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SYNOPSIS

It was previously shown that the two replacements Gly 77 — Ala (G77A) and Ala 82 —
Pro (A82P) increase the thermostability of phage T4 lysozyme at pH 6.5. Such replacements
are presumed to restrict the degrees of freedom of the unfolded protein and so decrease
the entropy of unfolding [ B. W. Matthews, H. Nicholson, and W. J. Becktel (1987) Pro-
ceedings of the National Academy of Science USA Vol. 84, pp. 6663-6667].

To further test this approach, three additional replacements—G113A, K60P and A93P—
have been constructed. On the basis of model building, each of these three replacements
was judged to be less than optimal because it would tend to introduce unfavorable van der
Waals contacts with neighboring parts of the protein. The presence of such contacts was
verified for G113A and K60P by conformational adjustments seen in the crystal structures
of these mutant proteins. In the case of G113A there are backbone conformational changes
of 0.5-1.0 A in the short a-helix, 108-113, that includes the site of substitution. In the case
of K60P the pyrrolidine ring shows evidence of strain. The thermal stability of each of the
three variants at both pH 2.0 and pH 6.5 was found to be very close to that of wild-type
lysozyme. The results suggest that the procedure used to predict sites for both Xaa = Pro
and Gly = Ala is, in principle, correct. At the same time, the increase in stability expected
from substitutions of this type is modest, and can easily be offset by strain associated with
introduction of the alanine or proline. This means that the criteria used to select substi-
tutions that will increase thermostability have to be stringent at least. In the case of T4
lysozyme this severely limits the number of sites. The analysis reveals a significant dis-
crepancy between the conformational energy surface predicted for the residue preceding a
proline and the conformations observed in crystal structures. © 1992 John Wiley & Sons, Inc.

INTRODUCTION

A glycine residue has greater conformational free-
dom than any other amino acid. If a glycine within
an unfolded polypeptide is replaced with another
residue, the presence of the B-carbon will restrict
the conformation of the unfolded peptide. This re-
duction in entropy destabilizes the unfolded form of

Biopolymers, Vol. 32, 1431-1441 (1992)
© 1992 John Wiley & Sons, Inc. CCC 0006-3525/92/111431-11
* Present address: Department of Chemistry and Biochem-
istry, Massey University, Palmerston North, New Zealand.
t Present address: Department of Biochemistry, Ohio State
University, 484 West 12th Avenue, Columbus, OH 43210.
#To whom correspondence should be addressed.

the peptide relative to a folded conformation. In
other words, substitutions of glycines with nongly-
cine residues at appropriately chosen sites can, in
principle, be used to enhance protein stability.’®

‘The pyrrolidine ring of a proline residue is even
more restrictive. Therefore, the replacement of an
amino acid of a protein with proline, if it can be
accomplished without perturbing the native struc-
ture, should also stabilize the folded protein relative
to the unfolded state.*®

We previously showed,* and it has been confirmed
by Ellman et al.® and Hu et al.,'® that two replace-
ments, Gly 77 — Ala (G77A) and Ala 82 — Pro
(A82P), could be used to increase the thermosta-
bility of phage T4 lysozyme. These two examples
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were chosen because they best satisfied the criteria
that were used to select sites for substitutions of the
form Gly - Xaa or Xaa — Pro. To further explore
the potential of the method, three additional re-
placements—G113A, K60P, and A93P—have been
constructed and are the subject of this report.

Selection of Sites

Mutations of the Form Xaa — Pro. The first re-
quirement of a site at which a proline is to be intro-
duced is that the conformation of the polypeptide
backbone should have (¢, ¥) values close to those
characteristic of a proline. We required that a site
of proline substitution must either have ¢ between
—50° and —80°, and ¥ between 120° and 180°, or
have ¢ between —50° and —70°, and y between —10°
and —50°. These limits are consistent with the con-
formations observed for proline residues in well-re-
fined protein crystal structures (see Discussion).

Most of the amino acids in T4 lysozyme, an a-helical

protein, satisfy the first requirement.

