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Twaq fllustrations of the utility of the Ramachandran
diagram in the analysis of protein structures are pro-
vided. In the first example, two mutants of T4
[ysozyme are examined, in which two non-glycine re-
sidues, Asn 55 and Lys 124, that have left-handed
helical conformations in the wild-type protein are re-
placed with glycines. In the Asn 55 — Gly case there
is a change of about 20° in both ¢ and ¥ in the mu-
tant. In the Lys 124 — Gly case there is essentially no
change in backbene conformation. In both cases, sub-
stitution had little effect on protein stability. A second
example describes the use of the Ramachandram dia-
gram in structure evaluation. An abortive model for
goose egg-white lysozyme with a crystallographic re-
sidual of 28% at 2.8 A resolution shows a significantly
greater proportion of residues in Ramachandran dis-
allowed regions than a mere acceptable model with
R = 15% at 1.6 A resolution.
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HE use of the ‘Ramachandran diagram’’ has
become commonplace in the analysis of the
structures of proteins and peptides.

In this article we provide two iliustrations of the
usefulness of these diagrams. The first example is
taken from studies of the structure and stability of
mutant T4 lysozymes®. The second example shows
how the Ramachandran diagram can be used to

check the reliability of a proposed X-ray (or NMR)
protein structure. i

Analysis of left-handed helical residues in T4 lysozyme

As 15 well known, non-glycine residues in folded pro-
teils usually have ($,§) values that correspond to the
‘right-handed-helical’ or to the ‘extended’ regions of
the Ramachandran diagram. The ‘left-handed-helical’

*For correspondence.

configuration 1s ‘allowed’, but is observed only rarely.
Glycines, on the other hand, occur with approxi-
mately equal frequencies on the left-hand and right-
hand sides of the Ramachandran diagram. The
difference, of course, is due to the fact that glveine lacks
a f3~carbon.

Notwithstanding these well-known facts, the exact
difterence between the backbone configurational
energy of a glycine and a non-glycine residue in the
left-handed helical conformation 1s unclear.

It the difference in energy between a left-handed
glycine and non-glycine is large, then a significant in-
crease 1n the free energy of stabilization of a protein
could be realized by judiciously replacing any ‘left-
handed’ residues with glycines. The anticipated
stabilization would be offset if removal of the given
residue resulted in the loss of favorable interactions
irom the folded structure of the protein.

The structure of phage T4 lysozyme contains two
non-glycine residues, Asn 55 and Lys 124, that have
left-handed helical conformations®. The energetics of
each of these residues was investigated by replace-
ment with a glycine®.

Asparagine 55 — glycine. Asn 55 is located 'within
an exposed, irregular, relatively mobile segment that
connects o-helix 39-50 with a-helix 60-80. The
polypeptide backbone at and adjacent to Asn 55
forms a network of solvent-mediated interactions as
well as an H-bond to the side chain of Asp 47. Other
H-bonding interactions are shown in Figure 1,a.

The (¢,¥) values of Asn 55 in wild-type lysozyme
are shown in Figure 2. Replacement of Asn 55 with
glycine results in a change of about 20° in both ¢
and . Because the side chain of Asn 55 is not obvi-
ously constrained it suggests that the change in (¢,
\s) occurs because the preferred energy minimum for
glycine 1s not the same as that for asparagine.

A survey of accurately determined protein struc-
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Figure 1. a, Structure of the mutant lysozyme N55G in the vicinity of residue 55. The isolated chain segment (top) labelled
Gly 55 is part of a neighbouring malecule in the crystal. &, Superposition of N55G mutant lysozyme (open bonds) on wild-type
[ysozyme. The two structures are very similar, but rotation of the residue 5433 and 55-36 peptide groups can be scen 1 the

tures suggests that the changes in () associated
with the Asn 55 — Gly replacement may be just one
spectfic example of a more general phenomenon.
Figure 3,2 shows the (¢,) values observed for non-
glycine residues in 37 refined high-resolution protein
| crystal structures taken from the Brookhaven Data
, Bank. (Parenthetically, the correspondence between
| this observed distribution and the ‘allowed’ (db,§) val-
ues amticaipated i Ramachandran’s original paper 1s

quite remarkable.) Figure 3,b shows just the as-
paragines. In both cases the left-handed helical re-
sidues have conformations that cluster around
& = 60°, ¢ = 30°. {The conformation of Asn 55 in
wild-type lysozyme (b = 58°, ¢ = 49°} is within this

