine) and a poor helix-forming residue (valine) at many positions in an α helix
of a native protein. This has allowed us to average over many molecular
environments and assess to what extent the results reflect intrinsic helical
propensities or are masked by tertiary effects.

Results: Alanine or valine residues were combinatorially substituted at 12
positions in α-helix 1 of λ repressor. Functional proteins were selected and
sequenced to determine the degree to which each residue type was tolerated.
On average, valine substitutions were accommodated slightly less well than
alanine substitutions. On a positional basis, however, valine was tolerated as
well as alanine at the majority of sites. In fact, alanine was preferred over valine
statistically significantly only at four sites. Studies of mutant protein and peptide
stabilities suggest that tertiary interactions mask the intrinsic secondary
structure propensity differences at most of the remaining residue positions in
this α helix.

Conclusions: At the majority of positions in α-helix 1 of λ repressor, tertiary
interactions with other parts of the protein can be viewed as an environmental
‘buffer’ that help to diminish the helix destabilizing effects of valine mutations
and allow these mutations to be tolerated at frequencies similar to alanine
mutations.

Introduction
Understanding the determinants of the stability of native
proteins at the level of secondary and tertiary structure is a
prerequisite for rational protein design or engineering. The
interplay between the formation of local secondary struc-
ture and global tertiary contacts is also a crucial factor in
the cooperativity of protein folding. The simplest elements
of secondary structure in proteins are α helices. By varying
the amino acids at certain, ideal positions in the α helices
of proteins or peptides and measuring the accompanying
changes in stability, scales have been devised that attempt
to quantify the intrinsic α-helical propensities of different
sidechains [1–7]. Although context is always a factor in
such studies, the positions at which such changes are made
are generally chosen to minimize the possibility of tertiary
contacts and, in general, most helical propensity scales
have similar relative rankings of amino acids. For example,
alanine is always one of the best helix-forming residues, as
are residues such as lysine, glutamine and methionine,
whose sidechains have straight-chain aliphatic regions. In
contrast, β-branched residues, such as valine, and amino
acids with short sidechains that can form hydrogen bonds,
such as asparagine and serine, are invariably poor helix

formers. In energetic terms, the average difference
between a good helix former like alanine and a poor helix
former like valine is modest, ~0.5 kcal/mol, although this
value can be as high as 1.0 kcal/mol [8] or as low as
0.3 kcal/mol [6] depending upon the scale chosen.

When amino acid substitutions are made at most α-helical
positions in proteins, there can be a myriad of energetic
effects caused by the perturbation of packing interactions
or other types of tertiary contacts in addition to changes in
helix propensity. The question then becomes whether the
stability effects caused by differences in intrinsic sec-
ondary structure propensities are, on average, swamped out
by these tertiary effects. To address this question, we have
used combinatorial mutagenesis to examine the effects of
substituting a good helix-forming residue (alanine) and a
poor helix-forming residue (valine) at many positions in an
α helix of a native protein. By studying multiple substitu-
tions, small effects can be amplified. Thus, the extent to
which it is possible to accumulate mutations of either type
is a measure of the relative ease with which they may be
accommodated in helical positions within a protein. More
importantly, however, by probing many different positions
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simultaneously, the results are averaged over many indi-
vidual molecular environments and we can then ask to
what extent the results reflect intrinsic helical propensities
or are masked by tertiary effects.

The combinatorial mutagenesis experiments reported
here were performed in α-helix 1 of the N-terminal
domain of λ repressor [9,10]. This 16-residue helix was
chosen because it seems largely to serve a structural role in
the protein (only the hydroxyl group of Tyr22 makes a
DNA phosphate contact); the major surfaces required for
operator-DNA binding or dimerization are formed by
other parts of the N-terminal domain. In addition, previ-
ous studies of residue substitutions in helix 1 are available
for comparison [11] and peptides corresponding to this
helix show significant helix formation in solution, allowing
the effects of mutations on the intrinsic stability of this
helix to be studied in isolation [12].

Results
Combinatorial mutagenesis
12 structurally diverse residue positions in α-helix 1 of the
N-terminal domain of λ repressor were chosen for mutage-
nesis. These include residues in the hydrophobic core
(Ala15, Leu18, Ile21 and Tyr22), residues involved in an
intrahelical salt bridge (Asp14 and Arg17), an N-cap
residue (Thr8), and five surface residues (Glu10, Leu12,
Glu13, Ala20 and Glu23). Figure 1 shows two views of
these sidechains in the context of the native protein.

