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ABSTRACT: Threonine 59, a helix-capping residue at the amino terminus of the longest helix in T4 phage
lysozyme, was substituted with valine, alanine, glycine, serine, asparagine, and aspartic acid. The valine,
alanine, and glycine replacements were observed to be somewhat more destabilizing than serine, asparagine,
and aspartic acid. The crystal structures of the different variants showed that changes in conformation
occurred at the site of substitution, including Asp 61, which is nearby, as well as displacement of a solvent
molecule that is hydrogen-bonded to the v-oxygen of Thr 59 in wild-type lysozyme. Neither the structures
nor the stabilities of the mutant proteins support the hypothesis of Serrano and Fersht (1989) that glycine
and alanine are better helix-capping residues than valine because a smaller-sized residue allows better
hydration at the end of the helix. In the aspartic acid and asparagine replacements the substituted side
chains form hydrogen bonds with the end of the helix, as does threonine and serine at this position. In contrast,
however, the Asp and Asn side chains also make unusually close contacts with carbon atoms in Asp 61.
This suggests a structural basis for the heretofore puzzling observations that asparagine is more frequently
observed as a helix-capping residue than threonine [Richardson, J. S., & Richardson, D. C. (1988) Science
240, 1648-1652] yet Thr — Asn replacements at N-cap positions in barnase were found to be destabilizing
[Serrano, L., & Fersht, A. R. (1989) Nature 342, 296-299]. Threonine and asparagine are shown to require
different conformations of the backbone at the end of the a-helix in order to adopt optimal capping con-
formations. The energetic and structural consequences of substitutions at the N-cap position therefore depend
not only on the nature of the substitution and the local environment in which it occurs but also on the backbone
conformation that exists at the site of substitution.

A helix N-cap residue is perhaps best defined as the first
residue in a helix whose a-carbon is within the cylinder defined
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by the helix (Richardson & Richardson, 1988). A survey of
215 helices in the structures of 45 different globular proteins
(Richardson & Richardson, 1988) found that the most com-
mon residues at the N-cap position are Ser, Asn, Gly, Asp,
and Thr, in order of decreasing frequency. In the evolution
of proteins, some advantage evidently favors the choice of these
residues although the reasons are not clear. Both kinetic
(protein folding) and thermodynamic (protein stabilizing) roles
for N-cap residues have been proposed (Presta & Rose, 1988;
Richardson & Richardson, 1988).

The stability of helices in small synthetic peptides is known
to be dependent on charged residues at the ends of those helices
(Thara et al., 1982; Shoemaker et al., 1985, 1987), presumably
due to a favorable electrostatic interaction with the a-helix
dipole (Blagdon & Goodman, 1975; Wada, 1976; Hol et al.,
1978). Nicholson et al. (1988, 1991) have also shown that

© 1992 American Chemical Society
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Table I: Data Collection and Refinement Statistics for Xaray Crystal Structure Determinations”

rms deviation from ideal geometry

1 flecti bond bond trigonal group
ce el Ry, LS cctions measured o qo)ytion R o lcrgth angle  planarity  planarity

protein  a,b(&) c(A) films (%) total  independent limit (A) (%) (&) (dep) (A) (A)
WT* 60.9 96.8 4.5 13879 1.75 14.8 0.015 2.08 0.010 0.014
T59A 60.9 97.1 15 6.2 30000 13312 1.8 159 0.016 2,24 0.012 0.014
T59D 60.9 96.9 16 8.5 30600 10903 2.0 15.3 0.018 2.34 0.013 0.015
T59G 61.0 96.9 18 1.2 37200 14849 1.7 16.3 0.016 2.20 0.011 0.014
TS9N 61.0 97.0 17 6.3 35000 13597 1.8 15.5 0.015 2.14 0.010 0.014
T59S 61.0 97.0 17 1.5 31400 12755 1.8 16.3 0.017 2.40 0.011 0.015
T59v 61.0 97.0 16 53 31600 13413 1.8 15.5 0.016 221 0.012 0.014

4 All of the proteins described herein contain the mutations C54T/C97A, which were introduced to remove the two cysteine side chains present in
wild-type lysozyme. Refinement of all of the proteins with substitutions at residue 59 was based on the coordinates for the structure of C54T/C97A,
which is labeled WT* (Pjura et al., 1990). Numbers of reflections are based on data between 6 A and the resolution limit shown.