The second requirement relates to the need to
avoid unfavorable contacts between the §-carbon of
the proline and the carbonyl carbon and the 8-car-

bon of the residue that precedes the proline. This
places restrictions on the (¢, ¥) values of the pre-
ceding residue, as originally discussed by Schimmel
and Flory." In our initial report' we required that
the preceding residue should have (¢, ¢) values
within the allowed range given by Schimmel and
Flory."! As will be discussed below, however, this is
unnecessarily restrictive.

The third requirement for a proline substitution
is that the introduction of the pyrrolidine ring not
cause unfavorable van der Waals contacts with
nearby atoms in the folded protein. In practice, such
contacts were evaluated with the interactive graphics
program FRODO.!?

The fourth requirement is that the removal of
the residue being substituted by proline not remove
stabilizing interactions from the folded protein. In
practice this generally meant that a candidate site
had to be relatively solvent exposed and the replaced
residue did not participate in hydrogen-bonding,
hydrophobic, or electrostatic interactions with other
parts of the protein.

The first site selected for proline substitution
(A82P) and described previously! met all four of
the criteria described at the outset.

Table I Conformational Parameters for Sites of Substitution®

Backbone Dihedral Angles

Wild Type Mutant
MUtant ¢n—1 ¢n—-1 ¢n \bn ¢n—1 ¢n—l ¢n xbn
Ke60P —-97 168 —58 —46 —86 169 —60 —45
A82P -90 128 —-67 —24 —96 123 —64 —24
A93P —74 157 —59 —41 na na na na
G77A — — —67 —43 — — —64 —44
G113A — — -71 —-18 — — —-72 -9
Close Contacts
Distance Based on Distance Observed
Model Building in in Mutant
Mutant Introduced Atom Contact Atom Wild Type (&) Structure (4)
K60P C” Pro 60 Cf Thr 59 3.0 3.4
A82P C” Pro 80 0" Asn 81 3.2 3.3
A93P C” Pro 93 C? Asp 92 3.0 na
GT77A CP Ala 77 0 Ala 73 3.2 3.4
Cf Ala 77 02 Glu 108 3.1 3.9
G113A CP Ala 113 O Gly 110 3.1 3.6

 The table gives the dihedral angles of the introduced residue (¢n, ¥n), and in the case of proline substitutions, the preceding residue
(¢n-1, ¥n-1) for both wild-type lysozyme and the mutant crystal structure. No structure is available for A93P. The contact distances are
given based on both model building in the wild-type structure (assuming no relaxation of the structure), and in the actual mutant

crystal structure, where available.
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After A82P the two most promising candidates
appeared to be K60P and A93P, and we therefore
proceeded to evaluate these substitutions. The re-
placements are, however, less than ideal. As can be
seen in Table I, model building of the replacement
Lys 60 — Pro predicts an unfavorable contact (3.0
A) with the B-carbon of the preceding residue. This
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is also true for the replacement Ala 93 — Pro (Table
I). In the case of the replacement Ala 82 — Pro
there was predicted to be a somewhat close approach
(8.2 A) to the previous residue, but in this case it is
to a distal side-chain atom (O') rather than a 3-
carbon, and no backbone movement would be nec-
essary to relieve the contact. Also, the distance (3.2

Ala 82 —» Pro

Gly 113 — Ala
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Figure 1. Backbone of T4 lysozyme showing the locations of the substitutions discussed

in the text.
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A) is longer than is the case for K60P (3.0 A) and
A93P (3.0 A). Finally, the contact in the case of
A82P involves an oxygen, which has a smaller van
der Waals radius than carbon. For all these reasons
K60P and A93P were judged to be inferior candi-
dates to A82P. The fraction of the side-chain surface
areas of Ala 82, Lys 60, and Ala 93 accessible to
solvent in wild-type lysozyme are, respectively, 100,
75, and 100%. The positions of the mutations are
shown in Figure 1.

Mutations of the Form Gly — Xaa. The first re-
quirement for the replacement of a glycine was that
its (¢, ¥) angles be within the region of conforma-
tional space normally observed for residues that
contain a 8-carbon. Glycines that had conformations
in the “left-handed helical” region of the Rama-
chandran diagram (¢ ~ 60°, ¢ ~ 60°) were also
excluded from consideration, although subsequent
replacements of such residues suggest that this may
have been unnecessarily restrictive.'