In one experiment, each of these positions was altered in a
combinatorial manner using binomial mutagenesis so that
the wild-type codon or a valine codon were equally proba-
ble [13]. The resulting ‘valine’ library consists of a pool of
212 (4096) sequence variants. In a parallel experiment, the
same positions were combinatorially mutated so that the

wild-type codon or an alanine codon were equally proba-
ble. Because residues 15 and 20 are alanine in the wild-type
protein, 1024 variants comprise this ‘alanine’ library.

Cross-streaking against phage λKH54 was used to screen
1700 transformants from the valine library and 1000 trans-
formants from the alanine library for repressor function
[13,14]. In this assay, biologically active repressor variants
confer immunity to the host cell against the superinfecting
phage. Plasmid DNA was isolated from immune clones
and the genes for the N-terminal domain were sequenced.
After correcting for out-of-frame and other error sequences,
~4% of the sequences in the valine library and 8% of the
sequences in the alanine library were found to be active.
This corresponds to ~160 active valine sequences and ~80
active alanine sequences. A number of repressor genes
from non-immune clones were also sequenced for both
libraries. Among inactive mutants, the average numbers of
alanine and valine substitutions per sequence were 5.1 and
6.5, respectively. Because most mutants in both libraries
are inactive, the average number of substitutions would be
expected to be close to 5.0 for inactive alanine mutants and
6.0 for inactive valine mutants. The similarities between
these observed and expected substitution values indicates
that the ratios of mutant to wild-type codons in both com-
binatorial libraries must have been close to the expected
1:1 target values.

Sequences and residue tolerance
The sequences of functional variants from the valine and
the alanine helix-1 libraries that were recovered from non-
exhaustive sampling are shown in Table 1. The average
number of substitutions per mutant sequence was 2.7 ± 1.0
for the valine library (25 active sequences and 12 muta-
genized positions) and 2.9 ± 1.1 for the alanine library
(36 active sequences and 10 mutagenized positions). If we
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Figure 1

MOLSCRIPT [32] illustrations of λ repressor
monomer with helix 1. (a) Helix 1 is in the
foreground. Sidechains of the residues
randomized in these experiments are shown.
The N-terminal arm and helix–turn–helix are
essential for binding to operator DNA.
(b) End-on view of helix 1 showing the radial
distribution of mutagenized residues. This
view was achieved by a rotation of ∼90° about
the vertical axis of the configuration shown
in (a).
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normalize these values by dividing by the expected number
of substitutions if all mutations were functionally neutral
(six for the valine library and five for the alanine library),
then the fraction of allowed substitutions per position is
0.43 for the valine library and 0.58 for the alanine library.
These results show that alanine is more easily accommo-
dated than valine, but also reveal that the differences are
modest and the distributions overlap substantially.

Table 2 and Figure 2 show the frequency at which valine
and alanine were recovered in active variants at each
mutagenized position in helix 1. At Glu23 and Ala20, sub-
stitutions were recovered at values similar to the input
randomization frequency of 50%, as expected if substitu-
tions at these positions are functionally neutral [13]. At

Thr8, Glu10, Leu12, Glu13, Asp14, Arg17, Leu18 and
Ile21, valine and alanine substitutions were recovered at
frequencies < 50%, suggesting that mutant substitutions at
these residues are somewhat deleterious. Among these
eight positions, alanine was clearly preferred over valine at
Glu13, Asp14 and Arg17; valine was preferred over alanine
at Leu18 and Ile21; and both residues were recovered at
values within the expected sampling error at Thr8, Glu10
and Leu12. Only two positions were intolerant to substitu-
tions; neither valine nor alanine was recovered in place of
Tyr22 and valine was not an acceptable substitute for
Ala15 in any of the functional mutants.

Stability of selected mutants in protein and peptide
backgrounds
For studies of thermal stability, 12 mutant proteins with
1–4 valine or alanine substitutions at positions 8, 10, 12 and
23 were purified (Table 3). Most of the single mutants in
this set were not recovered in the original activity screens
and were constructed by cassette mutagenesis. All con-
structed mutants were found to be immune to superinfec-
tion. Table 3 lists the sequences and changes in Tm of each
protein relative to wild type. The single substitutions
reduce Tm by 2–5°C; the double substitutions at positions
8 and 23 reduced Tm by 8°C (double alanine) and 11°C
(double valine); and the quadruple substitutions at posi-
tions 8, 10, 12 and 23 reduced Tm by 19°C. Two things are
notable about these data. First, the ∆Tm values of the
double and quadruple mutants are within a few degrees of
those predicted from the effects of the single substitutions,
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Table 1

Residues 8–23 of active helix-1 mutants.

