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Multiple alanine replacements within «-helix 126-134
of T4 lysozyme have independent, additive effects
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Abstract

In a systematic attempt to identify residues important in the folding and stability of T4 lysozyme, five amino acids
within a-helix 126-134 were substituted by alanine, either singly or in selected combinations. Together with three
alanines already present in the wild-type structure this provided a set of mutant proteins with up to eight alanines
in sequence. All the variants behaved normally, suggesting that the majority of residues in the a-helix are nones-
sential for the folding of T4 lysozyme. Of the five individual alanine substitutions it is inferred that four result
in slightly increased protein stability and one, the replacement of a buried leucine with alanine, substantially de-
creased stability. The results support the idea that alanine is a residue of high helix propensity. The change in pro-
tein stability observed for each of the multiple mutants is approximately equal to the sum of the energies associated
with each of the constituent substitutions.

All of the variants could be crystallized isomorphously with wild-type lysozyme, and, with one trivial excep-
tion, their structures were determined at high resolution. Substitution of the largely solvent-exposed residues Asp
127, Glu 128, and Val 131 with alanine caused essentially no change in structure except at the immediate site of
replacement. Substitutions of the partially buried Asn 132 and the buried Leu 133 with alanine were associated
with modest (0.4 A) structural adjustments. The structural changes seen in the multiple mutants were essentially
a combination of those seen in the constituent single replacements. The different replacements therefore act es-
sentially independently not only so far as changes in energy are concerned but also in their effect on structure.
The destabilizing replacement Leu 133 — Ala made a-helix 126-134 somewhat less regular. Incorporation of ad-
ditional alanine replacements tended to make the helix more uniform. For the penta-alanine variant a distinct
change occurred in a crystal-packing contact, and the “hinge-bending angle” between the amino- and carboxy-
terminal domains changed by 3.6°. This tends to confirm that such hinge-bending in T4 lysozyme is a low-energy
conformational change.

Keywords: alanine; lysozyme; protein folding; protein structure; thermostability

In a systematic attempt to identify residues important in

the folding and stability of phage T4 lysozyme we previ-
ously substituted four alanines within the «-helix that in-
cludes residues 126-134 (Zhang et al., 1991). The helix is
amphipathic, located on the surface of the carboxy-ter-
minal domain, and is remote from the active site (Fig. 1;
Kinemage 1). In wild-type lysozyme this «-helix already
includes three alanines. It was found that substitution of
three solvent-exposed residues, Glu 128, Val 131, and Asn
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132, with alanine did not interfere with folding or activity,
and the multiple mutant in which all three of these resi-
dues were replaced with alanine (E128A/V131A/N132A)
had a melting temperature at pH 2.0 that was 3.4 °C
higher than wild type. The resuits therefore also sup-
ported the idea that alanine is a residue of high helix pro-
pensity (Marqusee et al., 1989; Dao-pin et al., 1990; Lyu
et al., 1990; Merutka et al., 1990; O’Neil & DeGrado,
1990). It was also noted in the prior study that replace-
ment of the buried residue Leu 133 with alanine was sub-
stantially destabilizing.

In the present report we extend these studies by in-
cluding the additional substitution D127A and by con-
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Fig. 1. Schematic drawing of the backbone structure of T4 lysozyme
showing the location of the polyalanine helix and the mutations dis-
cussed in the text.

structing additional multiple mutants in which selected
alanine replacements were combined in the same protein.
In total, 10 different mutants have been characterized
(Table 1), culminating in the variant D127A/E128A/
VI131A/N132A/L133A in which five substituted alanines,
together with the naturally occurring ones at positions
129, 130, and 134, result in a string of eight consecutive
alanines.

Results

The mutant lysozymes that are the subject of this study
are summarized in Table 1. First there are three variants
with single amino acid substitutions, Glu 128 — Ala
(E128A), V131A, and L133A. These were then combined
with two additional substitutions Asp 127 — Ala and Asn
132 — Ala to give the double mutants, D127A/E128A,
E128A/V131A, and V131A/N132A. Further combina-
tions provided the triple mutant E128A/V131A/N132A,
which will be further abbreviated to 128/131/132, the
quadruple mutants 127/128/131/132 and 128/131/132/
133, and the quintuple mutant 127/128/131/132/133.
The first quadruple variant has six alanines in sequence,
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from residue 127 to 132, and is also referred to as A127-
132, the second quadruple variant has seven alanines in
sequence (A128-134), and the quintuple mutant (A127-
134) has eight consecutive alanines.

Notwithstanding the introduction of up to five addi-
tional alanines, all of the mutant lysozymes behaved nor-
mally and could be purified by the standard procedure
(Muchmore et al., 1989; Poteete et al., 1991).

The stabilities of the mutant lysozymes as measured by
reversible unfolding at pH 2.0 are given in Table 2. The
overall result is that all mutants except those that included
replacement of the buried residue Leu 133 with alanine
resulted in an increase in thermostability.

All of the mutants could be crystallized using condi-
tions similar to those for wild-type lysozyme (Weaver
& Matthews, 1987) and gave crystals large enough for
high-resolution data collection. Prior to X-ray exposure
the crystals were equilibrated with a solution of 1.05 M
K,HPO,, 1.26 M NaH,PO,, 0.23 M NaCl, 1.4 mM g-
mercaptoethanol, pH 6.7. The oscillation photographic
method was used to collect X-ray data for the variants
L133A, E128A/V131A, V131A/NI132A, and 128/131/
132. A multiwire detector (San Diego Multiwire Systems)
(Xuong et al., 1985) was used for the variants D127A/
E128A, 128/131/132/133, 127/128/131/132, and 127/
128/131/132/133. Glu 128 of T4 lysozyme is completely
solvent exposed and quite mobile (average thermal fac-
tor for atoms in the carboxyl group is 77 A?). It was
therefore expected that the structure of E128A would be
virtually identical with that of the wild type, and no at-
tempt was made to solve the crystal structure of the sin-
gle mutant. An early study, albeit at moderate resolution,
showed that the substitution Glu 128 — Lys caused very
little change in the structure of T4 lysozyme (Griitter &
Matthews, 1982). Verification of the minimal structural
changes associated with the substitution Glu 128 — Ala
is, in any event, provided by the crystal structures of
E128A/V131A and other multiple mutants in which it is
incorporated.

