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ABSTRACT: Ab initio design of enzymes requires precise
and predictable positioning of reactive functional groups
within accessible and controlled environments of de novo
protein scaffolds. Here we show that multiple thiol
moieties can be placed within a central channel, with
approximate dimensions 6 X 42 A, of a de novo, six-helix
peptide assembly (CC-Hex). Layers of six cysteine
residues are introduced at two different sites ~6 (the
“L24C” mutant) and ~17 A (L17C) from the C-terminal
opening of the channel. X-ray crystal structures confirm
the mutant structures as hexamers with internal free thiol,
rather than disulfide-linked cysteine residues. Both
mutants are hexa-alkylated upon addition of iodoaceta-
mide, demonstrating accessibility and full reactivity of the
thiol groups. Comparison of the alkylation and unfolding
rates of the hexamers indicates that access is directly
through the channel and not via dissociation and unfolding
of the assembly. Moreover, neither mutant reacts with
iodoacetic acid, demonstrating selectivity of the largely
hydrophobic channel. These studies show that it is
possible to engineer reactive side chains with both
precision and control into a de novo scaffold to produce
protein-like structures with chemoselective reactivity.

P redictive engineering of novel enzymes has been a goal of
protein engineering for some time." An emerging and
particularly challenging aspect of such work is the rational, or ab
initio design of enzyme-like activities into protein scaffolds that
are otherwise not known as enzyme frameworks.” These
scaffolds can be taken from other natural proteins or constructed
through de novo design.® Because it is difficult to envisage
matching the complexity, selectivity, efficiency, and dynamics of
natural enzymes, such design work is largely an academic exercise
at present: it aims to further our fundamental understanding of
how enzymes are built and work, and also to test our abilities to
engineer biological systems systematically and predictably. That
said, an ability to generate protein-based catalysts in this way
would have an impact on protein engineering, biotechnology,
and synthetic biology, where improved enzymes are being
sought, and catalysts for reactions outside the biological arena
would be useful.*

The current state of the art in ab initio enzyme design is to use
computational methods to port catalytic constellations of
residues into natural protein scaffolds, to test for activity and
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selectivity, and then to use rounds of mutations (sometimes via
directed evolution) to improve these properties.” While the
exquisite functionalities of natural enzymes are not yet fully
matched, good progress is being made using this approach.>>®
Much less has been achieved in this area using truly de novo
protein scaffolds.” This is perhaps not surprising as using de novo
scaffolds brings additional challenges, not least the production of
prescribed and stably folded structures in the first place.
Nonetheless, the prospect of generating enzyme-like structures
and activities de novo, and of understanding the role of every
amino acid in a designed polypeptide chain, is tantalizing.®

With these and other ambitions in mind, we embarked on a
synthetic biology approach to the rational design of functional
proteins.” Our aim is to develop a basis set, or toolkit, of de novo
protein structures,'® and then use them as modules to construct
more-complex assemblies'' and display functional residues. To
start, we have focused on a-helical bundles, and specifically coiled
coils."® Thus far, we have delivered a set comprising homo-, di-,
tri-, and tetramers, a series of heterodimers with a range of
dissociation constants, and a heterotrimer.'”'> All of these have
“stripped-down” sequences; i.e., only the residues important for
structural specification and stabilization are defined, leaving the
remainder as agnostic side chains (e.g, alanine (Ala, A) or
glutamine (Gln, Q)) and free for substitution later in the design
process. The basis-set peptides are fully characterized in solution,
and in most cases we have determined high-resolution X-ray
crystal structures.'

One of these structures, a parallel homotetramer (CC-Tet),
has been mutated to render the first example of hexameric coiled
coil."* CC-Hex has a well-defined channel running its entire
length, which is open to solvent at both the N- and C-termini, and
is lined exclusively by hydrophobic side chains, isoleucine (Ile, I)
and leucine (Leu, L), Figure 1A,B and Table 1. One of these sites,
L24, is mutable, accepting side chains including aspartic acid and
histidine. Though destabilized, these mutants crystallize as
homohexamers closely similar to the parent structures and can be
combined to form a stable (AspHis); heterohexamer."*