The second requirement was that the residue in-
troduced in place of glycine not introduce any un-
acceptable van der Waals contacts into the folded
protein.

In T4 lysozyme there are eleven glycines. Eight
of these were eliminated from consideration by the
first criterion given above. Of the remaining three,
Gly 77 and Gly 113 appeared to be possible candi-
dates for replacement with alanine, although neither
was ideal (Table I). Both these residues are within
an o-helix and in each case there were close ap-
proaches between the introduced (-carbon and a
carbonyl oxygen in the preceding turn of the a-helix.
In the case of Gly 77, the introduced 3-carbon would
be 3.1 A from the side-chain carboxylate (O¢) of
Glu 108. In wild-type lysozyme the a-carbon of Gly
77 is 9% accessible to solvent while that of Gly 113
is 87% solvent accessible.

MATERIALS AND METHODS

Mutant Lysozymes

Mutant lysozymes K60P, A93P, and G113A were
prepared by oligonucleotide-directed mutagene-
sis."*'® Procedures for DNA sequencing and cloning,
and protein purification, have been described.!®-!8
All proteins were shown to be at least 95% pure as
judged by reverse-phase high pressure liquid chro-
matography.

Activity

The ability of each mutant lysozyme to clear a sus-
pension of cell walls was monitored as a decrease in

absorbance at 350 nm.'® Turbidity assays were per-
formed at pH 7.0 in 50 m M Tris at 21°C. Protein
concentration varied between 50 and 500 ng/mL,
where activity was found to be linear with concen-
tration.

Thermal Stability

Stability toward thermal denaturation was moni-
tored by observing the change in CD at 223 nm.*
The protein (20 ug/mL) was heated at the rate of
1°C/min until the protein was completely unfolded.
Then the temperature was decreased to ensure that
the transition was reversible.

Structural Analysis

High-resolution x-ray crystallographic analysis was
carried out to investigate structural changes in the
native state resulting from the mutations. Mutants
K60P and G113A formed crystals in space group
P3,21, isomorphous with the native T4 lysozyme
crystal form, under conditions similar to those used
to grow wild-type crystals.?! Small crystals of A93P
that appeared isomorphous with wild-type also
formed under these conditions, but none was large
enough for data collection. Before x-ray photogra-
phy, the crystals were equilibrated with a standard
mother liquor containing 1.05M K,HPO,, 1.26 M
NaH,PO,, 0.23 M NaCl, and 1.4 m M 2-mercapto-
ethanol at pH 6.7. High-resolution x-ray data were
collected by oscillation photography.?>?* The crystal
structures were refined by the method of conjugate
gradient minimization using the TNT package of
programs,**® starting with the model of wild-type
lysozyme.?!

RESULTS
Activity

The mutant protein A93P has approximately the
same activity (90 + 10%) as the native enzyme,
while G113A has slightly lower activity (80 + 10%)
and K60P has higher activity (175 + 10% ). Several
T4 lysozyme mutants that decrease the positive
charge on the protein, like K60P, have been observed
to display increased activity at low salt concentra-
tions. As has been discussed elsewhere, this effect
is thought to be due to the extreme dependence of
activity on salt concentrations under conditions of
low salt.?®
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Table II Thermodynamic Parameters for Wild-Type and Mutant Lysozymes
AH AS AAG
Protein T, (°C) AT, (°C) (kcal/mol) (cal/® - mol) (kcal/mol)
Denaturation at pH 2.0
WwWT® 419+ 0.4 — 89+ 5 282 + 16 —
K60P 422 + 0.5 0.3 +£0.5 — — 0.1 +£0.15
G77AP 40.5 = 0.7 —1.4+0.8 85+ 4 270 + 13 —04 02
A82P" 427+ 0.1 0.8+04 90+ 5 283 + 16 0.3 +0.15
A93P 42.3 +£ 0.2 0.4+04 93+ 5 296 + 16 0.1+0.1
G113A 423 +04 0.4 +£0.6 99+ 7 314 + 22 0.1 +£0.15
Denaturation at pH 6.5
WT 64.7 £ 0.5 — 120+ 9 381 + 27 —
K60P 64.6 £ 0.5 -0.1 £ 0.7 — — 0.0 £ 0.25
GT77A? 65.6 + 0.2 09 +0.5 125+ 9 368 + 27 0.4 +£0.2
A82P* 66.8 + 0.2 2.1+05 126+ 9 371 £ 26 0.8 +0.2
A93P 649 £ 04 0.2 £ 0.6 121 = 10 359 + 29 0.1 0.2
G113A 65.3 £ 04 0.8 + 0.6 120 + 10 354 + 30 0.3 £0.2