The structural changes associated with the various mu-
tants were first visualized using difference electron den-
sity maps and then refined (Tronrud et al., 1987) using
procedures essentially as described by Dao-pin et al.
(1991). The refined model of wild-type lysozyme (Bell
et al., 1991) was used as the starting point for refinement.
In cases where the unit cell dimensions of the mutant
crystal differed significantly from those of the wild type,
rigid-body refinement was first used to place the whole
molecule and/or the separate amino-terminal and car-
boxy-terminal domains within the mutant unit cell (Dao-
pin et al., 1991). Data collection and refinement statistics
are summarized in Table 3. Coordinates of the refined
structures have been deposited in the Brookhaven Protein
Data Bank.

In the following paragraphs we will briefly describe the
structural changes associated with the different variants.



Alanine replacements in T4 lysozyme

Table 1. Sequences of mutant lysozymes*®
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a-Helix 126-134

Lysozyme 126 127 128 129 130 131 132 133 134 135
Wild type Trp Asp Glu Ala Ala Val Asn Leu Ala Lys
E128A Ala (Ala) (Ala) (Ala)
V131A (Ala) (Ala) Ala (Ala)
LI133A (Ala) (Ala) Ala (Ala)
D127A/E128A Ala Ala (Ala) (Ala) (Ala)
E128A/V131A Ala (Ala) (Ala) Ala (Ala)
V131A/N132A (Ala) (Ala) Ala Ala (Ala)
E128A/VI31A/N132A Ala (Ala) (Ala) Ala Ala (Ala)
127/128/131/132 Ala Ala (Ala) (Ala) Ala Ala (Ala)
128/131/132/133 Ala (Ala) (Ala) Ala Ala Ala (Ala)
127/128/131/132/133 Ala Ala (Ala) (Ala) Ala Ala Ala (Ala)
Solvent accessibility 0.27 1.10 0.76 0.00 0.14 0.78 0.34 0.01 0.37 0.85

2 The locations of the alanines introduced in the different mutant lysozymes are shown. Alanines in parentheses are pres-
ent in both wild-type and mutant variants. The last line gives the solvent accessibility of the side chain present in the crystal structure
of wild-type lysozyme. Solvent accessibility is defined as the ratio of the area of the side chain exposed to solvent in the folded

structure relative to the area exposed to solvent in an extended model peptide of the same amino acid sequence.

Table 2. Thermal stabilities of mutant lysozymes?

AH AT, AAG
Mutant (kcal/mol) (°C) (kcal/mol)
wild type® 86.0
E128A° 85.0 0.6 + 0.25 0.16
V131AY 88.7 1.0 + 0.25 0.27
L133A 53.0 -17.0 £ 2.0 —-4.19
DI127A/E128A 85.8 0.9 £ 0.25 0.24
E128A/VI131AP 93.0 1.5 +£0.25 0.44
V131A/N132A" 82.0 2.3+0.25 0.57
E128A/V131A/N132A% 88.3 3.4+0.22 0.91
127/128/131/132 86.3 4.0 + 0.25 1.01
128/131/132/133 63.9 —10.3 + 0.5 —-2.59
127/128/131/132/133 62.2 -9.4+0.5 -2.27

2 All measurements are at pH 2.02, 0.2 M KCl. AH is the enthalpy
of unfolding at the melting temperature, T,,. AT,, is the difference be-
tween the melting temperature of the mutant and that of wild-type lyso-
zyme (40.75 °C). AAG, the difference between the free energy of
unfolding of the mutant and wild-type proteins, was estimated using a
thermodynamic model (Brandts & Hunt, 1967; Becktel & Schellman,
1987), which includes a constant change in heat capacity, AC,, esti-
mated in this case to be 2.4 kcal/mol-deg. For the mutants whose melt-
ing temperatures are within a few degrees of wild type, the estimated
error in AAG is £0.1 kcal/mol. For the unstable mutants, however, es-
pecially L133A, the accuracy of AAG is limited by the choice of the
model used for its determination and by the choice of AC,. In addi-
tion, under the conditions used in this study (0.20 M KCl, pH 2.02),
which were chosen to be consistent with the prior analysis (Zhang et al.,
1991), the melting of L133A above its T, shows some departure from
two-state behavior. For these reasons the uncertainty in AAG for L133A
is difficult to estimate but could be as much as +1 kcal/mol. Under
somewhat different conditions (0.025 M potassium chloride, 0.02 M po-
tassium phosphate, pH 3.0) (Kitamura & Sturtevant, 1989) L133A ex-
hibits two-state melting and has an estimated AAG of —3.6 kcal/mol
(Eriksson et al., 1992).

® Data from Zhang et al. (1991).

Single mutant structures: L133A

D127A and N132A were not obtained as single mutants
(Table 1). As explained above, the structure of E128A
was not determined. The structure of V131A has been de-
scribed by Dao-pin et al. (1990). This leaves L133A.,

Leucine 133 is completely inaccessible to solvent. The
map showing the difference in electron density between
mutant and wild type (Fig. 2A) clearly indicates the loss
of the leucyl side chain and also suggests some slight ad-
justments in neighboring parts of the structure. The re-
fined mutant structure (Fig. 2B) indicates that the
a-helical residues 109-114 move ~0.3-0.5 A toward the
space vacated by the leucyl side chain. The movement of
these residues, as well as adjustments (~0.4 A) at the sub-
stitution site itself, are also seen in a “shift plot” (Figs. 3A,
4A) showing the shift of each residue in L133A relative
to wild-type lysozyme (animated in Kinemage 2). In wild-
type lysozyme there is a van der Waals contact (3.6 A) be-
tween atoms within the side chains of Leu 133 and Phe
114. In the mutant, the side chain of Phe 114 moves
0.32 A toward the space vacated by Leu 133. Also the hy-
droxyl of Ser 117 moves 0.47 A, its x ' angle changing
from —66° to —73°. The crystallographic thermal factor
of the B-carbon of Leu 133 increases from 13 A? in wild
type to 38 A2 in L133A, indicating substantially greater
mobility in the latter structure.