We posit that CC-Hex, with its channel, resilience to mutation,
and defined structure, presents a good starting point for the
rational design of protein function, such as enzyme-like activity.
However, open and important questions in this endeavor regard
the nature of the channel, and particularly its accessibility to
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Figure 1. X-ray crystal structures of CC-Hex and the Leu— Cys mutants.
(AB) Orthogonal views of the 2.2 A structure of CC-Hex (PDB
identifier, 3R3K)."* In B, the side chains of Leu-24 are shown as sticks.
(C) Overlay of orthogonal ribbon views of the structures of CC-Hex-
L24C (red, 1.6 A, PDB 4KVT) and CC-Hex-L17C-Y22BrPhe (blue, 1.8
A, PDB 4KVU), displaying the installed rings of Cys residues. (D) Slice
at the 17 position of CC-Hex-L17C displaying the installed corona of
Cys side chains. (E) Orthogonal view of the 1.9 A structure of CC-Hex-
L24C-alk-W22BrPhe (PDB 4KVV), overlaid with the backbone of CC-
Hex-L24C (gray) to show the slight splaying of the C-termini upon
introducing the acetamide functionality. (F) Slice at the 24 position of
CC-Hex-L24C-alk-W22BrPhe displaying the installed acetamide side
chains. All viewed from the C-terminus (top). In D and F, electron
densities (2F,, — F.,.) for the Cys and Cys-acetamide side chains are
shown contoured at 26. Images created with PyMOL (http://www.

pymol.org/).

substrate and ability to exhaust products. Here we show that it is
possible to install reactive cysteine (Cys, C) residues within the
channel, where they are accessible to modification by molecules
directly entering the channel. Cys was selected because of its
nucleophilic side chain, and as it is represented within the active
site of many enzymes.'®

Two potential Leu—Cys mutants were modeled using
PyMOL, Figure S1A. These were made at the a-sites of the
third and fourth heptad repeats of the CC-Hex sequence, Table
1, which placed them about half and three-quarters of the way
along the channel, respectively, Figure 1C. Leu— Cys mutations
appeared to be accommodated at both positions on all six helices,

Table 1. Sequences of the de Novo-Designed CC-Hex Peptides

Name Peptide sequences and heptad register
gabcdefgabecdefgabecdefgabecdef
CC-Hex Ac-GELKATIAQELKATAKELKATIAWELKATIAQGAG-NH;
CC-Hex-L17C AC-GELKATAQELKAIAKECKAIAYELKATIAQGAG-NH,
CC-Hex-L24C Ac-GELKATAQELKAIAKELKAIAWECKATIAQGAG-NH,

and without the likelihood of forming interhelix disulfide bonds.
On this basis, two mutants, CC-Hex-L17C and CC-Hex-L24C,
were synthesized by solid-phase peptide synthesis, purified by
reverse-phase HPLC, and confirmed by MALDI-TOFE-MS,
Figure S2A,B. As judged by circular dichroism (CD) spectros-
copy, both peptides were a-helical in solution and displayed
sigmoidal thermal denaturation when monitored at 222 nm,
corresponding to Ty, = 67 and 78 °C for CC-Hex-L17C and CC-
Hex-L24C, respectively, Figure 2. Dynamic light scattering was
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Figure 2. Biophysical characterization of the CC-Hex-L— C variants in
solution. (A) CD spectra at 20 °C for CC-Hex-L17C (blue), CC-Hex-
L24C (red), and CC-Hex-L24C-alk (purple). a-Helicities were
calculated as ~85% for CC-Hex-L17C and CC-Hex-L24C, and ~65%
for CC-Hex-L24C-Alk. (B) Thermal denaturation curves for the three
variants monitored by the change in CD signal at 222 nm (same color
scheme as for panel A). The Ty, values derived from these curves were
67 (CC-Hex-L17C), 78 (CC-Hex-L24C), and 56 °C (CC-Hex-L24C-
alk). Conditions: S0 M peptide, phosphate-buffered saline (PBS, pH
7.4), tris(2-carboxyethyl)phosphine (TCEP, 0.5 mM).

used to examine the apparent size of the constructs in solution
and indicated small discrete assemblies consistent with hexamers,
Figure S3. This oligomeric state was confirmed by sedimenta-
tion-equilibrium experiments performed by analytical ultra-
centrifugation, with experimental curves readily fitting models
for single, ideal species with masses corresponding to hexamers
for both mutants, Figure S4A,B.