Active alanine mutants M Active valine mutants M

T E LED  RL  IYE T E LEDA RL AIYE

TQEQLEDARRLKAIYAA 1 TQEQLVVDARRLKAIYE 1
TQEQLAADARRLKAIYE 1 TQEQLEDARRLKAIYVV 1
TQEQLEAAARRLKAIYE 1 TQEQLEDARRLKAVVYE 1
AAQEQLEDARRLKAIYAA 2 TQEQLEDARRLKVVIYE 1
TQEQLAADARRLKAIYAA 2 VVQEQLEDARRLKAIYVV 2
TQAAQLEDARAALKAIYE 2 VVQVVQLEDARRLKAIYE 2
TQEQLEDARAALKAIYAA 2 TQEQLEDARRLKVVVVYE 2
TQEQLEAAARRLKAAAYE 2 VVQEQLEDARRLKAVVYE 2
AAQEQLEDARAALKAIYE 2 TQVVQLEDARRLKVVIYE 2
AAQEQAAEDARRLKAIYE 2 TQEQLEDARRLKVVIYVV 2
TQAAQLEDARRAAKAIYE 2 TQVVQLEDARRLKVVIYVV 3
TQEQLEAAARRLKAIYAA 2 TQEQLVVVVARRLKVVIYE 3
TQEQAAEDARAALKAIYE 2 TQEQLEVVARRLKVVIYVV 3
TQEQAAEDARRLKAAAYE 2 TQVVQLEDARRVVKAVVYE 3
TQEQAAAADARRAAKAIYE 3 TQEQVVEDARRVVKAIYVV 3
TQEQAAEAAARRLKAIYAA 3 TQEQLEVVARRVVKAIYVV 3
AAQEQLEAAARRLKAIYAA 3 TQEQVVEDARRLKVVIYVV 3
AAQEQAAEDARRLKAIYAA 3 TQEQVVEDARRVVKVVIYE 3
TQEQAAEDARRLKAAAYAA 3 VVQEQLEDARRLKVVIYVV 3
AAQEQLEAAARAALKAIYE 3 VVQVVQVVEDARRLKAIYVV 4
TQAAQAAEDARRLKAIYAA 3 TQVVQLVVDARRLKAVVYVV 4
TQEQAAAADARRLKAIYAA 3 TQVVQVVEDARVVLKAIYVV 4
TQAAQLAAAAARRLKAIYE 3 TQVVQLEDARRVVKAVVYVV 4
TQAAQLEDARAALKAIYAA 3 TQEQVVVVDARRLKVVVVYE 4
TQEQLAADARRLKAAAYAA 3 TQVVQVVEDARRVVKVVIYE 4
AAQAAQLAADARRLKAAAYE 4 TQVVQVVEDARRLKVVIYVV 4
TQEQAAAAAAARAALKAIYE 4
AAQAAQLEAAARAALKAIYE 4
TQAAQAAAAAAARRLKAIYE 4
AAQEQLAAAAARAALKAIYE 4
AAQAAQLEAAARRLKAIYAA 4
TQEQvvEAAARAALKAIYAA 4
AAQAAQAAEDARRLKAIYAA 4
TQAAQLAADARRAAKAIYAA 4
TQAAQAAEAAARAALKAIYE 4
TQAAQAAEAAARAALKAIYE 4
AAQAAQLAADARAALKAIYAA 5
TQAAQAAAAAAARAALKAIYE 5

The sequences in italics show the wild-type residues at the positions
that undergo mutations. Mutations are shown in bold type. M, the total
number of mutations.

Table 2

Properties of mutated helix-1 positions.