Figure 2. Ramachandran diagram showing the backbone confor-
mational angles for wild-type lysozyme. Glycines ([J); non-glycines
(X). Also shown are the conformational angles for Gly 55 and
Gly 124 in the respective mutant structures (Q). The Asn

figure. (From ref. 3.)
® ~ : ,.*,J .
R . :
v X | | t
x :-:: X (O r
y L | | l [
< X M ) | i
B N 2 O I St Sdniaiel FTmm
I i { I |
—— l |
| 1 Asn55
e *L__ % Fomm A - _.,.._-:,.IL _______
q | | Lys 124 !
| ' | -— Gly 55
" : : G]y 124 [ o g 1
l 1 L D i
Y e NI —
- [ ) ! I
1 I |
| i | |
| I
0 | I
Ot - e mmadgh - - ——— - == = —— Pm————
! ! ! | |
| | | |
[ | | !
I | | /
N I | | I
5 S N
= T O S DT DU S . —— =
N | 1 i | j
i ' ; | O |
i | | I
; f | [
. . l | ;
o 1 » [
EJ 1 T } L] | = 1 1 T IJIl—Qr | ] _l- 1
+180 -120 ~60 0 60 120
Figure 2

834

55— Gly 55 substitution is assoctated with changes of about 20°
in ¢ and ¥ {shown by the arrow) whereas the Lys — Gly substitu-

tion at residue 124 leaves the conformational angles Invarnant,
(From 1ef. 5.)
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cluster.] The observed conformations of left-handed
glycines, however, are different (Figure 3,¢). The
range of (b,§) values is broader and the center of
the distribution moves to ¢ = 90°, ¢ = {°. The statis-
tical distributions (Figures 3, & and ¢) taken together
with the changes in (d,) associated with the specific
Asn — Qly substitution (Figure 2) strongly suggest
that the mimimum energy conformation for left-
handed glycines is close to (¢ = 90°, & = 0°), while
that for left-handed helical non-glycines is close to
(& = 60°, § = 30°). This result is, however, at var-
lance with theoretical (&,¢) energy contour maps
since none of these predict that glycine has an energy
minimum at & = 90°, { = 0° (refs. 6 — 11). It should

Ramachandran diagram in analysis of lysozymes
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Figure 3. Analysis of the backbone conformational angles ob-
served in 37 highly refined crystal structures (ref. 5). a, Conforma-
tional angles for non-glycine restdues. In order to avord possible
bias from side-chain~backbone tnteference, B-branched restduces
(Val, I}¢) and aromatic residues (His, Phe, Tyr, Trp) were omitted
from the survey. b, Conformational angles for asparagine residues.
¢, Conformational angles for glycine residues.

be noted that the (b)) values shown in Figure 3,¢
are for glycines in folded protein structures. It could
be argued, therefore, that the local secondary struc-
ture influences the (¢,¢) values and that Figure 3,c,
does not constitute evidence that an isolated glycine
has an energy minimum at (¢ = 90°, ¢ = §°). On the
other hand, it is not as if all the ‘left-handed helical’
glycine residues shown in Figure 3,¢ occur within the
same type of local secondary structure. Rather, the
survey includes all glycines, no matter what their en-
vironment,

Lysine 124 — glycine. Lysine 124 is part of an ex-
tended segment on the surface of the molecule that
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connects the antiparallels helices 115-123 and 126~
134. As required by the left-handed helical conforma-
tion of Lys 124, the amides of the 123-124 and 124-
125 peptide linkages are essentially parallel to each
other. These two amides both make H-bonds to the
carbonyl oxygens in the last turn of the 126~134 helix
(Figure 4,b).

Comparison of the refined coordinates of the mut-
ant and wild-type structures (Figure 4,b) shows that
the Lys 124 — Gly substitution does not result in any
significant change in the protein backbone at or adja-
cent to residue 124. The (d,¢¥) values in the mutant
structure are, within experimental error, the same as
wild-type (Figure 2). Because the backbone amdes
of Lys 124 and Arg 125 are both involved 1 a tight
network of intramolecular H-bonds, the (&, ¥) values
of residue 124 may be essentially ‘locked’, and unablie
to relax as was observed in the Asn 55 — Gly sub-
stitution. The conformation (¢ = 66°, = 33°) main-
tained in both the wild-type and mutant structures is
well within the observed distributions for both
glycines (Figure 3,c) and non-glycines (Figure 3.,a).

