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- Evolution of a Protein Fold

in Vitro

Matthew H. J. Cordes,” Nathan P. Walsh," C. James McKnight,?
Robert T. Sauer™*

A "switch” mutant of the Arc repressor homodimer was constructed by inter-
changing the sequence positions of a hydrophobic core residue, leucine 12, and
an adjacent surface polar residue, asparagine 11, in each strand of an inter-
subunit B sheet. The mutant protein adopts a fold in which each B strand is
replaced by a right-handed helix and side chains in this region undergo sig-
nificant repacking. The observed structural changes allow the protein to main-
tain solvent exposure of polar side chains and optimal burial of hydrophobic side
chains. These results suggest that new protein folds can evolve from existing
folds without drastic or large-scale mutagenesis.

Protein sequences in biological systems evolve
by random mutation, including substitutions
and en bloc changes resulting from frameshifts
or large insertions and deletions. Such genetic
changes can result, at least occasionally, in
structural evolution to a new or dramatically
different three-dimensional (3D) fold (/). Little
is known, however, about how many or what
kind of sequence changes might lead to signif-
icant structural changes. Mutagenesis experi-
ments show that limited changes in sequence
can have large effects on stability and activity,
but generally do not lead to large shifts in
structure. For example, highly disruptive muta-
tions such as insertions in elements of regular
secondary structure or hydrophobic-to-charged
substitutions at core positions lead to only mi-
nor structural differences in bacteriophage T4
lysozyme and staphylococcal nuclease, point-
ing to a strong drive to preserve the basic native
fold (2, 3). Here, by contrast, we show that
mutations at adjacent positions in the antiparal-
lel B sheet of Arc repressor are sufficient to
change the local secondary structure to a right-
handed helix without loss of global protein
stability or folding cooperativity. This suggests
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that it is plausible to evolve a new protein fold
from an existing fold by the accumulation of
simple substitution mutations.
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The wild-type Arc repressor homodimer (4)
contains an antiparallel 8 sheet consisting of a
single strand of sequence GIn®-Phe!®-Asn!!-
Leu'2-Arg"3-Trp!* from each monomer. The
odd-numbered side chains are polar, solvent-
exposed, and form the surface of Arc that binds
operator DNA. The even-numbered side chains
are hydrophobic, buried in the protein core, and
are crucial for Arc folding and stability (5). By
interchanging Asn'! and Leu'?, a surface resi-
due and an adjacent core residue, respectively,
we constructed “switch” Arc, a mutant with the
same amino acid composition as the wild type
but with a different binary pattern of polar and
hydrophobic side chains in the 3-sheet region.

The purified wild-type and switch Arc
proteins differ in their far-ultraviolet circular
dichroism (CD) spectra (Fig. 1A), near-ultra-
violet CD spectra (Fig. 1B), and fluorescence
spectra (Fig. 1C), suggesting that the switch
mutations alter the normal Arc fold (6). In
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Fig. 1. Biophysical properties of wild-type and switch Arc. (A) Far-ultraviolet CD spectra (50 wM
protein, 15°C), (B) near-ultraviolet CD spectra (100 M protein, 15°C), (C) tryptophan fluorescence
emission spectra (50 wM protein, 25°C), and (D) CD thermal denaturation curves (10 uM protein).
The CD signal is expressed in millidegrees of rotation.
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addition, thermal denaturation experiments
(Fig. 1D) show that switch Arc undergoes a
cooperative unfolding transition with a mid-
point and shape comparable to that of wild-
type Arc. The near wild-type stability of
switch Arc is also consistent with a change in
structure, because native protein folds are
strongly destabilized by mutations that re-
place a hydrophobic core residue with a polar
side chain (3, 7).

'H and !N multidimensional nuclear mag-
netic resonance (NMR) experiments (8) en-
abled us to characterize the structure of switch
Arc in greater detail. The residue-by-residue
differences between wild-type and switch Arc
H,, chemical shifts are small for most residues
(Fig. 2), indicating that much of the wild-type
structure is maintained in switch Arc. By con-
trast, residues 9 to 14 (corresponding to the
wild-type B sheet) show large differences, sug-
gesting that the 3 sheet is replaced with another
type of secondary structure in switch Arc.
Moreover, backbone and side-chain connectivi-
ties from NOESY (nuclear Overhauser en-
hancement and exchange spectroscopy) spectra
of switch Arc reflect the expected secondary
structure and tertiary packing of the a-helical
portions of the Arc fold, but are strongly incon-
sistent with the presence of the wild-type B
sheet. For example, Fig. 3 shows aliphatic-
aromatic side-chain crosspeaks between Leu?!
and Phe*>, which are close in the wild-type
structure, but also crosspeaks between Leu!!
and both Phe!® and Trp'4, which are not in
close contact in the wild-type 8 sheet.