DI27A/EI128A and EI28A/VI31A

These two variants are considered together because Asp
127, Glu 128, and Val 131 are on the solvent-exposed side



764

Table 3. Data collection and refinement statistics®
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127/128/

Mutant 133 127/128 128/131 131/132 128/131/132 131/132 132/133 131/132/133
Data collection
Method Film Multiwire Film Film Film Multiwire  Multiwire Multiwire
Cell dimensions
a,b(A) 61.3 61.1 61.2 61.2 61.3 61.4 61.4 61.1
Aa,‘ b (A) 0.5 0.7 0.6 0.6 0.5 0.4 0.4 0.7
c (A)ﬂ 96.2 95.8 95.8 96.2 96.3 95.7 96.5 93.4
Ac (A) -0.6 -1.0 -1.0 -0.6 -0.5 —1.1 -0.3 -3.4
Completeness of data (%) 71 92 72 72 69 84 80 84
Rierge (0n 1, %) 8.2 3.5 7.1 13.2 8.2 39 4.5 4.4
Isomorphous difference (%) 16.6 22.8 21.1 24.1 21.7 27.1 2.2 39.4
Refinement
Reflections 10,953 15,363 11,915 11,083 11,942 11,361 17,451 12,441
Resolution (A) 1.9 1.85 1.85 1.9 1.7 2.05 1.7 1.9
R-factor (%) 16.2 16.8 16.9 17.3 16.4 17.1 16.0 16.8
Aponds (A) 0.015 0.015 0.015 0.016 0.015 0.013 0.013 0.016
Agngies () 2.3 2.3 2.2 2.6 2.3 2.0 1.8 2.4
(B) (AY) 25 26 28 33 22 34 19 26

a The cell dimensions of wild-type lysozyme area =b =61.2 A, c =96.8 A. Ag, Ab, and Ac are the changes in the cell dimensions of the mu-
tant protein crystal relative to wild type. The average thermal factor {(B) for the atoms within the backbone of the refined wild-type model is 19.7
A?. The isomorphous difference is the average difference between the observed structure amplitudes of the mutant and wild-type crystals.

Trp 138

Trp 138

Fig. 2. A: Map showing the difference in density between L133A and wild-type lysozyme. Amplitudes (Fuyi,00s — FwT.obs) and
phases calculated from the refined structure of wild-type lysozyme (Bell et al., 1991). Density contoured at 3.50, where o is the
rms density throughout the unit cell. Positive contours drawn solid; negative contours broken. Resolution as in Table 3. The
coordinates of wild-type lysozyme are superimposed. B: Superposition of the refined structure of L133A (open bonds) on that
of wild-type lysozyme (solid bonds). In all such comparisons the two sets of coordinates were superimposed so as to minimize
the rms discrepancy between the main-chain atoms in the respective carboxy-terminal domains (i.e., residues 81-160).
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Fig. 3. Shift plots showing the displacement of the backbone atoms of each mutant relative to wild-type lysozyme. Each mu-
tant structure was superimposed on the wild type so as to minimize the rms discrepancy between the respective backbone atoms
in the carboxy-terminal domains (residues 81-160). For each amino acid the value plotted is the average (i.e., rms) discrepancy
between the corresponding backbone atom (C%, C?, O, and N) in the mutant and wild-type structure. The single mutation Leu
133 — Ala causes backbone shifts in the vicinity of residues 109~114 and similar shifts are seen in all mutants that include this
replacement (solid stars). Similarly, the mutation Asn 132 — Ala causes changes in the vicinity of residues 126-134 that are seen
in all variants that include N132A (open stars). A: L133A; B: DI127A/E128A; C: E128A/V131A; D: V131A/N132A; E:
E128A/V131A/NI32A; F: DI127A/E128A/VI31A/N132A; G: E128A/V131A/NI132A/1.133A; H: D127A/E128A/VI131A/
N132A/L133A; I: DI27A/E128A/V131A/NI132A/L133A; superposition based on the amino-terminal domains (residues 15-60).
The large shift in Thr 21 is associated with a change in crystal contact between the backbone of Thr 21 and the side-chain of

Trp 126 (see text).

of the «-helix and are relatively mobile. As expected, the
structural changes associated with the replacement of
each of these three residues with alanine are minimal.
In the respective difference maps (Figs. SA, 6A) there
is negative density, indicating the truncation of the three
side chains to alanine. In the case of Glu 128, the side-
chain carboxylate in the wild-type structure is very mo-
bile, with thermal factors above 70 A2. This explains
why the negative density in the difference maps does not
extend to enclose the distal part of the side chain. Refine-
ment confirms that the mutant structures are very simi-
lar to wild type (Figs. 5B, 6B). There is a slight rigid-body

movement of the amino-terminal domain relative to the
carboxy-terminal domain, which can be seen in the shift
plots (Figs. 3, 4; Kinemage 3). Such movements have
been seen in other mutant lysozymes and are usually ac-
companied by a change in the c cell edge, as is the case
here (Ac = —1.0 A). A similar, but smaller “hinge-bend-
ing” motion occurred for L133A (Fig. 3A), in which case
the change in ¢ was 0.6 A. Based on superposition of at-
oms within their carboxy-terminal domains, the root-
mean-square (rms) discrepancies between D127A/E128A
and wild type and E128A/V131A and wild type are
0.11 A and 0.12 A, respectively.
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Fig. 4. Shift plots, as in Figure 3, showing the average displacement of the atoms in each residue of the mutant structure rela-
tive to wild type. A: L133A; B: D127A/E128A; C: E128/V131A; D: V131A/N132A; E: E128A/V131A/NI132A; F: D127A/
E128A/V131A/N132A; G: E128A/VI131A/N132A/L133A; H: D127A/E128A/V131A/N132A/L133A.