Table II: Changes in Thermal Stability for Variants at Site 597

pH 2.0 pH 6.5

ATy, AAG AT, AAG
protein °C) (kcal/mol) C) (kcal/mol)
TS9N -2.1 -0.6 -2.8 -1.1
T59S -2.6 -0.7 -0.4 -0.2
T59D -3.1 -0.9 -3.1 -1.2
T59G =17 -2.2 -4.1 -1.6
T59V -10.0 -2.8 -4.0 -1.5
TS59A -10.1 -2.8 -4.0 -1.5

9Thermally promoted unfolding experiments were performed in 0.15
M potassium chloride with hydrochloric acid added to pH 2.0 and also
in 0.15 M potassium chloride with 0.01 M potassium phosphate ad-
justed to pH 6.5 (Becktel & Baase, 1987). The change in melting
temperature, AT, of each mutant protein was determined relative to
the T, of the pseudo-wild-type reference protein, WT*, here found to
be 41.0 and 63.0 °C at pH 2 and 6.5, respectively. Errors in AT,
values are less than 15% except in the case of T59S where the esti-
mated absolute error of £0.3 °C corresponds to a 75% relative error.
The change in free energy of unfolding of the mutant protein relative
to wild type, AAG, was calculated from AAG = AT, AS, where AT, is
the difference in melting temperatures of the proteins being compared
and AS is the unfolding entropy change of the reference protein, here
found to be 280 and 380 eu for low and high pH, respectively (Becktel
& Schellman, 1987). AT, is T,(mutant protein) minus T (reference
protein) so that a negative value indicates decreased stability relative to
WT*.

negative charges introduced near the N-termini of a-helices
increase the stability of T4 lysozyme through electrostatic
interactions.

Serrano and Fersht (1989) made a number of substitutions
at Thr 6 and Thr 26, the N-cap residues for the two a-helices
in the enzyme barnase. They observed that the free energy
of folding of the protein depended in a fairly consistent manner
on the amino acid that was substituted at either of these N-cap
positions. The most unexpected, and unexplained, result was
that asparagine was energetically less favorable at either site
than serine or threonine, even though asparagine is observed
at high frequency at the N-cap position.

In this report we investigate the role of the N-cap residue
threonine 59 which is at the end of the longest (23 residues)
helix in T4 lysozyme. Thr 59 was substituted with six other
amino acids, four of which are commonly found as helix
N-caps and two of which are rarely found in this role (Rich-
ardson & Richardson, 1988). The stabilities of the variants
have been measured and the crystal structures determined,
allowing the thermodynamic data to be rationalized in
structural terms. Because the substituted residue in wild-type
lysozyme is threonine, it is possible to compare the present
results with the threonine helix-capping replacements reported
previously by Serrano and Fersht (1989), subject to certain
differences in technique (see legend to Figure 1).