Alanine Valine
Structural or ASA* recovery recovery

Residue functional role (%) Volume† (%) (%)

Thr8 Helix N cap 81 3.0 32 19
Glu10 Solvent exposed 69 7.5 37 38
Leu12 Solvent exposed 56 3.9 39 31
Glu13 Solvent exposed 54 8.4 34 15
Asp14 Salt bridge to Arg17, 4 2.9 39 12

hydrogen bond to Ser77
Ala15 Packs against helices 6 0.5 – 0

3 and 4
Arg17 Salt bridge to Asp14 47 6.2 34 4
Leu18 Packs against helices 0 2.5 8 23

3 and 4
Ala20 Solvent exposed 64 1.0 – 50
Ile21 Packs against helix 12 3.1 13 27

4–5 loop
Tyr22 Hydroxyl contacts 5 6.5 0 0

phosphate; packs
against helix 4 and
helix 1–2 loop

Glu23 Solvent exposed 58 7.2 47 54

*ASA is the proportion of sidechain solvent-accessible surface area
relative to the same sidechain in the central position of an extended
tripeptide. †Volume in methylene group equivalents.



indicating that the mutant effects are largely additive.
Second, alanine and valine substitutions at the same posi-
tions generally cause similar changes in Tm for both the
single and multiple substitutions. For example, Figure 3
shows that the T8A/E10A/L12Α/E23Α and T8V/E10V/
L12V/E23V proteins have similar melting profiles. Thus,
in terms of thermal stability, alanine and valine seem to be
tolerated almost equally well at positions 8, 10, 12 and 23.
Figure 3 also shows that both quadruple mutants have
melting temperatures some 19°C lower than that of wild

type, indicating that the wild-type residues are preferred
over alanines or valines at these positions.

The effects of the alanine and valine substitutions at posi-
tions 8, 10, 12 and 23 on the thermal stability of the N-ter-
minal domain should reflect a combination of effects at the
levels of secondary and tertiary structure. To discriminate
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Figure 2

Fractional recovery of alanine and valine at
mutagenized codons. If an alanine or valine
mutation was functionally neutral, it should
have a fractional recovery value of 0.5. The
error bars represent 1 standard deviation unit
in the expected sampling error as calculated
using a Monte Carlo procedure [13]. Ala15
and Ala20 were not randomized in the alanine
combinatorial mutagenesis experiment.
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Table 3

Melting temperatures of proteins with helix-1 mutations.

Protein Tm (°C) ∆Tm (°C)

Wild type* 57 0

T8A 52 5
T8V 52 5
E10A 55 2
E10V 55 2
L12A 53 4
L12V 55 2
E23A 52 5
E23V 53 4
T8A/E23A 49 8
T8V/E23V 46 11
T8A/E10A/L12A/E23A 38 19
T8V/E10V/L12V/E23V 38 19

The errors on all Tm determinations were ± 1°C, with the exception of
mutant T8V, which exhibited a poorly cooperative transition. The
calculated Tm values were the same regardless of whether ∆Cp, the
change in heat capacity upon unfolding, was fixed at 1400 kcal/mol
deg or allowed to vary during the fitting procedure (see the Materials
and methods section). *Residues 1–92 (the N-terminal domain) of
λ repressor with a six-histidine tag.

Figure 3

Thermal denaturation of the T8V/E10V/L12V/E23V mutant, the
T8A/E10A/L12A/E23A mutant, and the wild-type N-terminal domain of
λ repressors. The fraction unfolded, fu, is given by fu = K/(1 + K), where
K was determined using a nonlinear least squares fit as described in
the Materials and methods section.
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between these two factors, peptides corresponding to
residues 8–23 of the wild-type N-terminal domain, the
T8A/E10A/L12Α/E23Α mutant, and the T8V/E10V/L12V/
E23V mutant were synthesized with acetylated N termini
and amidated C termini. The CD spectrum of the wild-
type peptide has the highest helical content, the alanine-
substituted peptide has reduced helicity, and the
valine-substituted peptide shows a low level of helix for-
mation (Figure 4). If we assume that a fully helical peptide
would have a molar ellipticity of –34,000 deg cm2/dmol at
222 nm, then the wild-type helix 1 peptide is ∼60% helical,
the quadruply substituted alanine peptide is ~30% helical,
and the peptide with four valine substitutions is ∼12%
helical. (A peptide corresponding to residues 9–23 of
λ repressor is 40% helical [12].) Thus, although the
quadruple valine and alanine substitutions are tolerated
equally well in the context of the tertiary structure of the
intact N-terminal domain, this is not true in terms of sec-
ondary structure formation in isolation. In the peptide
context, alanine is preferred over valine as expected from
the intrinsic helical propensities of these two residues. In
addition, although alanine is one of the best helix-forming
residues, the presence of the wild-type residues at posi-
tions 8, 10, 12 and 23 promotes a significantly higher
degree of helix formation than the presence of alanine at
these positions.