Fig. 5. A: Difference map, D127A/E128A minus wild-type lysozyme. All conventions as in Figure 2A. B: Superposition of
DI127A/E128A (open bonds) on wild type (solid bonds).
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Fig. 6. A: Difference map, E128A/V131A minus wild-type lysozyme. All conventions as in Figure 2A. B: Superposition of
D127A/E128A (open bonds) on wild type (solid bonds).

VI3IA/NI32A and E128A/VI31A/N132A to have extremely similar structures except for the trun-
cation of Glu 128 in the latter case.
These two mutants will be considered together because The difference maps for the two mutants (Figs. 7A,

they have two substitutions in common and were found 8A) clearly show the expected negative density corre-

= Asn 116

Pt
1]

Fig. 7. A: Difference map, V131A/N132A minus wild-type lysozyme. All conventions as in Figure 2A. B: Superposition of
V131A/NI132A (open bonds) on wild type (solid bonds).
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Fig. 8. A: Difference map, E128A/V131A/N132A minus wild-type lysozyme. All conventions as in Figure 2A. B: Superposi-
tion of E128A/V131A/N132A (open bonds) on wild type (solid bonds).

sponding to the substitutions of Val 131 and Asn 132 by
alanine. As noted for D127A/E128A, the high mobility
of Glu 128 causes the negative density at this site to be
somewhat weaker. There is a strong positive density fea-
ture centered on the site occupied by solvent molecule
#197 in the wild-type structure. This positive feature is a
characteristic of all variants containing the Asn 132 — Ala
substitution and is interpreted to be due to the replace-
ment of solvent #197 by a chloride ion. It is presumed
that the deletion of O"! of Asn 132 favors the binding of
the anion. Positive and negative density features in the
vicinity of the main-chain atoms of residues 126-134 in-
dicate a shift of the «-helix as a whole (animated in
Kinemage 4). For the triple mutant, especially (Fig. 8A),
positive and negative features indicate substantial (>1 A)
rearrangements in the side-chain conformations of Asn
116 and Met 120. These are seen in the refined struc-
ture of the triple mutant (Fig. 8B) and in the shift plot
(Fig. 4E). In the difference map for the double mutant
(Fig. 7A), there are weaker density features suggesting
that Asn 116 and Met 120 may tend to undergo the same
conformational adjustment as seen in the triple mutant,
but the refinement (Fig. 7B) indicates that, on average,
Asn 116 and Met 120 retain an essentially wild-type con-
figuration.

The superposition of the refined structures of V131A/

NI132A and E128A/V131A/N132A on wild type (Figs. 7B,
8B), as well as shift plots (Figs. 3D, 4E), shows the over-
all shift of the 126-134 a-helix by up to ~0.4 A. Atoms
within the 115-122 a-helix also move up to 0.25 A. The
larger movement, for helix 126-134, consists of a rotation
of 3° about an axis that is approximately parallel to the
axis of the 126-134 helix. The rotation is thought to be
triggered by the substitution of Asn 132 by Ala, which
removes a short hydrogen bond (2.5 A) between O! of
the asparagine and O" of Ser 117, permitting repacking
of the helix-helix interface (Zhang et al., 1991).

DI27A/E128A4/VI31A/NI132A

The difference map (Fig. 9A) and refined coordinates
(Fig. 9B) show that the changes that occur in this mutant
are similar to those seen in E128A/V131A/N132A. The
«-helix undergoes a similar rotation of about 3°. A new
solvent molecule occupies the site vacated by N*? of Asn
132. Also, the nearby solvent molecule (#197) present in
wild-type lysozyme is replaced by a presumed chioride ion
(Fig. 9A). The side chains of Asn 116 and Met 120 appear
to retain an essentially wild-type conformation, although
the thermal factors of these residues increase dramatically
(29 to 70 A? and 26 to 65 A?, respectively), indicating
that the side chains are much less well ordered. It appears
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Fig. 9. A: Difference map, DI27A/E128A/V131A/N132A minus wild-type lysozyme. All conventions as in Figure 2A. B: Su-
perposition of DI127A/E128A/V131A/NI132A (open bonds) on wild type (solid bonds).

in this structure that both Cys 54 and Cys 97 form an ad-
duct with 8-mercaptoethanol (cf. Griitter et al., 1987; Bell
et al., 1991). To accommodate this interaction with Cys
54, Arg 52 moves away and becomes more mobile.

EI1284/V131A/N132A/L133A

The structural changes seen in this mutant are essentially
a combination of those seen in E128A/V131A/N132A and
L133A. The difference electron density map (Fig. 10A)
has the expected negative density at the positions of the
four truncated side chains. The other electron density fea-
tures can be rationalized by the shift in the position of he-
lix 126-134 (0.5 A) and conformational changes in the
side chains of Asn 116 and Met 120 and replacement of
solvent #197 by a chloride ion. The shift plot (Fig. 3A)
and the superimposed structures (Fig. 10B) also show the
backbone shift (<0.5 A) in the vicinity of Phe 114. Also,
Figure 4G shows a large apparent shift in the side chain
of Arg 125. This residue is relatively mobile in both the
wild-type and mutant structures.