2 Thermal unfolding at pH 2.0 was performed in 0.2M KCI, 10 mM HC], and 10 mM H;PO,. At pH 6.5, unfolding
was in 0.156M KCl and 20 mM K, ;H;;PO,. Ty, is the temperature at the midpoint of thermal denaturation and AT,
is Tm(mutant) — Th(wild type). Thermodynamic parameters were derived from a van’t Hoff analysis of the reversible
thermal denaturations. AS and AH are the entropy and enthalpy of denaturation evaluated at the midpoint of transition
T.,.. The difference between the free energy of unfolding of the mutant and wild-type proteins, AAG, was determined
from the relationship AAG = AT,AS, which is generally valid for small perturbations of protein stability.>® A positive
value of AAG indicates that the mutant protein is more stable than the wild type.

b Data for wild-type, G77A, and A82P are from Ref. 1.

Thermal Stability

Table II summarizes the thermal denaturation pa-
rameters. Mutant proteins K60P and A93P have
stabilities essentially the same as wild type at both

Table III Crystallographic Data Collection
and Refinement Statistics®

Protein WT K60P G113A
Data collection
Cell dimensions
ab (A) 61.2 61.1 61.0
c (A) 96.8 96.4 97.5
Unique reflections 19,200 13,581 16,682
Resolution (A) 1.7 1.8 1.65
Rinerge (%) 9.1 7.9 5.7
Refinement
R (%) 16.7 17.3 16.0
Abond tength (A) 0.018 0.017 0.018
Apond angte (°) 2.2 2.5 2.3

2 Unique reflections are those reflections used in refinement.
Riuerge is the agreement between intensities measured on different
films. R is the crystallographic residual after refinement.
Apondiength AN Apondangle ar€ the rms deviations of the refined models’
bond lengths and angles from their “ideal” values. The data for
wild type are obtained from Ref. 40.

pH 2.0 and pH 6.5. Mutant G113A is slightly more
stable than wild type. At pH 6.5, near the pH of the
crystal structures, the changes in AS and the AH of
denaturation are both negative. A decrease in AS
corresponds to an increase in the stability of the
mutant relative to wild type. However, compensating
changes in AH reduce the free energy relative to
that expected on the basis of entropy alone. It must
be stressed that the AS and AH values are subject
to a rather large experimental error, and should be
regarded with caution. The pH dependence of the
melting temperatures of G77A and A82P have been
discussed previously.! The thermodynamic stabili-
ties of K60P, A93P, and G113A are relatively pH
independent. In summary, none of the five mutant
proteins (except G77A at pH 2.0) is significantly
less stable than the native enzyme. A82P is a sta-
bilizing replacement, and G77A and G113A slightly
increase stability at pH 6.5.

Structures of Mutant Proteins

The x-ray data collection and refinement statistics
for mutants K60P and G113A are summarized in
Table I11.
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(a) Stereo drawing showing the difference in electron density between G113A

and wild-type lysozyme. Coefficients are ( Fg1134,0bs — Fwr.ops) and the phases are calculated
from the wild-type model. The map is contoured at +40, with solid lines for positive features
and broken lines for negative features. The resolution is 1.7 A. (b) Superposition of the
refined structure of G113A (open bonds) on that of wild-type (solid bonds). Prior to con-
structing the figure the structure of the mutant (residues 1-162) was superimposed by least
squares onto that of wild type. The wild-type model corresponds to coordinate set
T4167RF.?"*' Solvent molecules in the crystal structures are drawn open in the mutant

~ and solid in the wild-type structure.