Discussion
Sidechains in α-helix 1 help form the hydrophobic core
and stabilize the native fold of the N-terminal domain of
λ repressor by packing against portions of α helices 2, 3

and 4, and the loop regions preceding and following helix 4
[9]. We have used combinatorial mutagenesis to probe the
tolerance of α-helix 1 to multiple alanine or valine substi-
tutions. Alanine is a much better helix-forming residue
than valine, and alanine mutations in helix 1, on average,
were found to be accommodated more readily than valine
mutations. It is also useful, however, to examine the distri-
butions of allowed alanine or valine substitutions at indi-
vidual positions, because average tolerance values can be
biased by a few positions. On a positional basis, at seven of
the 12 positions examined, either alanine and valine were
accommodated within statistical error or valine was pre-
ferred (Figure 2). These data suggest that, at the majority
of the positions examined, the tertiary effects of the
alanine or valine substitutions mask the effects arising from
stabilization of secondary structure. This is consistent with
the findings of Pinker et al. [15] who demonstrated that the
energetic effects of alanine substitutions in myoglobin
were more highly correlated with the amount of lost buried
surface area than with the free energy change in helix
propensity upon mutation.

Our finding that helix 1 of λ repressor can accommodate as
many as five alanine or four valine substitutions with
retention of biological activity (Table 1) is not surprising
given previous studies of helical tolerance. For example,
Matthews and coworkers [16–18] demonstrated that mul-
tiple alanine substitutions could be accommodated in two
helices in T4 lysozyme, we showed that α helices 2 and 3
of λ repressor were tolerant to as many as seven multiple
alanine substitutions [13], and Johansson et al. [19] showed
that 11 nearly consecutive valines are found in an α-helical
conformation in the structure of pulmonary surfactant-
associated polypeptide in non-polar solvents. We were,
however, somewhat surprised to find that helix 1 of
λ repressor, which has a largely structural involvement, is
less tolerant to multiple alanine substitutions than repres-
sor helices 2 and 3 [13], which mediate DNA recognition
in addition to having a structural involvement. This might
be interpreted as support for the idea that functional
regions of proteins may not be optimized for stability
[20,21] and are therefore more malleable in this respect.

Reidhaar-Olson and Sauer [11] previously examined the
tolerance of α-helix 1 to amino-acid substitutions. We
observe a greater degree of tolerance at residues 14, 17, 18
and 21 than was evident in their work, but both studies
suggest that the majority of residue positions in helix 1,
even those where sequence changes are tolerated, carry
some amount of structural information. In the studies pre-
sented here, mutations at just two helix 1 positions (Ala20
or Glu23) were classified as being functionally neutral by
the criteria that substitutions were recovered at frequen-
cies close to 50% [13]. Positions 20 and 23 are both
exposed on the surface. Two more positions (Ala15 and
Tyr22) were completely intolerant to substitution. The
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Figure 4

CD spectra at 1°C of the T8V/E10V/L12V/E23V peptide, the
T8A/E10A/L12A/E23A peptide, and the wild-type helix-1 peptide.
Buffer conditions are described in the Materials and methods section.
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small Ala15 sidechain is overpacked, assigned the space of
only 0.5 methylene groups by the Voronoi method [22],
and completely buried (Table 2). Furthermore, it packs
against one of the DNA recognition helices. Valine is
apparently too large to be accommodated at this position in
the core. The aromatic ring of Tyr22 is also largely buried
and the hydroxyl group extends into solvent and contacts a
DNA phosphate in the λ repressor–operator structure [10].
Hence, substitutions at position 22 would leave a large hole
in the protein interior and also reduce operator affinity. At
the remaining eight positions (Thr8, Glu10, Leu12, Glu13,
Asp14, Arg17, Leu18 and Ile21), mutations were tolerated
but the frequencies of recovery were < 50% indicating that
the alanine or valine substitutions are accommodated at
some structural or functional cost to the protein. In the
entire set of mutations, the frequency of allowed substitu-
tions showed a modest correlation with the fractional
solvent accessibility of the wild-type sidechain (Table 2)
for both the alanine substitutions (the correlation coeffi-
cient R = 0.67) and the valine substitutions (R = 0.54), con-
sistent with the general idea that hydrophobic core
positions are more important than surface positions in
determining protein stability [23]. Little correlation was
observed between the volume occupied by the wild-type
residue and the substitution frequency in either the
alanine or valine case.