DI27A/EI28A/V131A/N132A/L133A

One of the unusual characteristics of the crystals of this
mutant is that the c cell dimension is 3.4 A shorter than

that of wild-type lysozyme (Table 2). This is the largest
such change observed to date in over 140 mutant lyso-
zymes that have been crystallized isomorphously with
wild type. Independent precession photographs were used
to confirm that the short cell edge occurred in other crys-
tals of this mutant and was not, for example, due to par-
tial dehydration of the crystal used for data collection.
Because of the 3% change in cell dimension, the average
difference between the structure amplitudes of the mutant
and wild-type lysozyme was unusually high (39%) (Ta-
ble 3). For the same reason the initial difference density
map (Fig. 11A) was also very noisy. Nevertheless, nega-
tive density can be seen at the locations of those residues
replaced by alanine. As in all cases, refinement of the mu-
tant structure commenced with several cycles of rigid-
body refinement (Dao-pin et al., 1991). In the present
instance such a procedure was practically essential.
The superposition of the mutant structure of wild type
(Figs. 11B, 3H, 4H) shows that it has coordinate shifts of
0.5 A or so through much of the carboxy-terminal do-
main. Most of these rearrangements were seen in the con-
stituent mutants but, in addition, there is a structural
change of about 0.6 A at Arg 154. This change was not
seen in D127/E128A or in 128/131/132/133 and seems to
be a case where the combined mutant provides additional
freedom for Arg 154 to move that it does not enjoy in the
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Fig. 10. A: Difference map, E128A/V131A/N132A/L133A minus wild-type lysozyme. All conventions as in Figure 2A. B: Su-
perposition E128A/V131A/N132A/L133A (open bonds) on wild type (solid bonds). The difference map (Fig. 10A) suggests
that both Met 120 and Asn 116 change their conformations in the mutant structure. The refinement indicates that these resi-
dues each are distributed between two different conformations; that shown in the figure corresponds to the conformation closest

to wild-type lysozyme.

constituent mutants. It provides an example of structural
changes in a mutant that are not a simple combination of
those of its constituent mutations. In other words, there
is an interaction between the constituent substitutions.
In the 127/128/131/132/133 mutant the accuracy of
the structure in the vicinity of the cavity created by the
replacement of Leu 133 with Ala is somewhat uncertain.
In the final (2F, — F,) electron density map the defini-
tion of the aromatic ring of Phe 153 is not perfect. Also,
2.5 A away from the refined position of the benzyl group,
in the space vacated by the Leu 133 side chain, there is
an electron density feature that is of height So in the cor-
responding (F, — F,) difference map. It seems unlikely
that this density corresponds to an alternative () confor-
mation of Phe 153 because of steric constraints. The pos-
sibility exists, therefore, that the electron density feature
might indicate a water molecule in this essentially hydro-
phobic cavity, but we do not regard this as likely as there
is no polar atom within 4 A. A much more reliable indi-

cation is provided by the mutant structure with the sin-
gle replacement Leu 133 — Ala. In this case the structure
in the region of the substitution is well defined and there
is no evidence whatsoever to suggest that the created cav-
ity contains a bound solvent molecule.

Discussion

Tolerance of a polyalanine helix

The major finding of the present work is that a series of
eight consecutive alanines within the amino acid sequence
of T4 lysozyme does not interfere with folding or func-
tion. This supports the notion that the folding of a pro-
tein may be determined by the interactions between a
subset of key amino acids (e.g., those that form the core)
and that the remainder (which may constitute a relatively
large fraction of the amino acid sequence) are relatively
unimportant. Other evidence in support of this idea in-
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Fig. 11. A: Difference map, D127A/E128A/V131A/N132A/1.133A minus wild-type lysozyme. All conventions as in Figure 2A.
B: Superposition of D127A/E128A/V131A/N132A/L133A (open bonds) on wild type (solid bonds).

cludes the demonstration by Sauer and coworkers that
amino acids in a given protein can have a low “informa-
tion content” (Bowie et al., 1990). Also, amino acid sub-
stitutions of mobile solvent-exposed residues on the
surface of a protein generally have little effect on stabil-
ity (Hecht et al., 1986; Alber et al., 1987). In experiments
parallel to those reported here, Heinz et al. (1992) have
constructed a mutant lysozyme with 10 consecutive ala-
nines (residues 40-49) in a different a-helix and have
shown that that variant also folds normally.

Independence of substitutions: Energetics

It was previously shown that substitution of alanine at the
three relatively solvent-exposed sites, Glu 128, Val 131,
and Asn 132, increased the thermostability of T4 lyso-
zyme (Zhang et al., 1991). The increase in stability at the
three sites was found to be approximately additive, al-
though there was a slight synergistic effect that was inter-
preted to be due to an interaction between the E128A and
N132A substitutions. Table 4 gives an overall summary
in which an energy term is ascribed to each single alanine
substitution. These energies were either measured directly
or inferred by difference, as described by Zhang et al.
(1991). By summing the individual energy terms and in-
cluding the interaction term for those variants that in-
clude both E128A and NI132A, one can predict the

change in stability expected for each of the multiple re-
placements. For E128A/V131A, 128/131/132, and 127/
128/131/132, the agreement between the observed energy
and the sum of the constituents is good. For the muta-
tions that include L133A, the agreement is poorer, but it
should be noted that L133A is a relatively unstable pro-
tein, and in such cases it is more difficult to obtain accu-
rate values for AAG (Table 2). In general terms, the
results support the principle of additivity and suggest that
each of the substitutions acts essentially independently.
Such independence would not necessarily be expected for
substitutions involving pairs of amino acids that are cou-
pled via interactions through the rest of the protein. Sup-
pose, for example, that two amino acids in the same
a-helix each made contact with the core of the protein.
A substitution of one amino acid might alter the align-
ment of the «-helix relative to the rest of the protein,
which, in turn, would affect the consequences of a sub-
stitution of the second amino acid. In such a case substi-
tutions at the two sites would be coupled even though
there need not be direct contact between the amino acids
in question. This situation occurs with the replacements
E128A and N132A, although in this case the estimated
interaction energy is relatively weak (~0.2 kcal/mol)
(Zhang et al., 1991) (Table 4). Because of the uncertainty
in the estimation of AAG for the destabilizing single re-
placement Leu 133 — Ala (Table 4), we cannot exclude



772

Table 4. Additivity of energies of stabilization?