Mutant G113A. Gly 113 is at the end of a short a-
helix that includes residues 108-113. It is followed
by another longer a-helix that encompasses residues
115-123. The map showing the difference in electron
density between G113A and wild-type lysozyme
[Figure 2(a)] has several large paired positive and
negative features along the helix that extend from
residues 108 to 113. These features indicate an
opening or deformation of the central part of the
helix toward the solvent. Superposition of the re-
fined structure of G113A on wild-type lysozyme
[Figure 2(b)] indicates that there are significant
backbone movements on the solvent-exposed side
of the helix, while the buried valine 111 stays rela-

tively fixed. The largest adjustment (1.0 A) is in the
backbone of residue 113, the site of substitution.
The next largest backbone shifts (0.5 A) are at res-
idues 109 and 110 in the preceding turn of the a-
helix [Figure 2(b)].

The backbone hydrogen bonds in the vicinity of
Gly 113, both intramolecular and to bound solvent,
are summarized in Table IV. The Gly 113 - Ala
replacement causes a lengthening of most of the hy-
drogen bonds within the 108-113 a-helix, but some-
what improved hydrogen bonding to solvent.

The site of the G113A mutation is close to a sym-
metry-related molecule in the crystal. Some solvent
molecules are rearranged at the molecular interface,
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Table IV Hydrogen-Bond Distances in the
Vicinity of the Mutation Site in WT and G113A*

WT G113A

H-Bond Partners Distance (A) Distance (A)
109 N 315 Sol® 3.4 3.3
109 N 214 Sol 3.8 3.2
109 O 315 Sol 3.4 2.9
110 N 214 Sol 3.0 2.8
110N 1070 3.1 3.2
111N 1070 3.1 3.1
112N 1080 2.8 3.0
1120 516 4 Sol 2.9 3.1
113N 1090 3.2 3.6
1130 204 Sol 3.7 2.8
1130 221 Sol 2.6 ¢
114N 1110 2.8 2.8
1140 118N 3.0 2.9
1140 117N 3.2 3.0

2 The list gives all apparent hydrogen bonds involving residues
109-114 with distance involving residues 109-114 with distance
3.3 A less in wild type or G113A.

b «SOL” denotes a solvent molecule. The associated numbering
refers to the coordinates as deposited in the Brookhaven Data
Bank.

¢ Water molecule 221 is absent in the mutant structure.

but the absence of difference electron density fea-
tures and of significant coordinate shifts in the sym-
metry contact region shows that the structural shifts
associated with the mutation do not cross the mo-
lecular boundary. A solvent molecule (no. 221)
bound to wild-type lysozyme is displaced in the mu-
tant structure by a close contact with the §-carbon
of Ala 113. At a different position in the mutant
structure, there is a new, somewhat disordered sol-
vent molecule (no. 550; thermal factor of 54 A?),
which is trapped between the $-carbon of Ala 113
and the symmetry-related molecule.

Structure of K60P. In contrast to the structure of
G113A, the mutation of lysine 60 to proline causes
few structural alterations other than the replace-
ment of the side chain itself. The difference electron
density map [Figure 3(a)] has a negative feature
corresponding to the loss of the lysine side chain
and a positive feature due to the addition of the pyr-
rolidine ring of proline 60. There is also a small neg-
ative feature associated with the displacement of
solvent by the proline side chain. The negative den-
sity superimposed on the side chain of Lys 60 ex-
tends only to the §-carbon. This is as expected be-
cause of partial disorder of the lysine side chain. In
the refined structure of wild-type lysozyme®' the
thermal factors of the atoms within the side chain
of Lys 60 have successive values of 28, 30, 51, 73,

and 66 A? in going from C* to N*. The superposition
of the refined structure of the mutant on to wild-
type lysozyme [Figure 3(b)] indicates that the re-
spective backbone conformations are extremely
similar.

In the crystal structure of K60P, the distance
from the 8-carbon of the pyrrolidine ring to the -
carbon of Thr 59 is 3.4 A. Model building suggested
that this distance, in the absence of any change in
structure, would be 3.0 A (Table I). The relaxation
from 3.0 A to the observed value of 3.4 A appears
to be achieved by an exaggerated pucker in the pyr-
rolidine ring of the proline that moves the C? atom
directly away from the 3-carbon of Thr 59. The pyr-
rolidine ring is puckered in a way that is rarely ob-
served for prolines in well-refined protein structures
(data not shown ). Presumably there is some back-
bone strain associated with the distortion of the
proline ring, although the backbone torsional angle
¢ of —60° is close to the average value for pro-
lines.2”?® Thr 59 caps the longest helix in T4 lyso-
zyme. The backbone of this residue does not change
its position in the mutant, presumably because sev-
eral H bonds with the N-terminal end of the helix
and the side chain of Glu 62 make it energetically
costly for backbone movement to occur.