AAG (kcal/mole)

-3.0 -2.0 -1.0 0.0
T I T T T

a. T4 lysozyme, pH 2.0

TS9N
T598
759D
159G
T59V
TS9A

-3.0 -2.0 -1.0 0.0

T59N
T598
T59D
T59G
T59V
T59A

b. T4 lysozyme, pH 6.5

-3.0 -2.0 -1.0 0.0
] T ] T

c. Barnase, pH 6.3

T6N
T6S
16D
T6G

| TeA

-3.0 -2.0 -1.0 0.0
I I I

d. Barnase, pH 6.3

FIGURE 1: The difference between the free energy of unfolding of
mutant lysozymes and that of wild-type lysozyme at pH 2.0 and 6.5
(AAG from Table IT) is shown respectively in (a) and (b). Errors
in AAG were propagated on the basis of a 15% error in AT, and a
10% error in AS. This gave an overall error in AAG of 20% except
in the case of T59S (see Table II). Changes in stability due to
replacements of Thr 6 and Thr 26 of barnase are shown respectively
in (¢) and (d) [from Serrano and Fersht (1989)]. Serrano and Fersht
(1989) estimated the change in free energy of folding of mutant
barnase relative to wild type (AAG) from the change in the con-
centration of urea required to unfold the protein. This gives an estimate
of AAG at the concentration of urea at which wild-type barnase is
50% unfolded. In the present case, AAG was determined from the
change in melting temperature, T, of the mutant lysozyme relative
to wild type (Table I). This gives an estimate of AAG at the T, of
wild-type lysozyme.
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FIGURE 2: Stercoview showing the difference in electron density between T59A and the wild-type structure, superimposed on the structure
of the wild-type protein. The figure includes most of the long helix for which residues 59 is the N-cap. Positive contours (+4¢) are shown
in blue and negative contours (-4¢) in red. Amplitudes were Fp, . — Fwre, Where F . and Fyre are the structure amplitudes observed
for the mutant and pseudo-wild-type lysozyme, respectively. The phases were calculated from the refined model of pseudo-wild-type lysozyme.
Difference electron density is largely localized to the end of the helix. The change in conformation of Asp 61 is clearly indicated by the difference
electron density.

Table I11I: Hydrogen-Bonding Geometry for the Different Side Chains at Residue 59 and for Asp 61°¢
' distance (A)

angles (deg)

residue at 59 (H-bond residue) H61-0 H62-0 N61-H-O N62-H-0 H61-0-C H62-0-C
Thr 59 3.1 2.3 111 161 95 135
Ser 59 2.9 2 112 164 102 140
Asn 59 24 1.8 105 155 128 147
Asp 59 2 1.9 107 158 118 160
Ala 59 (Asp 61) 1.9 2.4 114 131 109 89
Gly 59 (Asp 61) 1.9 2.2 113 138 95 94
representative value 2.1 2:1 151 151 124 124

9The first column shows the residue at site 59. In the case of Ala 59 and Gly 59, the residue whose side chain forms the hydrogen bond with the
amide backbone is Asp 61 as shown in parentheses (see Figures 2 and 3). Distances were measured between the amide hydrogens of both residues
61 and 62 and the oxygen hydrogen-bond acceptor on the side chain. The symbol H61-O denotes the distance between the hydrogen on the amide
of residue 61 and the oxygen hydrogen-bond acceptor of the side chain. The symbol H61-O-C denotes the angle between the hydrogen on the amide
nitrogen of residue 61, the oxygen hydrogen-bond acceptor of the side chain, and the carbon atom to which the oxygen atom is bonded. The
analogous definitions hold for angles involving residue 62. Hydrogen-bonding distances and angles were estimated using the program Macromodel
2 (Still, 1988). Amide hydrogen positions were estimated as being 1.01 A from amide nitrogens, on trigonal planar nitrogen atoms. No other
possible hydrogen-bonding interactions between these side chains and protein atoms were observed. The representative values are averages for
observed hydrogen bonds between N—H groups and side chains in globular proteins (Baker & Hubbard, 1984).

METHODS

Site-directed mutagenesis was performed on the T4 lyso-
zyme gene cloned into phage M13mp18 (Matsumura et al.,
1988, and references therein) using the method of Zoller and
Smith (1984). In order to increase the relative yield of isolates
bearing the desired mutation, template DNA was grown in
Escherichia coli strain CJ236 as described by Kunkel et al.
(1987). Phage isolates with the T4 lysozyme gene containing
the desired mutant sequences were identified by sequencing
directly after mutagenesis without selection. Typically ~30%
of the isolates sequenced contained the desired mutations.