The replacement of Lys 124 with glycine causes vir-
tually no change in the melting temperature of the
protein. The simplest and most plausible interpreta-
tion of this result is that the backbone conformational
energy of the ‘left-handed’ lysine 1S essentially the
same as that of the glycine. On the other hand, the
results do not rule out a more complicated scenario
in which the introduction of the left-handed glycine
contributes backbone conformational stability, but

TR 2!

S0 188
0 LYSJELY 124

this is offset by the loss of favorable interactions
consequent on the removal of the lysine side chain.
One of the reasons for carrying out the Asn
55 — Gly and Lys 124 — Gly substitutions was to see
if such replacements would i1acrease the thermostabil-
ity of the protein. This was not the case. In one case
the stability of the mutant protein was unaffected and
in the other case it was marginally reduced relative
to wild-type. Contrary to some estimates, the present
results suggest that a glycine and a non-glycine with
left-handed hehcal conformations have very similar

backbone conformational energies, probably within
0.5 kcal/mol (ref. 3).

Use of the Ramachandran diagram in structure evaluation

Recently several proposed models of protein struc-
tures have subsequently been found to be in error'?,
Traditionally the crystallographic *R-value’ has
been used as a diagnostic for the rehability of a given
structure  determination but experience has shown
that this need not be a reliable measure. To take an
exampie from our own laboratory, an initial, abortive
attempt to solve the structure of the lysozyme from
goose egg-white led to an (incorrect) model with a
crystallographic residual of 28% at 2.8 A resolution.
This relatively low R-value, together with the fact
that the model had good stereochemistry and did not
include any solvent, could have been taken as evi-
dence that the model was substantially correct. On
the other hand, the model included relatively few
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Figure 4. a, Structure of the mutant lysozyme K124G in the vicinity of residue 124. CL 168 is thought to be a solvent

molecule that replaces a chloride ion bound in the wild-type crystal structure. b, Superposition of K124G (open bonds) and
wild-type lysozyme (solid bonds). The residues to the right and top of the figure (Thr 21, Thr 142-Asn 144) correspond to an

adjacent lysozyme molecule in the crystal. (From ref. 5.)
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Ramachandran diagram in analysis of lysozymes
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Ramachandran diagrams for two models of the structure of the lysozyme from goose egg-white. Squares indicate

glycine residues and crosses non-glycines, a, Structure after refinement to a crystallographic residual R = 15% at 1.6 A resol-
ution. b, An incorrect, abortive medel, that refined to a residual R = 28% at 2.8 A resolution (unpublished results of L.H. W.

and B.W.M.,).

side chains (beyond the f-carbon} and consisted of
15 disconnected polypeptide segments. These limita-
tions caused us to abandon the model, and, in due
course to solve the structure via the inclusion of a
new isomorphous heavy-atom derivative'*. The
structure has subsequently been refined to a residual
of 15% at 1.6 A resolution (Weaver and Matthews
unpublished results).

Having these two models tor goose egeg-white
lysozyme (the abortive, incorrect one and the final
refined structure) provides an opportunity to test the
use of the Ramachandran diagram as a tool for struc-
ture diagnosis. The calculated (¢,) distnbutions for
the two models of goose lysozyme are shown 1n bFi-
gures 3, a and b. The difference 15 self-evident. Be-
cause the ‘allowed’ regions of the Ramachandran map
are substantially smaller than the ‘disallowed’ regions,
it 1§ likely that a region of a protein structure that is
incorrect will likely include one or more residues with
(d,) values that fall into the ‘disallowed’ region. Of
course one must recognize that unusual {¢,¢} values
do occur, from time to time, in well-determined
structures, so that such observations must not be dis-
counted as ‘errors’. On the other hand, if a proposed
protein structure has a high proportion of residues
with unusuval (&) values, then one is entitled to re-
gard such a structure with skepticism. The expected
frequency of occurrence of unusual ($,) values in a
well-determined protein structure can be estimated by
inspection of Figure 3 4.
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