DISCUSSION

Selection of Sites

Both empirical and theoretical methods were used
to evaluate the conformations of the polypeptide
backbone that were most compatible with the in-
troduction of a proline residue. (Subsequent to the
analysis reported here, an independent survey of
proline residues in known protein structures has
been given by MacArthur and Thornton.?®)

Figure 4 (a) shows the distribution of (¢, ') values
observed for 221 prolines in 37 highly refined protein
structures taken from the Brookhaven Data Bank.*
The potential energy surface for a proline, calculated
recently by Summers and Karplus® using the
CHARMM force field,?! is superimposed. The re-
striction of ¢ to values in the vicinity of 60° is, of
course, due to the presence of the pyrrolidine ring.
There is a discrepancy of 10-30° between the values
of ¢ that correspond to the potential energy minima
and the values that are most frequently observed.
In the case of ¥, the potential energy surface has a
minimum extending from ¢ ~ —60° to ¢ ~ 180°,
whereas prolines in proteins segregate into two dis-
tinct classes, one with ¢ ~ —30° and the other with
¥ ~ 150° [Figure 4(a)]. In order to select a site for
a possible proline substitution, it was required that
the polypeptide backbone have values of (¢, ¥) that
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Figure 3. (a) The difference electron density map for the mutant K60P superimposed
on the wild-type structure. Coefficients are (Fxkeopobs — Fwr.obs) and the phases are from
the wild-type model. Positive contours (solid lines) and negative contours (broken lines)
are drawn at +3.5¢. The resolution is 1.85 A. (b) Superposition of the refined structure of
K60P (open bonds) on the refined wild-type structure (solid bonds). Solvent molecules in

the wild-type structure are drawn solid.

fall within one or other of the two densely populated
regions shown in Figure 4(a).

The second requirement for the substitution of a
proline relates to the need to avoid unfavorable con-
tacts with the preceding residue. This places restric-
tions on the (¢, ¢) values of the preceding residue.
These restrictions can be evaluated in two different
ways. The first is to calculate the potential energy
surface for a residue that is succeeded by a proline,
as was initially done by Schimmel and Flory!* and
has been repeated recently by Summers and
Karplus® using CHARMM.?' A second, empirical
method is to consider the values of (¢, ) that are
observed for residues that precede prolines in well-
determined protein structures. Figure 4 (b) combines
both results. Consistent with the energy calculation,
many residues that precede prolines have “ex-
tended” conformations with backbone dihedral an-
gles in the vicinity of (¢ ~ —100°, ¢ ~ 140°). In
apparent disagreement with the energy surface,
however, a number of the residues that precede pro-
lines have an essentially a-helical conformation (i.e.,
¢ ~ —60°, ¢ ~ —50°). The energy calculation of
Summers and Karplus® [Figure 4 (b)] suggests that

the a-helical conformation is disfavored by over 5
kcal/mol relative to the extended conformation.
Based on a rather similar calculation, Schimmel and
Flory!! predicted that the a-helical conformation
was, in fact, precluded for any residue succeeded by
a proline. However, Figure 4 (b) shows that approx-
imately 9% of all residues succeeded by proline have
an approximately a-helical conformation. This has
also been independently noted by MacArthur and
Thornton.”® Possible reasons for this discrepancy
are explored in the accompanying manuscript.3?