Stabilization inferred
from constituent
mutations

Stabilization
observed
experimentally

Mutant AAG (kcal/mol) AAG (kcal/mol)
(D127A) 0.08

E128A 0.16

VI3IA 0.27

(N132A) 0.30

L133A —4.19

DI127A/E128A 0.24

E128A/VI31A 0.44 0.43
VI31A/NI132A 0.57

128/131/132 0.91 0.73 (0.91)
127/128/131/132 1.01 0.81 (0.99)
128/131/132/133 -2.59 —-3.46 (—3.28)
127/128/131/132/133 -2.27 —3.38 (—3.20)

2 The energies of stabilization of the multiple mutants are compared
with the sums of energies of stabilization of the constituent replace-
ments. The left-hand column gives the experimentally observed en-
ergies of stabilization for each of the mutant proteins (AAG from
Table 2). Mutations D127A and N132A were not constructed as single
replacements so that in these two cases the energy values are inferred by
difference from the values for D127A/E128A and E128A and V131A/
NI132A and V131A. The sum of the energies for E128A, V131A, and
NI132A is 0.73 kcal/mol (as shown above), but better agreement with
the experimental value is obtained by assuming that there is an inter-
action energy of 0.18 kcal/mol between E128A and N132A due to a
structural rearrangement (see Zhang et al., 1991). This results in an
energy sum of 0.91 kcal/mol, shown above in parentheses. Similarly,
multiple mutants 128/131/132/133 and 127/128/131/132/133 also in-
clude both E128A and N132A, so the inferred stabilization energy is
shown as the simple sum of the constituents (without parentheses) and
with the 0.18-kcal/mol interaction energy term included (in parentheses).

the possibility that there is some cooperativity in the mul-
tiple mutants that include this substitution.

Table 4 suggests that the four alanine substitutions —
D127A, E128A, V131A, and N132A —increase protein
stability (at pH 2.0) and that the replacement of the bur-
ied Leu 133 is substantially destabilizing.

Independence of substitutions: Structure

An overall impression of the conformational changes as-
sociated with the different mutants is given by the shift
plots shown in Figures 3 and 4 and also the comparisons
of the coordinates with wild-type lysozyme (Table 5). Be-
cause the different mutations are associated with changes
in the “hinge-bending angle” between the amino-terminal
and carboxy-terminal domains the superposition of each
structure on wild type was based on the main-chain atoms
of the carboxyl domain (i.e., residues 81-160). This is the
domain in which the polyalanine helix is located. Similar
superpositions were also carried out for each pair of mu-
tant structures, yielding the discrepancies shown in Ta-
ble 6. Not surprisingly, mutants D127A/E128A and
E128A/V131A, which involve fully solvent-exposed res-
idues, have structures most similar to the wild type (rms
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discrepancy, A, of 0.11-0.12 A) and to each other (A =
0.13 A). These three structures can be considered iden-
tical, within experimental error, except in the immedi-
ate vicinity of the substitution sites (Fig. 3B,C). As
discussed under Results, the replacement Asn 132 — Ala
is associated with a shift of the 126-134 helix. This can
be seen in all the variants that include N132A (Fig. 3D-
H). Similarly, the replacement Leu 133 — Ala is associ-
ated with a shift in the «-helical residues 109-114. This
shift is clearly seen in all the variants that include L133A
(Fig. 3A,G,H). This indicates quite clearly that the ma-
jor structural changes associated with the different muta-
tions are independent. The observation that the structural
changes seen in the multiple mutants are the sum of
those seen in the individual mutants is consistent with the
additivity also seen in the free energies of stabilization
(Table 4).

Large-scale changes in conformation

Superposition of the amino-terminal domain of each mu-
tant on wild type shows that this part of the lysozyme
structure is, in general, very similar in each structure
(data not shown except for Fig. 31, see below). This con-
firms that the overall difference between each mutant and
wild type consists essentially of two parts. First there are
adjustments within the carboxy-terminal domain that can
include relatively extended main-chain shifts up to 0.5-
0.6 A (e.g., Fig. 3H). Second there is the rigid-body
movement of the amino-terminal domain relative to the
carboxyl-terminal domain, which, in the case of 127/128/
131/132/133, corresponds to a rotation of 3.6° (Fig. 12).
In this case, however, as can be seen in Figure 31, there
are some parts of the amino-terminal domain that do re-
adjust in the mutant structure. These include residues 7-
13 and 18-23. The latter is a hairpin or loop structure,
which, in wild-type lysozyme, has relatively high thermal
factors, indicating higher than average mobility. In the
wild-type crystal lattice, there is an intermolecular hydro-
gen bond (3.1 A) between the carbonyl oxygen of Thr 21
and the indole nitrogen of Trp 126 (Fig. 13; Kinemage 5).
In the mutant structure this hydrogen bond is broken,
and the interatomic distance increases to 4.3 A. Instead,
a new intermolecular hydrogen bond (3.1 A) is formed
between the indole nitrogen and the carbonyl oxygen of
Asp 20 (Fig. 13). Associated with this change, the side
chain of Thr 21 rotates from the g~ conformation in
wild type to g* in the mutant. Thus, the 3.4-A decrease
in the ¢ cell edge is associated with hinge-bending of the
two domains within the lysozyme molecule, a distinct
change in a crystal-packing contact, and, as well, local-
ized adjustments of the protein structure in the vicinity
of the contact.

Although there is no direct evidence, we do not believe
that the change in hinge-bending angle is an intrinsic
property of the mutant lysozyme. Rather, we suggest that
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Table 5. Root-mean-square differences between the coordinates
of polyalanine mutants and wild-type lysozyme

Discrepancy for residues compared (A)

1-162 1-162 81-160 81-160
Mutant (all atoms) (main chain) (all atoms) (main chain)
133 0.18 0.16 0.18 0.16
127/128 0.26 0.22 0.16 0.11
128/131 0.22 0.19 0.17 0.12
131/132 0.25 0.21 0.24 0.18
128/131/132 0.37 0.18 0.46 0.16
127/128/131/132 0.392 0.28 0.29 0.19
128/131/132/133 0.29 0.20 0.35 0.22
127/128/131/132/133 0.53 0.47 0.36 0.28

2 The side chain of Arg 52, which moves in association with modification of Cys 54, is not included in the comparison (see
text).