All variants of T4 lysozyme in this study also contained the
substitutions Cys 54 — Thr and Cys 97 — Ala. The resultant
cysteine-free lysozyme (C54T/C97A or WT*) has structure
and thermodynamic stability similar to that of the true wild-
type protein but is more amenable to reversible thermal de-
naturation (Wetzel et al., 1988; Matsumura et al., 1988).
C54T/C97A has been adopted as a “pseudo-wild-type”
standard or reference protein.

Mutant lysozymes with Thr 59 replaced by Ala, Asp, Asn,
Gly, Ser, and Val were expressed and purified. All could be
crystallized from ~2 M phosphate solutions at pH ~6.7 using
conditions as previously described (Alber & Matthews, 1987;
Muchmore et al., 1989; Weaver & Matthews, 1987).

Measurement of the midpoint of reversible thermal dena-
turation at pH 2.0 and 6.5 was performed as described by
Becktel and Baase (1987).

X-ray diffraction data were collected as described (Weaver
& Matthews, 1987; Alber et al., 1987). Crystallographic
refinement was carried out using the TNT package of pro-
grams (Tronrud et al., 1987). Geometric restraints were used
for bond angles, bond distances, planar groups, trigonal planar
groups, and short, nonbonded contacts but not for torsion
angles.

Refinement was begun with an initial model based on the
structure of the pseudo-wild-type T4 lysozyme (Pjura et al.,
1990) with both residues 59 and 61 as alanine. Difference
maps (see below) suggested that both these residues were
subject to conformational change. After six cycles of positional
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FIGURE 3: Structures of those variants that have a non-hydrogen-bonding side chain at residue 59. The wild-type structure with threonine
as residue 59 is shown in yellow. The other structures are TS9A (red), T59G (green), and TS9V (blue). Note the change in position adopted

by Asp 61 in the T59G and T59A structures.

FIGURE 4: Structure of variants at residue 59 that have a hydrogen-bonding side chain. Wild-type lysozyme with threonine as residue 59 is
shown in yellow. The other structures are T59S (blue), TS9N (green), and T59D (red). The structures are shown as a stereopair.

refinement with moderate weight on geometric restraints,
examination of difference maps allowed the positioning of the
appropriate side chains at residues 59 and 61. Additional
refinement with progressively tighter weights on geometry as
well as additional cycles of temperature factor refinement was
carried out essentially as described (Bell et al., 1991) to obtain
a minimal R-factor consistent with satisfactory bond lengths
and angles (Table I).

RESULTS

Thermostability. The change in the midpoint for reversible
thermal denaturation, AT}, for each of the proteins with
substitutions at residue 59 is shown in Table II. Figure 1
summarizes the changes in the free energy of folding, AAG.
All six replacements decrease the thermostability of T4 ly-
sozyme. The changes are smaller for Asn, Ser, and Asp and
are larger for Ala, Gly, and Val, especially at pH 2.0.

Structures of Mutant Lysozymes. Figure 2 shows the
difference in electron density between the lysozyme with