Proline Substitutions

As was discussed above, there are several criteria
that need to be met in order for a substitution of
the form Xaa — Pro not to destabilize the folded
protein structure. That an improper placement of a
proline can cause drastic reduction in stability is
evidenced by the fact that a number of the known
destabilizing mutants of T4 lysozyme—e.g., L33P,
L66P, Q69P, V71P, D72P, A74P, and L91P333¢_
involve such substitutions. These provide examples
of proline replacements that do not meet the criteria
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Figure 4. (a) Ramachandran angles observed for 221
prolines in 37 highly refined crystal structures. Super-
imposed is the energy surface for proline calculated by
Summers and Karplus® using the CHARMM force field.*!
Continuous, broken, and dotted contours enclose regions
that are within 5, 8, and 10 kcal/mol of the global mini-
mum, respectively. Also shown are the dihedral angles of
the residues in the crystal structure of wild-type lysozyme
that were substituted with proline (from Table I). The
basis for selection of the 37 refined protein structures is
described by Nicholson et al.'® To eliminate unreliable
regions of structure it was also required that the average
crystallographic thermal factor for the backbone atoms
be less than or equal to 30.0 A2. The Brookhaven iden-
tification codes for the structures included are as follows:
2ACT, 3SWGA, 2ALP, 2AZA, 5CPA, 4CHA, 3CTS, 1CRN,
1GCR, 4CYT, 2CCY, 2CYP, 2CDV, 351C, 3DFR, 2EBX,
1ECD, 4FXN, 3HHB, 2RHE, 1INS, 2L.ZM, 1LZ1, 1CTF,
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for selection of sites described in the Introduction.
In an example of an inverse substitution, Pro 86 in
T4 lysozyme was replaced with a number of different
amino acids and found, in all cases, to slightly de-
stabilize the protein.®

Although other effects may be important, the dif-
ferences in stabilities of the three selected proline
mutants A82P, K60P, and A93P correlate with the
degree to which unfavorable van der Waals contacts
are introduced by the substitutions. The mutant
A82P is the most stabilizing. When a proline is
model built into wild-type lysozyme at position 82,
the only potentially unfavorable contact is 3.2 A be-
tween the §-carbon and the side-chain oxygen of the
preceding residue, Asn 81 (Table I). In the crystal
structure of A82P this distance is 3.3 A. Model
building of the other two proline substitutions, K60P
and A93P, predicts close contacts of 3.0 A between
the a-carbon and the 8-carbon of the preceding res-
idue (Table I). In the K60P crystal structure this
close contact relaxes to an observed value of 3.4 A.
In order to achieve this relaxation the pyrrolidine
ring of Pro 60 is distorted. Although no crystal
structure was obtained in the case of mutant A93P,
inspection of the wild-type model indicates that a
situation similar to K60P may pertain. In the case
of K60P and A93P, not only are the potential van
der Waals contacts more severe than in the case of
A82P, they also involve main-chain (or at least -
carbon) contacts, which are energetically more
costly to relax than contacts with distal side-chain
atoms, as is the case with A82P (cf. Ref. 23).

The contacts discussed above between the proline
and the residue that precedes it can also be evaluated
in terms of the (¢, ¥ ) values of the preceding residue
[Figure 4(b)]. For the residues preceding Lys 60
and Ala 93 in wild-type lysozyme, the (¢, ) values
are close to the boundary between the “allowed” and
“disallowed” regions indicative of the potential bad
contact discussed above. In the case of Ala 82, how-
ever, the preceding residue has (¢, ¥) values nearer
the center of the “allowed” region.

1MBD, 1SN3, 20VO, 1PPT, 9PAP, 1BP2, 1PCY, 3SGB,
1RNS3, 5RXN, 3TLN, 2PTN, and 5PTI. A full set of ref-
erences is included in Ref. 13. (b) Ramachandran angles
observed for residues preceding proline in 37 well-refined
crystal structures. The letter G indicates glycine residues
and X indicates nonglycine. Superimposed is the potential
energy surface for alanine preceding a proline®® with the
conformation of the proline defined by » = —180°, ¢
= —60°, and ¢ = —145°. Also shown are the (¢, ) values
for the residues in wild-type T4 lysozyme preceding sites
of proline substitution (from Table I). ‘
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Glycine Replacements

