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Exploiting the Right Side of the Ramachandran Plot: Substitution of Glycines
by p-Alanine Can Significantly Increase Protein Stability
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A major goal of protein engineering is the enhancement of protein G34
stability. A variety of rational design approaches and clever selection
strategies have been employed, but the results are often ixed.

Recent advances in solid-phase peptide synthesis and expressed

protein ligation have opened the door to the efficient incorporation

of noncoded amino acids into globular protefrnishese method- Go4

ological advances provide access to a new range of potential N

substitutions that can be utilized to rationally enhance protein figure 1. Ribbon diagram of NTL9 (PDB code 1DIV) showing G34 and
stability2¢-3 Here we demonstrate that a significant enhancement G24; the N-terminus is labeled. The diagram was created using Mol&gript.
in stability can be achieved by replacing glycines that have positive

@-angles withp-Ala.

Glycines have been the target of mutations designed to increase
stability by reducing the entropy of the unfolded statéowever,
glycine often adopts conformations with positigeangles and
substitution by anL-amino acid at such a site can introduce
significant strain into the structufe.Conversely, non-glycine
residues with positive-angles have been substituted with glycine
in an attempt to relieve strain and increase stability. In this case
the reduction in strain in the folded state can be partially offset by
an unfavorable increase in unfolded state entropy as well as morerigure 2. Ribbon diagram of UBA domain (PDB code 1UBA) showing
specific folded state effects. Typically, a quite modest increase in G331; the N-terminus is labeled. The diagram was created using MolStript.
stability or even a decrease is obser$®gAn attractive alternative

N

G331

s X s ! @ = 100 (Figure 1). Replacement with+Ala does not introduce
strategy is to replace residues that have positive valugswith any steric clash in either of these sites, and the new methyl group

D-amino acids. Replacement of aramino acid that adopts a s eyposed to solvent. The UBA domain is a three-helical domain
positiveg-angle should enhance protein stability by reducing strain, gerived from the human homologue of Rad23A.

provided no steric clashes are introduced. However, non-glycine gy 331 of the UBA domain (residues are numbered according
residues with positivey are relatively rare. The most gen7eral to the full-length protein) is a helix-capping residue located at the
strategy involves targetlng glycmes.Wlth .p05|t|\zﬁ~angle.s.. end of the first helix and hag = 121° (Figure 2). A variant of
Replacement of such a_reS|due bp-amino acid should stabilize | jga with a b-Ala substitution at G331 has been prepared and is
the protein by decreasing the entropy of the unfolded state and gengteq G331D-Ala. Modeling indicates that the new methyl group
possibly by more specific native-state effects. There are severalgiects into the solvent and makes no interactions. The structures
reports of the use ob-amino acids to stabilize turns in small ot )| three proteins are similar to the respective wild-type as judged
p-hairpins or (_JIeS|gned miniature proteins, but no thermodynamle by near- and far-UV CD and NMR. The NMR spectra of both NTL9
data are available. There are also no reports on the energeticang A exhibit a set of distinctive ring-current-shifted resonances,
consequences of replacing specific residues in globular proteins 3 these are observed in the mutants. NTL9 also contains a set of

with D-amino aciq§.Here we describe the stabilization of proteins CoH resonances downfield of water, and they are present in the
by the site-specific incorporation afAla.

_ mutants.
As model systems we chose two globular proteins: cafl The free energy of folding is-4.17 kcal/mol for wild-type NTL9,
protein, the N-terminal domain of L9 (NTL9), and an albtructure, —6.04 kcal/mol for G34D-Ala. and-5.47 kcal/mol for G24D-Ala

the UBA domain. NTL9 is a 56-residue protein that has been shown yetermined by GuHCI denaturation. The stability of G34D-Ala is

to fold via a two-state mechanistiTwo variants of NTL9 with noticeably higher than that of G24D-Ala. Consequently, we also

singlep-Ala substitutions were prepared using solid-phase peptide jetermined its stability by amide H/D exchange measurements: the
synthesis. G24 and G34 were chosen for substitution waftia. | 51ye —6.1 kcal/mol is in good agreement with the denaturation
The mutants are referred to as G24D-Ala and G34D-Ala. G24 with experiments. Substitution of G34 withAla increased, by 7 °C.

@ = 121 is located in the loop between the secghgitrand and Substitution of G331 witip-Ala in the UBA domain also resulted

the centrala-helix before the short helix. G34 is located in the i, o increase in the stability of that protein, albeit to a lesser extent.
loop connecting the central helix and the thifestrand, and has  1pe T. is increased by 9C. The free energy of folding of wild-

type UBA domain is—1.34 kcal/mol. The G331D-Ala variant is
T Department of Chemistry.

* Graduate Program in Biophysics and Graduate Program in Biochemistry and —0.6 t0—0.7 keal/mol mOTE St‘?‘ble (Figure 3). The thermodynamic
Structural Biology. parameters are summarized in Table 1.

13194 = J. AM. CHEM. SOC. 2004, 126, 13194—13195 10.1021/ja047119i CCC: $27.50 © 2004 American Chemical Society



COMMUNICATIONS

Fraction Unfolded

Fraction Unfolded

2 3 4
[GuHCI1] (M)
Figure 3. Plots of fraction unfolded versus concentration of denaturant.
(A) NTL9 variants @) wild-type, (O) G24D-Ala, @) G34D-Ala. (B) UBA

variants @) wild-type, () G331D-Ala. The solid lines represent the best
fits to data.

Table 1. Data for NTL9 and UBA Variants
AG?(H0) m (kcal

protein (kcal mol~2) mol~1 M~1) Cn (M) Tn (°C)
NTL9 —4,174+0.06 1.35+0.02 3.08+0.01 79.8
G34D-Ala —6.044+0.10 1.39+0.02 4.34+0.01 87.1
G24D-Ala —5.474+0.06 1.33:0.02 4.114+0.01 b
UBA —-1.34+0.06 1.12-0.01 1.19+-0.01 65.2
G331D-Ala  —1.9440.03 1.08:£0.01 1.79+0.01 73.7

aData for NTL9 and variants were obtained in pH 5.45, 100 mM NacCl
buffer. Data for UBA variants were obtained in pH 6.5, 50 miyHROy,
1 mM DTT buffer. GuHCI denaturations were carried out at 25
Uncertainties represent the standard errors of theCfitis the midpoint
and m is the constant of proportionality relatingG°® and denaturant
concentration® The Ty, for G24D-Ala could not be accurately estimated
because of lack of a post-transition baseline.

We conclude thab-Ala substitution at a glycine site with a
positivegp-angle is a viable strategy for rationally increasing protein
stability, as long as the additional methyl group does not introduce
any steric clashes. The extent of stabilization depends on the local
details of the site and could also depend on unfolded state structure
It may not be as large if the region containing the glycine of interest
is already structured in the unfolded state or if the site is very
flexible in the native state. The cost of solvating the new methyl

group could also contribute. In the examples here the methyl is
exposed, so differences in solvation between folded and unfolded
states should be less important. The high frequency of glycines
with ¢ > 0° in proteins suggests that substitution withAla at
glycine sites meeting the criteria mentioned above could be a
general strategy.
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