alanine substituted at position 59 (T59A/WT*) and the
pseudo-wild-type lysozyme. The negative features superim-
posed on the side chain of Thr 59 are consistent with the
replacement of the threonine with alanine. Positive and
negative features near Asp 61 show that in the mutant
structure this side chain no longer occupies the highly sol-
vent-exposed position on the outside of the helix that it does
in wild-type lysozyme. Alterations in the structure are
localized to the region near the end of the helix (as they are
for all of the other replacements of Thr 59). In this variant
(T59A) the side chain of Asp 61 is located over the end of the
helix where it might be considered to serve as a “substitute”
for the truncated (i.e., Thr — Ala) N-cap side chain. The
average temperature factor for the atoms in the side chain of
Asp 61 remains almost as high in the mutant structure (B =
52 A?) as in the wild type (B = 63 A2), showing that the side
chain is not well ordered in either structure. Consistent with
the high mobility of Asp 61 in the mutant structure, the ge-
ometry of the side chain suggests that it is not placed to accept
a hydrogen bond from any of the amide nitrogens at the end
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of the helix. Table III shows the angles between potential
hydrogen-bond donors and acceptors at the end of this helix.
The side chain of Asp 61 is oriented so that the planar car-
boxylic group is approximately normal to the N-H bond.
Good hydrogen-bond geometry requires that the plane of the
carboxylic acid be approximately parallel to the N-H bond
(Baker & Hubbard, 1984). The angle between amide nitro-
gen, hydrogen, and oxygen acceptor is also unusual for a
hydrogen-bond interaction (Table III).

The position of Asp 61 in the mutant structure T59A is
more clearly seen in Figure 3. The wild-type structure is
shown in yellow, and the variant T59A is shown in red. The
structure of variant T59G (Figure 3, green bonds) is similar
to that of TS9A. The side chain of Asp 61 again is oriented
over the end of the helix but in a slightly different position.
In the Ala 59 structure there is a steric contact between the
B-carbon and the y,-oxygen of Asp 61 (distance 2.9 A).
Removal of this 8-carbon in the Gly 59 structure allows the
carboxylate to move slightly further over the end of the a-helix.

In addition to alanine and glycine, valine is the other sub-
stitution at position 59 with a side chain which cannot form
a hydrogen bond. Figure 3 includes the T59V structure in blue
bonds. The valine adopts a conformation very similar to that
of the wild-type threonine. Small changes in backbone di-
hedral angles in the vicinity of residue 59 allow the Val 59
side chain to be displaced away from the amide nitrogens of
residues 60 and 61, with which it would otherwise have un-
acceptably close contacts. Asp 61 retains a position close to
that in wild-type lysozyme.

Figure 4 superimposes the structures of those substitutions
at position 59 which could, at least in principle, make hydrogen
bonds to the end of the helix (Thr, Ser, Asp, and Asn).
Analysis of these variants shows that such hydrogen bonds do,
in fact, occur. The structure of T59S (shown in blue) is
essentially identical to the structure of the wild-type protein
(shown in yellow). Asparagine (green) and aspartic acid (red)
are very similar to each other. The side chains are positioned
$0 as to accept a hydrogen bond from the amide nitrogen of
Glu 62 (Table III). The geometry for a possible second
H-bond from the amide nitrogen of Asp 61 is poor (Table III).

Four solvent molecules occur in the wild-type structure near
Thr 59: 184, 260, 284, and 286. Solvent molecule 260 is only
observed in the wild-type structure (albeit with high thermal
factor, B = 59 A2), where it is hydrogen-bonded to the v-
oxygen of Thr 59. Solvent molecule 184 always has its closest
contact with the side chain of Asp 61. In the structures of
T59A and T59G, however, the side chain of Asp 61 has a very
different conformation so that the interaction between solvent
molecule 184 and this side chain is quite different (Figure 3).
Solvent molecules 284 and 286 are seemingly not affected by
the replacements for Thr 59. No evidence was observed for
additional solvent molecules near the end of the helix in any
of the Thr 59 variants examined.

DiscussioN

In the discussion we will consider in turn the consequences
of the different threonine replacements, comparing the present
results with those reported by Serrano and Fersht (1989). The
changes in energy observed for the two proteins agree in some,
but not all, respects. Also it should be remembered that
different techniques were used in the two cases (see caption
to Figure 1).

Thr 59 — Ser. The substitution of threonine with serine
at residue 59 in T4 lysozyme had relatively little effect on
thermostability, especially at pH 6.5. This agrees well with

Bell et al.