The replacements of both Gly 77 and Gly 113 of T4
lysozyme with alanine give proteins that have melt-
ing temperatures, at pH 6.5, that are about 0.8°C
higher than wild type (Table II). This is about half
of the theoretically expected increase (in the absence
of any offsetting factors).® At pH 2.0, however,
G77A has a melting temperature 1.4°C lower than
wild type, and G113A is about the same as wild type
(Table II). Gly 77 and Gly 113 are located within
a-helices (Figure 1). Model building of both the
G77A and G113A structures, based on the refined
structure of wild-type lysozyme, predicted unfavor-
able steric contacts between the introduced 8-carbon
and oxygen atoms within the preceding turn of the
a-helix (Table I). In the observed crystal structures
of G77A" and G113A (this work), conformational
changes were in fact observed within the a-helices
that included the substituted residue. In the case of
G113A the structural changes are very obvious
[Figure 2(b)]. As a result of these changes, the con-
tact distance between the 8-carbon of Ala 113 and
the carbonyl oxygen of Gly 110 relaxes from 3.1 A
in the model based on wild-type lysozyme to 3.6 A
in the observed crystal structure of G113A. In the
case of mutant G77A" the close contact relaxes from
3.2 A in the model to 3.4 A in the refined crystal
structure. Because the mutations Gly 77 — Ala and
Gly 113 — Ala perturb the native structure of wild-
type lysozyme, it suggests that these replacements
introduce strain. One cannot equate the amount of
structural distortion with the amount of strain en-
ergy. Indeed, the ability of a protein to relax may
be a measure of its ability to avoid the introduction
of strain.”” Perhaps the structural changes associated
with the G113A mutation are larger than those as-
sociated with G77A because the 108-113 helix is rel-
atively mobile whereas the 60-79 helix is more rigid.
Backbone atoms within the 108-113 «-helix have
higher crystallographic thermal factors than most
other parts of the backbone [see Figure 1 (b) of Ref.
30]. This suggests that this a-helix is only weakly
coupled to the rest of the protein core, and can,
therefore, be displaced relatively easily.

The van der Waals contacts between the 8-carbon
of an introduced alanine and the carbonyl oxygens
in the preceding turn of the a-helix are an intrinsic
property of an a-helix, and therefore need to be con-
sidered at any site within an a-helix at which a gly-
cine to alanine replacement is contemplated. As was
the case with the proline substitutions, model build-
ing based on the refined wild-type structure pre-
dicted in advance that certain close contacts would

occur, and subsequent determination of the mutant
crystal structures verified the prediction.

In several examples, “inverse” substitutions of
the form Xaa — Gly have been shown to slightly
decrease the stability of T4 lysozyme.'®*’

Summary

A total of five mutants in phage T4 lysozyme have
been constructed to test the proposition that the
folded structure of a protein can be stabilized by
appropriately designed mutations of the form
Xaa = Pro or Gly — Ala. Such replacements are
expected to reduce the entropy of the unfolded
state.”*® Of the five replacements, three—namely
A82P, G77A, and G113A (at pH 6.5) —can be re-
garded as successful. Sturtevant and co-workers'°
have recently confirmed by differential scanning
calorimetry that each of these mutant proteins is
approximately 0.5 kcal/mol more stable than the
wild-type protein at pH 2.5. Glycine to alanine re-
placements, especially within a-helices, have also
been effective in increasing the thermostability of
other proteins.?™*

It can be estimated that the reduction in entropy
associated with a glycine to alanine replacement
corresponds to a free energy change of 0.8 kcal /mol®
(see also Ref. 5). For an alanine to proline replace-
ment, the estimated value from considerations of
entropy alone, and ignoring other factors, is about
1.4 kcal /mol.»* Yun et al.?® have recently given a
substantially lower estimate of 0.5 kcal /mol. In the
glycine and proline case the effect is modest, and
can easily be offset if the mutation either removes
a favorable interaction from the wild-type protein
or introduces an unfavorable interaction in the mu-
tant structure. For this reason, the criteria used to
select sites for Xaa — Pro or Gly — Ala replace-
ments that will increase protein stability have to be
very stringent.

It is encouraging that the availability of a well-
refined crystal structure makes it possible to predict
substitutions that increase the thermostability of the
protein. On the other hand it is disappointing that
the number of sites for successful application of the
method, at least in T4 lysozyme, seems to be limited.
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nical assistance and advice, Dr. Walter Baase for help,
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thermodynamic measurements. This work was supported
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