A structural model of switch Arc was cal-
culated with 99 NOE (nuclear Overhauser en-
hancement) distance restraints involving resi-

S (8WItch) -8y, (Wt Arc), ppm
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dues 7 to 14 (9). The minimized average of 14
structures (Fig. 4, C and D) had pairwise root
mean square deviations of 0.6 A for backbone
atoms and 1.6 A for heavy atoms (computed for
residues 7 to 14 in both monomers simulta-
neously). In switch Arc, each strand of the
wild-type B sheet is replaced by a right-handed
helix spanning residues 9 to 13. The COOH-

terminus of this structure is a type I B-turn, with
a hydrogen bond between the carbonyl oxygen
of Leu'! and the amide proton of Trp'4, as well
as backbone dihedral angles for residues 12 and
13 which fall near (—60, —30) and (—90, 0),
respectively. For residues 9 to 11, the resolution
of the model is insufficient to distinguish be-
tween an a helix, a 3,, helix, or additional

A B

Fig. 4. MOLSCRIPT (76)
representations of two
views of residues 8 to 46 in
wild-type Arc (A and B)
and in the minimized aver-
age switch Arc model (C
and D). The portion of the
fold common to wild-type
and switch Arc (residues 15
to 46) is shown in red,
whereas the region of
structural difference (resi-
dues 8 to 14) is shown in
cyan. The six hydrophobic
core side chains in the re-
gion 8 to 14 are shaded in

light or dark gray for differ-
ent monomers.
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aliphatic resonances. Crosspeaks involving Leu?' side-chain protons
(inconsistent with structure of residues 9 to 14 in wild type) are
connected by solid lines. Crosspeaks involving Leu?" side-chain pro-
tons (consistent with structure of wild-type helical regions) are
connected by dashed lines.

Fig. 2 (left). Residue-by-residue differences in H_ chemical shift for
wild-type and switch Arc, suggesting structural changes involving
residues 9 to 14 and structural similarity in other regions. Fig. 3
(right). Portion of a 200-ms NOESY spectrum of switch Arc, showing
crosspeaks between aromatic side-chain resonances and high-field
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turns. It is clear, however, that the switch Arc
backbone structure in this region is radically
unlike the B sheet of wild type, in which resi-
dues 9 to 14 exist in an extended conformation.

The changes in secondary structure in
switch Arc are accompanied by significant al-
terations in tertiary packing. As shown in Fig. 4,
hydrophobic core packing interactions involv-
ing residues 9 to 14 of wild-type and switch Arc
both involve three side chains from each mono-
mer, but these residues pack in a different spa-
tial arrangement, and switch Arc uses Leu'! in
its core whereas wild-type Arc uses Leu'2. The
approximate side-chain positions of each Leu'?
in wild type are occupied by Phe'® from the
opposite monomer in switch Arc, and those of
each Phe'® in the wild type are replaced by
Leu!! from the same monomer in switch Arc.
Despite this extensive repacking, the core of
switch Arc appears tightly and specifically
structured, as judged by large differences in
chemical shifts for the two 8-methyl groups of
Leu!! (—=0.31 and +0.53 parts per million)
(Fig. 3) and in NOE crosspeaks from these
methyls to other residues.

The results presented above show that inter-
changing the identities of two adjacent residues
in Arc results*in a stably folded mutant protein
with a well-defined but different local fold in the
region of the sequence changes. What is the
driving force behind this structural change, and
how is it specified by the sequenice change?
Burial of hydrophobic groups is widely ac-
knowledged as a principal source of protein-
folding stability (/0), whereas burial of polar
groups inevitably decreases stability (3, 7).
From this perspective, it is notable that despite
marked differences in secondary and tertiary
structure, both wild-type and switch Arc bury
each of the hydrophobic side chains present in
residues 9 to 14 and expose each of the polar
side chains in this region to solvent. It seems
likely, therefore, that the observed changes in
secondary structure occur to maintain this opti-
mal partitioning of hydrophobic and polar
groups. Protein folds are often constructed from
amphipathic elements of regular secondary
structure whose local binary patterns of apolar
and polar groups reflect their inherent structural
periodicity (/7). In wild-type Arc, the sequence
from 9 to 14 has the alternating pattern
PHPHPH (where P is polar and H is apolar),
which in a 8 strand leads to partitioning of
apolar and polar residues on opposite faces.
Switching the positions of Asn'' and Leu'?
changes this pattern to PHHPPH, which reflects
the structural periodicity of a helix with three to
four residues per turn. Simple changes in binary
pattern, subject to conformational and packing
constraints, may provide one mechanism for the
evolution of protein folds.

Are there features of Arc’s B sheet that
might help identify regions of other proteins that
are also likely to be susceptible to mutationally
induced structural changes? The amide protons
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of Arc’s 3 sheet exchange with solvent at a rate
faster than those in Arc’s helices (/2), and this
region undergoes modest packing and backbone
adjustments upon binding to operator DNA (4).
These properties suggest that this part of Arc’s
fold, although crucial for folding stability, is
reasonably dynamic and flexible. The 3 sheet
also forms late in the folding of Arc (/3) and is
located near the NH,-terminus of Arc as the first
secondary structure element. An alternative lo-
cal structure in this region of Arc is therefore
only constrained to connect to the remainder of
the fold at one end. Replacement of an internal
secondary structure element in Arc or another
protein might be topologically disallowed if the
ends of the new helix or strand cannot make
unstrained connections to the rest of the fold. It
will be interesting to see whether, in other pro-
teins, COOH- or NH,-terminal regions that
form late in folding or are flexible are also prone
to mutationally induced structural changes.

Structural plasticity, the ability of some pro-
teins to adopt alternate folds in response to
small changes in sequence or environment, may
help permit new and different protein structures
to arise through evolution. It may also lead to
certain diseases. Inherited prion disorders, such
as Creutzfeldt-Jakob’s disease (CJD), are
linked to familial mutations in the prion protein
PrP (14). The pathogenesis of CJD is not com-
pletely understood, but according to one model
(15), these sequence changes promote adoption
of an alternate fold by PrP in which two a-he-
lical secondary structural elements are convert-
ed into a four-stranded antiparallel 8 sheet. Our
work suggests that such structural plasticity
may be more common than hitherto assumed
and offers one mechanism for a mutationally
induced change in a protein fold.
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