Table IV: Torsion Angles (Degrees) at Residue 59 and at Asp 61

amino acid residue 59 Asp 61

at site 59 ¢ Y ox1 x2 ¢ v ox1i X
Ala -94 163 -54 -41 54 51
Gly -101 170 -56 -4 47 -12
Asn -99 169 76 38 =57 -44 -74 -1
Asp -94 168 68 39 -60 -43 -72 -8
Ser -85 164 83 -62 -43 -T71 -7
Thr -91 166 70 -58 -46 -80 3
Val -98 165 -57 -55 -43 -72 -8

the very small decrease in thermostability observed by Serrano
and Fersht (1989). In structural terms, this substitution also
had little effect. Tables III and IV show that the hydrogen-
bonding geometry and x, torsion angles are very similar for
both serine and threonine.

Thr 59 — Asp. For the Thr — Asp substitution, there is
a substantial disagreement between the results obtained for
T4 lysozyme and for barnase (Serrano & Fersht, 1989). In
helix 6-18 of barnase this substitution was slightly stabilizing,
while in T4 lysozyme it is destabilizing. This discrepancy may
be rationalized on the basis of unfavorable electrostatic in-
teractions with adjacent negatively-charged residues. Both
T4 lysozyme helix 59-81 and barnase helix 6-18 have an
aspartic acid as the N2 residue [as defined by Richardson and
Richardson (1988); i.e., Asp 61 and Asp 8, respectively].
However, T4 lysozyme helix 59-81 also contains a glutamic
acid at position N3 (i.e., Glu 62). The substituted aspartate
at position 59 may destabilize the protein through unfavorable
electrostatic interactions with Asp 61 and Glu 62, but another
factor may also be important (see the discussion for TS9N
below).

The occurrence of two negatively-charged residues at the
end of helix 59-81 of T4 lysozyme was the reason why this
site was not chosen as a candidtate in attempts to stabilize the
protein by the addition of negatively-charged residues near
the beginning of helices (Nicholson et al., 1988, 1991). The
destabilizing effect of the Thr 59 — Asp substitution helps
validate the selection criteria used for finding appropriate sites
for such substitutions.

Thr 59 — Asn. Substitution of Thr 59 with Asn is some-
what destabilizing at both pH 2.0 and pH 6.5. In T4 lysozyme,
the Asn 59 substitution decreased the stability of the protein
by 1.1 kcal/mol at pH 6.5, compared to 1.3 kcal/mol found
by Serrano and Fersht (1989) for the two helices in barnase.
These repeated observations in both barnase and T4 lysozyme
that Thr — Asn substitutions are destabilizing were at first
unexpected since Asn is frequently found as an N-cap residue
(Richardson & Richardson, 1988). Serrano and Fersht (1989)
suggest that Asn might not be as good an N-cap as Ser or Thr
but do not offer an explanation why this might be the case.
We would like to suggest an alternative interpretation, namely
that Asn can be inherently as good an N-cap as Ser or Thr,
but it requires a change in the backbone dihedral angles of
the N-cap residue.

If a model-building experiment is performed in which the
side chain of Thr 59 of T4 lysozyme is replaced with aspar-
agine (or aspartic acid), then no combination of side-chain
torsion angles can be found that will permit the formation of
a satisfactory hydrogen bond between the side-chain oxygen
and the amide nitrogens at the end of the a-helix. The dif-
ficulty is not so much to achieve acceptable hydrogen-bond
geometry but rather to avoid an unacceptably short contact
between the side-chain oxygen of the introduced asparagine
(or Asp) and the a- and S-carbons of the residue in the N2
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Table V: Close Contacts Involving Hydrogen-Bonding Side Chains
at Residue 597

interacting atom (distance, A)

residue at hydrogen-
site 59  bonding atom C%1 Ce61 Cé1 N62
Asn ODI1 3.0* 3.3 35 2.8 (H)
Asp oDl 3.2% 3.6 37 29 (H)
Thr 0Gl1 3.7 4.0 4.1 33 (H)
Ser 0GlI 3.7 39 4.0 32 (H)