Why, contrary to the expectations of secondary structure
stabilization, is valine tolerated at some helical positions
better than others? We note that the four positions at
which alanine is clearly preferred over valine (Glu13,
Asp14, Ala15 and Arg17) occur in the middle of helix 1,
hinting at the possibility that helical propensity might be
more important at the center and less critical towards the
ends of this helix. Alternatively, there might simply be
more opportunities for favorable tertiary contacts for
valine near the beginning and end of helix 1. This is cer-
tainly the case at Leu18 and Ile21, which are largely
buried, and where the preference for valine over alanine
is likely to occur because valine can substitute better in
core packing. At Thr8, Glu10, Leu12, Ala20 and Glu23,
which are surface exposed, alanine and valine were toler-
ated at frequencies within sampling error. In addition,
alanine and valine substitutions at four of these positions
caused similar decreases in the thermal stabilities of
single and multiple mutants. Thus, at these surface posi-
tions in the context of the native N-terminal domain, ter-
tiary effects generally seem to outweigh secondary
effects. Interestingly, this is not true in the isolated
peptide model of helix 1. Thus, the T8A/E10A/L12A/
E23A and T8V/E10V/L12V/E23V mutant proteins had
the same thermal stability, whereas the T8A/E10A/L12A/
E23A peptide showed a higher degree of helix formation
than the T8V/E10V/L12V/E23V peptide. These data
suggest that any tertiary contacts that help ameliorate the
effects of valine substitutions at positions 8, 10, 12 and 23

must be provided by or require regions of the N-terminal
domain other than helix 1.

Tertiary interactions with other parts of the protein can be
viewed as an environmental ‘buffer’ that helps diminish
the effects of helix destabilizing mutations in helix 1.
Indeed, in protein G, it has recently been shown that the
same 11-residue sequence can be forced into either a
helical or a strand–hairpin conformation depending on the
surrounding tertiary context [24]. It has also been shown
that helical propensity is not conserved among helical
peptides dissected from analogous helical regions of evo-
lutionarily related proteins [25], indicating that tertiary
interactions are required to stabilize some sequences in a
particular secondary structure. A better understanding of
the magnitude and extent of tertiary influence on sec-
ondary structure is essential for the development of the
next generation of protein structure prediction methods.

Materials and methods
Combinatorial mutagenesis and cloning
Plasmid pLG100, a derivative of pWL105 [14,26], encodes residues
1–92 of λ repressor with a C-terminal tail of six histidines under tran-
scriptional control of a tac promoter. The region of the gene encoding
helix 1 (residues 8–23) is flanked by unique HpaI and SacI sites. Differ-
ent mutagenic oligonucleotide cassettes were constructed for combina-
torial alanine and valine substitutions. The coding strand of each
cassette was synthesized by standard phosphoramidite chemistry using
reagents and an Applied Biosystems DNA synthesizer. At positions
where the wild-type codon and the alanine (or valine) codon differed by
one base, a 1:1 mixture of the two bases was used in synthesis. At the
codons that differed by two bases, a resin-splitting strategy [27] was
used to achieve a 1:1 ratio of mutant to wild-type codons. The column
containing the oligonucleotide was removed from the synthesizer, dried
for 5 min under vacuum, and then opened. The resin was removed,
divided in half, and repackaged into two new columns. Three bases cor-
responding to the wild-type codon were added to one column, and
three bases coding for the alanine or valine were added to the other
column. The resin was then recombined until the next position that
required resin splitting was reached, at which point the procedure was
repeated. The non-coding strands of each cassette were synthesized
enzymatically using the Klenow fragment of DNA polymerase (New
England Biolabs) and a short oligonucleotide primer. The double-
stranded oligonucleotide was digested with SacI (New England
Biolabs) to create the proper overhang at one end and was then ligated
to the SacI/HpaI backbone fragment of pLG100. This material was
transformed into Escherichia coli strain X90 by electroporation and
transformants were selected for ampicillin resistance. Some single
alanine or valine substitution mutants were constructed by standard
methods of cassette mutagenesis.

Activity screen
λ repressor N-terminal domain variants were classified as active if they
conferred immunity to the host cell against phage λ KH54 in a cross-
streaking assay [13]. The assay was performed at 30°C under condi-
tions in which the tac promoter mediated expression of the protein was
induced with isopropyl-β-D-thiogalactoside (IPTG). The activities of all
functional mutants were verified by restreaking.