Table 6. Root-mean-square difference between the backbone coordinates (in A)
for residues 81-160 in each of the mutant structures

wild 127/128/ 1287131/ 127/128/
type 133 1277128 128/131 131/132 128/131/132 131/132  132/133 131/132/133

Wild type 0.16 0.11 0.12 0.18 0.16 0.19 0.22 0.28
133 0.17 0.18 0.20 0.18 0.19 0.18 0.25
127/128 0.13 0.19 0.16 0.19 0.23 0.28
1287131 0.16 0.16 0.19 0.24 0.29
131/132 0.14 0.18 0.19 0.25
128/131/132 0.15 0.15 0.24
127/128/131/132 0.18 0.23
128/131/132/133 0.19
127/128/131/132/133

Fig. 12. Stereo drawing showing the “hinge-
bending” motion of mutant DI127A/E128A/
VI131A/N132A/L133A (open bonds) relative to
wild type (solid bonds). The superposition of the
two structures is to optimize the agreement be-
tween their carboxy-terminal domains. The poly-
alanine helix includes residues 127-134. Trp 126 of
one molecule and Thr 21 of another molecule par-
ticipate in the contact within the crystal lattice (see
text and Fig. 13).
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the structural changes in the vicinity of the polyalanine
helix favor an alternative crystal contact, and the hinge-
bending angle adjusts to facilitate this new contact. Sub-
stantial variability in hinge-bending has been observed in
two other T4 lysozyme variants, Met 6 — Ile (Faber &
Matthews, 1990) and Ile 3 — Pro (unpubl. results). It is
presumed in the case of these variants that it requires very
little energy to change the hinge-bending angle (Faber
& Matthews, 1990), and the present results tend to sug-
gest that this is true in general, as the mutations described
here are well away from the hinge-bending region (Fig. 1).

Structure of the polyalanine helix

The polyalanine helix in the mutant 127/128/131/132/
133 and in the other variants is very similar to that of wild
type except for the truncation of the mutated residues.
One question is whether the geometry of the a-helix be-
comes more regular as its sequence becomes more homo-
geneous. In the most extreme case two full turns of the
a-helix consist exclusively of alanine residues. Helix ge-
ometry was investigated in several ways, first by deter-
mining the spread in the (¢, ¥) values (Table 7). To some
degree the replacement of the buried residue Leu 133
seems to make the helix less regular (i.e., increases o(¢)
and ¢(¥)), and the subsequent replacements tend to re-
store regularity, but this trend is not especially compel-
ling. In terms of the variations of the hydrogen bond
lengths within the a-helix (Table 8) it also appears that the
Leu 133 — Ala substitution disrupts the helix somewhat,
and the subsequent substitution of additional alanines
makes it more regular, in fact substantially more so than
the helix in the wild-type structure. Finally, an attempt
was made to compare the polyalanine helix with an ideal
o-helix. One of the difficulties in such a comparison is to
define an ideal helix. Table 9 summarizes two different
types of comparisons. In the first test, the backbone at-
oms (C%, C, N, O) of residues 127-133 in the different
mutant structures were compared with a model polyala-
nine a-helix in which every residue has (¢ = —57°, ¢y =
—47°) (Arnott & Wonacott, 1966). In the second test, the
a-helix was compared with itself, but translated by a sin-
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Fig. 13. Stereo drawing showing the change in
crystal contact associated with the penta-alanine
substitution. In wild-type lysozyme (solid bonds)
there is a hydrogen bond between the indole nitro-
gen of Trp 126 (W126) and the carbonyl oxygen
of Thr 21 in a neighboring molecule (differentiated
by the # symbol) in the crystal lattice. In the
D127A/E128A/V131A/N132A/L133A mutant
structure (open bonds) the intermolecular hydro-
gen bond occurs between the indole nitrogen and
the carbony! oxygen of Asp 20. In this figure the
coordinates were taken from the respective crys-
tal structures and aligned so as to optimize the su-
perposition of the backbone atoms of residues
125-127.

gle residue (i.e., residues 127-132 were superimposed on
and compared with residues 128-133). The idea of the
latter comparison was that it would help allow for a sit-
uation in which the overall helix was slightly bent. In
particular, it is known (Blundell et al., 1983) that buried
hydrogen bonds tend to be shorter than those exposed to
solvent, and this is true for a-helix 126-134 of T4 lyso-
zyme (Table 8). The comparisons shown in Table 9 tend
to support the general trend discussed above, namely that
the Leu 133 — Ala replacement makes the helix less
regular, and that multiple alanine replacements restore
regularity. A polyalanine helix in solution might be ex-
pected to have a completely regular conformation. Here,
however, not all alanines are equivalent. Some are solvent-

Table 7. Variation of (¢,y) within the polyalanine helix*

() ¥

Residue

A. Ramachandran angles in wild-type lysozyme, residues 126-134

Trp 126 ~52.7 ~54.8
Asp 127 ~62.6 —-42.7
Glu 128 —66.2 -394
Ala 129 —-64.9 —38.8
Ala 130 —59.2 —45.0
Val 131 ~64.3 -43.5
Asn 132 —67.4 -37.5
Leu 133 —-64.4 -29.6
Ala 134 ~72.8 —-16.1
Protein @ (°) ) (°) (o) (°) o(¥) ()

B. Average (¢,V) values in mutant lysozymes, residues 127-133

Wwild type —64.1 =395 2.5 4.8
LI133A —65.6 —37.3 4.7 8.4
DI127A/E128A —64.1  —39.8 4.8 4.6
E128A/VI31A —65.3 —389 6.4 3.7
VI31A/NI32A —64.6 —40.3 7.7 2.8
EI28A/VI3IA/NI32A —643  —39.3 4.9 3.4
127/128/131/132 —62.1 —40.8 5.8 4.9
128/131/132/133 -67.7 —37.0 4.1 4.1
127/128/131/132/133  —65.6  —39.2 3.5 48

2(¢) and (¥ ) are the rms values of ¢ and ¥, and o(¢) and o(y) are
the variations for the residues within the o-helix. In calculating the aver-
age values of ¢ and ¢ the capping residues were deleted.
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Table 8. Helical hydrogen bond lengths
within polyalanine helices