“The letter (H) in parentheses indicates a hydrogen-bonding inter-
action. The asterisk denotes the close approach shown in Figure 5b.

position (i.e., Asp 61). Such close contacts are, in fact, seen
in the T59N and T59D crystal structures (Table V). These
close contacts do not, however, have to occur when asparagine
or aspartic acid forms the N-cap of an a-helix. For example,
Asn 2, Asn 81, and Asp 92 of T4 lysozyme are all N-cap
residues that hydrogen bond to the end of the helix and whose
closest approach to the C* or C? atom of the N2 residue is
3.8 A. The key to avoiding a close contact appears to be a
rotation of the backbone dihedral angle, ¥, of the N-cap
residue by approximately 40° (Figure 5). In the present case,
the Y angle at residue 59 hardly changes at all when Asn or
Asp is substituted for Thr (Table IV; Figures 3 and 4). The
a-carbon of residue 59 does appear to move a few tenths of
an Angstrom, but an unfavorable contact remains between the
introduced side chain of residue 59 and the - and 3-carbons
of Asp 61. This is especially obvious in the TS9N structure
(Table V) and provides a structural basis for the loss of sta-
bility associated with the Thr — Asn substitution. In the case
of T4 lysozyme, other interactions within the protein appar-
ently do not allow the y angle of residue 59 to relax when an
asparagine or aspartic acid is substituted at this position. These
results suggest why asparagine (and perhaps aspartic acid)
are frequently observed as N-cap residues yet may not be
suitable N-cap replacements at some sites. The optimal
backbone ¢ angle for an N-cap residue may be different de-
pending on whether that residue is, on one hand, serine or
threonine or, on the other hand, asparagine or aspartic acid
(Figure 5). In the case of TS9N and T59D, the backbone
conformation seems not to be appropriate for Asn and Asp
and results in strain which is presumably distributed
throughout the structure, but is most obvious as a close contact.

This hypothesis predicts that, in proteins in general, certain
¥ angles will be preferred for Asp or Asn as the N-cap residue,
while other angles will be preferred for Ser or Thr. Further,
the distribution of expected ¢ angles for Ser or Thr (~
150-180°) should be smaller than for Asn or Asp (~60-150°)
since the side chains of the former two residues have fewer
degrees of freedom than do the side chains of the latter two
residues. Indeed, just such distributions were found in a survey
of N-cap residue conformation in a set of well-refined protein
structures (S. Dasgupta and J. A. Bell, unpublished results).
This hypothesis could be further tested by the introduction of
serine, threonine, and asparagine N-caps at sites with various
backbone conformations.

Thr 59 — Val. This substitution resulted in adjustments
in the structure of the protein (Table IV; Figure 3), apparently
to prevent an unacceptably close contact between the valine
y,-carbon atom and the end of the helix. In the T59V
structure there is no apparent hydrogen-bonding acceptor for
the amide nitrogen of residue 62 (cf. the other variants in Table
IV). The presence of this unsatisfied hydrogen-bonding po-
tential explains, at least in part, the destabilization associated
with the Thr 59 — Val replacement. Also the shift in position
of the a- and B-carbons of residue 59 is greater for Val 59 than
for any other replacement, suggesting that backbone strain
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FIGURE 5: An a-helix composed of alanine, except for the N-cap
residue, which is serine, is shown in (a). This serine hydrogen bonds
(dotted line) to the amide nitrogen of the (N-cap + 3) residue of the
helix. Since the conformation within the helix is highly restricted,
rotation around two bonds, the backbone angle ¢ and the side-chain
torsion angle x,, largely determines the relative position of the hy-
drogen-bond donor and acceptor. A similar situation occurs if the
N-cap residue is threonine. 1f the N-cap residue is asparagine, shown
in (b), or aspartic acid, then the side chain will have an additional
degree of freedom, namely rotation about x,. If the y value of the
Asp or Asn residue is fixed at the value observed for Thr 59 in T4
lysozyme and then rotated about x, and x,, steric interference (in-
dicated by the arrowheads) prevents the formation of a stereochem-
ically reasonable hydrogen bond (cf. Table V). Rotation about ¢ is
also required.

might also contribute to the loss of stability in this case.