Solvent accessibility and volume calculations
Solvent accessibility was computed using the program ACCESS by
Scott Presnell, which implements the Lee and Richards algorithm [28]
for determining contact and accessible surface areas. The surface
areas were normalized by those in a reference extended tripeptide [29].
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Sidechain volumes were computed using the method of Voronoi polyhe-
dra as implemented in the program CALC-VOLUME by Gerstein et al. [22].
For normalization, the volume of one methylene group equivalent was
taken to be 22.5 Å3. Calculations were performed on the λ-repressor
dimer [10] (with DNA removed) and the values were averaged.

Protein purification
Proteins were purified using Nickel-NTA affinity chromatography
(Qiagen Inc.). Typically, a 1 l bacterial culture of the appropriate strain
was grown at 37°C in Luria–Bertani broth to an absorbance at 600 nm
of 0.6–1.0. Protein expression was then induced by addition of IPTG
(0.2 g/l) and growth was continued for 3 h. Cells were harvested by
centrifugation at 4000 × g and resuspended in 20 ml of Buffer A (6 M
guanidine hydrochloride, 100 mM NaH2PO4, 10 mM Tris, pH 8.0).
After stirring at room temperature for 1 h, the lysate was cleared by
centrifugation at 15,000 × g and the supernatant was loaded on a 1 ml
Ni-NTA column equilibrated with Buffer A. The column was washed
with 100 ml of Buffer A and the histidine-tagged protein was eluted
with 20 ml of 6 M guanidine hydrochloride and 0.2 M acetic acid. Puri-
fied proteins were dialyzed into 10 mM Tris-HCl (pH 8.0), 2 mM CaCl2,
0.1 mM EDTA, 1.4 mM β-mercaptoethanol and 5% glycerol. Protein
concentration was determined from the absorbance at 275 nm using a
1 cm cuvette; an absorbance of 1 corresponds to an N-terminal
domain concentration of 0.633 mg/ml.

Peptide synthesis
The peptides containing multiple alanine or valine mutations in helix 1
were synthesized, purified by reverse phase HPLC, and analyzed for
amino acid composition by the MIT Biopolymers Laboratory. The
wild-type helix 1 peptide was synthesized in the laboratory of Glenn
Millhauser at the University of California, Santa Cruz. Peptide con-
centrations were determined from the absorbance at 275 nm in
6 M guanidinium hydrochloride using an extinction coefficient of
1450 M–1 cm–1. The peptide CD spectra showed no dependence on
concentration over a 10-fold concentration range, indicating that the
peptides are monomeric.

Circular dichroism and thermal melts
Proteins and peptides were dialyzed into or dissolved in buffer con-
taining 50 mM potassium phosphate buffer (pH 7.0) and 100 mM KCl,
and aggregated material was removed by centrifugation at 13,000 × g
at 4°C. CD spectra were collected using an Aviv 60DS spectropo-
larimeter. For proteins, a concentration of 3 µM and a cuvette with a
1 cm pathlength were used. At this concentration, the N-terminal
domain of λ repressor is ∼98% monomeric [30]. For peptides, the
concentration was 200 µM and the pathlength was 1 mm. As esti-
mated from the CD ellipticity at 222 nm, most mutant proteins had
α-helical contents similar to wild type, but the T8A/E10A/L12A/E23A
and T8V/E10V/L12V/E23V mutant proteins displayed apparent
reductions in α helicity of ∼20%. Both these quadruple mutants, how-
ever, aggregated to some extent and we were unable to determine
whether the apparent reduction in helicity was caused by the formation
of a non-helical aggregate.

Thermal melts were performed with 1°C temperature increments and a
1 min equilibration at each temperature using a Hewlett-Packard tem-
perature controller or using a programmable water bath set to heat at a
rate of 0.3 deg/min. Data were fitted using a Macintosh version of the
program NONLIN [31] to the equation:

y = [(yf – mfT) – (yu – muT)] + (yu + muT) (1)

where K = exp(–∆G/RT), where ∆G = [(Tm – T)/Tm]∆H – (Tm – T)∆Cp +
Tm∆Cp In(Tm/T); yf and yu are the intercepts of the folded (lower) and
unfolded (upper) baselines, respectively; mf and mu are the slopes of
these baselines; Tm is the temperature of 50% denaturation; ∆H is the
enthalpy of denaturation at the Tm and ∆Cp is the heat capacity change
upon denaturation.
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