Atom pair Bond length (A)

A. Hydrogen bond lengths within a-helix 126-134
in wild-type lysozyme

O Trp 126 N Ala 130 3.09

O Asp 127 N Val 131 3.21

O Glu 128 N Asn 132 3.08

O Ala 129 N Leu 133 2.78

O Ala130 N Ala 134 3.38
Protein dy (A) o(d) (A)

B. Variation in hydrogen bond length in mutant structures

Wild type 3.1 0.20
L133A 3.12 0.23
DI127A/E128A 3.16 0.17
E128A/V131A 3.11 0.20
VI31A/NI132A 3.18 0.17
E128A/VI131A/NI132A 3.05 0.14
127/128/131/132 3.16 0.16
128/131/132/133 3.08 0.11
127/128/131/132/133 3.04 0.13

Table 9. Comparison of polyalanine helix with
an ideal helix and with a “translated” helix

Agreement between
residues 127-133

Agreement between
residues 127-132

and an ideal helix and
(¢ = —57°, y = —47°)* residues 128-133

Protein (A) (A)

Wild type 0.248 0.233
L133A 0.262 0.279
DI127A/E128A 0.261 0.233
E128A/VI131A 0.226 0.212
V131A/N132A 0.257 0.270
E128A/V131A/N132A 0.194 0.164
127/128/131/132 0.220 0.208
128/131/132/133 0.221 0.127
127/128/131/132/133 0.234 0.175

2If the calculation is repeated with an “average” «-helix (¢ = —62°,
¥ = —41°) (Barlow & Thornton, 1988), the individual discrepancies in-
crease by about 0.04 A, but the overall trend is the same.

exposed and some are buried. The observed conformation
presumably reflects a compromise between the tendency
of the repeated alanine sequence to make the helix more
regular and the constraints imposed by the contacts of the
«-helix with the rest of the protein.

Surface and solvent structure

As noted above, the substitution of up to five alanines
has no apparent effect on the purification of the protein
or on its aggregation properties (as inferred from its be-
havior during purification and crystallization). Table 10
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Table 10. Area of residues 126-134 accessible to solvent?®

Surface area for
atoms specified (A?)

Mutant Carbon Oxygen Nitrogen Total
Wild type 218 172 45 434
133 219 174 46 439
127/128 268 23 49 341
128/131 195 102 46 344
131/132 176 167 22 366
128/131/132 183 96 22 301
127/128/131/132 236 20 27 283
128/131/132/133 196 98 26 320
127/128/131/132/133 256 19 29 304

# Areas accessible to solvent were calculated using the method of
Lee and Richards (1971) with a probe radius of r = 1.4 A.

shows the total accessible surface area of residues 126-
134, given by atom type. The most significant change is
in the reduction in the accessible surface area attributed
to oxygen atoms due, in particular, to the loss of Asp 127
and Glu 128. Although up to five alanines are substi-
tuted, the hydrocarbon surface area exposed to solvent
remains roughly constant.

Of the five mutation sites, the first three, Asp 127, Glu
128, and Val 131, are fully solvent exposed. Asn 132 is
partly inaccessible to solvent, whereas Leu 133 is fully
buried. For the full-exposed residues, replacement with
alanine would not be expected to result in the binding of
additional solvent molecules, and none is observed. Sim-
ilarly, there is no evidence of solvent bound within the
hydrophobic cavity created by the single Leu 133 — Ala
replacement (but see the comment under Results regard-
ing mutant 127/128/131/132/133).

The only mutants for which there is clear evidence for
binding of an additional solvent molecule are those that
include the replacement of Asn 132 — Ala. In E128A/
V131A/NI132A, 127/128/131/132, and 128/131/132/133
there is a water molecule that occupies approximately the
same position as N2 of Asn 132. In the wild-type crystal
structure N2 of Asn 132 makes a hydrogen bond (3.0 A)
to O¢? of Glu 45 in a neighboring molecule. The bound
solvent molecule in the mutant structures makes a simi-
lar hydrogen bond to Glu 45.

Helix 126-134 is amphiphilic. In the wild-type structure
there are four water molecules that respectively hydrogen
bond to the carbonyl oxygens of Asp 127, Glu 128, Ala
130, and Val 131. These hydrogen bonds have an average
length of 2.9 + 0.1 A. The average of the angles formed
by the carbonyl carbon, carbonyl oxygen, and the water
molecule is 116 + 7°. For Asp 127, Glu 128, and Val 131
the average of the pseudo torsion angles formed by the
a-carbon, carbonyl carbon, carbonyl oxygen, and water
molecule is 22 + 3°. All of these values are very close to
those normally observed for water molecules bound to
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the solvent-exposed residues in the center of an amphi-
philic «-helix (Blundell et al., 1983; Baker & Hubbard,
1984; Barlow & Thornton, 1988). Because Ala 130 is par-
tially buried it prevents the bound solvent (#216) at this
position from having the standard 22° angle. Instead, the
pseudo torsion angle is 107°. None of the above binding
patterns of solvent is altered in any of the mutant struc-
tures (except that the thermal factors of the solvent mol-
ecules vary somewhat). In addition all of the water
molecules within 3.5 A of the side chains of residues 127,
128, 131, 132, and 133 of wild-type lysozyme retain rea-
sonable B-values (below 65 A?) in the mutant structures.

The overall result, therefore, is that the presence of the
alanine substitutions does not alter the solvent structure
on the surface of the protein except for the one case
where a solvent molecule replaced a hydrogen-bonding
function on a substituted amino acid.

Methods

Methods for generation and purification of the mutant
lysozymes, as well as thermodynamic and crystallo-
graphic analysis, were as described previously (Dao-pin
et al., 1990; Zhang et al., 1991). The polyalanine variants
were obtained by standard procedures, although in DNA
sequencing it was necessary to use 7-deaza-dGTP instead
of dGTP to prevent the GC-rich region (... GCX GCX
GCX ...) from forming secondary structure.
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