Thr 59 — Gly. Glycine is one of the most destabilizing
subsitutions, in the range of 1.3-2.2 kcal/mol, for both T4
lysozyme (Figure 1) and barnase (Serrano & Fersht, 1989).
In the crystal structure of T59G, the removal of the side chain
of the residue 59 allows the side chain of Asp 61 to change
conformation and to move over the end of the helix. For other
helices not containing an N-cap residue with a side chain that
can form a hydrogen bond, polar residues at the N1, N2, or
N3 position often hydrogen-bond back to the end of the helix
(S. Dasgupta and J. A. Bell, unpublished results).

In T59G, a hydrogen-bonding interaction may be possible
between Asp 61 and its own amide nitrogen, but the geometry
for this interaction is very poor (Tables III and IV). The
presence of this unsatisfied hydrogen-bonding potential pre-
sumably destabilizes the Gly 59 variant. Also, the replacement
of any residue with glycine tends to be destabilizing because
of entropic effects (Matthews et al., 1987).

Thr 59 — Ala. For the threonine to alanine substitutions,
barnase variants were destabilized by 2.1 and 2.5 kcal/mol,
somewhat more than the 1.5 kcal/mol measured for the TS9A
variant of T4 lysozyme at pH 6.5. The origin of this dis-
agreement may be due to a compensating role played by Asp
61 in T4 lysozyme. In the crystal structure of the T59A
variant of T4 lysozyme (at pH 6.7), Asp 61 adopts a con-
formation such that it interacts with the end of the a-helix.
The presumed electrostatic interaction (at pH 6.5) between
Asp 61 and the a-helix dipole may, to some extent, offset the
hydrogen bond that is lost between the side chain of Thr 59
and the backbone amide of residue 62. As with the T59G
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structure, discussed above, the geometry of Asp 61 does not
support a strong hydrogen-bonding interaction between this
group and the amide nitrogen at the end of the a-helix.

Serrano and Fersht (1989) argued that valine was more
destabilizing as a replacement for Thr 26 in barnase than was
alanine. This inference seems hardly justified by the data
(included in Figure 1) as there is only a marginal difference
in stability between the Thr 26 — Ala and Thr 26 — Val
replacements. In addition, the Thr 6 — Ala replacement in
barnase is actually more destabilizing than Thr 26 — Val. The
present observations (Figure 1), together with the data of
Serrano and Fersht (1989), suggest that there is essentially
no difference in energy between the alanine and valine re-
placements. Serrano and Fersht (1989) also found that alanine
was more destabilizing than glycine at both position 6 and
position 26 (data included in Figure 1). It was inferred by
Serrano and Fersht (1989) that the difference in stability
between Gly, Ala, and Val correlated with the steric bulk of
the residue; i.e., glycine allowed better hydration of the end
of the helix than did alanine, which, in turn, allowed better
hydration than valine. The present results do not support this
hypothesis. As noted, replacements with alanine and valine
are energetically equivalent (Figure 1). In none of the Gly,
Ala, or Val structures is a new water molecule seen to replace
the hydrogen-bonding function of the y-hydroxyl of the
wild-type threonine variant. The different conformational
changes that are observed in T4 lysozyme for different sub-
stitutions at site 59 also indicate that changes in stability
cannot be attributed simply to differences in the degree of
hydration and they illustrate the critical importance of knowing
the structures of mutant proteins in order to understand their
properties.
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