The assemblies were characterized unambiguously as parallel,
hexameric coiled-coil architectures by X-ray crystallography,
Table S1. The 1.8 and 1.6 A resolution crystal structures of CC-
Hex-L17C-Y22BrPhe and CC-Hex-L24C, respectively, were
determined by molecular replacement using the parent CC-Hex
structure as a search model, Figure 1C,D. [The Tyr/Trp—BrPhe
mutants were made simply to assist with phasing crystallographic
diffraction data, should that have been needed.] The character-
ization and X-ray crystal structure of CC-Hex-L17C provide the
first example of a benign mutation of CC-Hex in the central
heptad. In both structures, the designed coronas of Cys residues
at the heart of the suprastructures were clear, Figure 1D. As with
the parent assembly, solvent-like electron density was evident
along the central channels in both structures, and this was
modeled, by best fit, to water molecules. Importantly, the
introduced Cys residues were not oxidized to form disulfide
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bridges. Furthermore, no oxidation was observed by MALDI-
TOE-MS after 7 days in solution and in the absence of small-
molecule reducing agents. The minimum §,—S, distance from
the crystal structures was 4.4 A, compared to the expected
disulfide bond length of 2.05 A, explaining why oxidation was not
observed. Thus, the constructs exist as stable hexamers with six
potentially reactive Cys residues in their central channels.

After biophysical characterization, the reactivities of the
installed Cys side chains were investigated. Among other
methods,'® accessibility of Cys residues in folded proteins has
been probed by reaction with small-molecule alkylating agents
such as iodoacetamide and iodoacetic acid.'” Encouragingly, in
the Leu—Cys systems both Cys mutants reacted chemo-
selectively with an excess of iodoacetamide to render the hexa-
alkylated thioether product, as judged by HPLC and MS, Figure
SSA,B. Kinetic analyses of the pseudo-first-order rate constants
(kapp) at various excess concentrations of iodoacetamide allowed
rates of alkylation (k) for both constructs to be determined as
~2 X 107> M~ 57!, Figure 3A,B. [The rate for CC-Hex-L17C
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Figure 3. Kinetics of alkylation and unfolding reactions in the CC-Hex
variants. (A,B) Reaction profiles for the reaction of CC-Hex-L17C (A)
and CC-Hex-L24C (B) with 50 (@), 75 (O), 100 (¥),and 125 mM (A)
iodoacetamide at 20 °C obtained from HPLC peak-area integration
(Figure SSA,B). Inset: Linearization of the pseudo-first-order rate
constants (k, P) obtained at excess concentrations of iodoacetamide,
ke =24X 1072 25X 107 M s7! kyp04c=1.6 X 1072 £3x 107*
M™"'s7%. (C) Loss of helicity measured by CD spectroscopy of CC-Hex-
L24C during T-shock experiments after rapid heating from 20 to 82.5
(pink O), 85 (red O), 87.5 (red V), 90 (gray V), and 92.5 °C (black H).
(D) Arrhenius plot for the unfolding (k) rates for CC-Hex-L24C.
Extrapolation from the linear line of best fit returned k,,ry oc = 2.6 X
107* £+ 2.1 X 107* 57", corresponding to a half-life for unfolding of ~45
min; ~60X less than the rate of alkylation measured in B. Conditions: 50
4#M peptide, 0.5 mM TCEP, PBS, pH 7.4.

was the larger, a point we return to below.] For comparison, a
random-coil control peptide (Ac-GAYECKAIAKELGAG-NH,)
was synthesized and found to react with a half-life of 7 s under
similar conditions, equating to a rate of ~2 M1tsT Figure S6;
i.e., ~100X faster than the full-length mutants.

With iodoacetic acid, no detectable reactions occurred with
either folded mutant during the length of the experiments (120

h). This provides an initial example of substrate selectivity within
a designed protein channel, with the charged and solvated
carboxylate functionality presumably unable to enter the
hydrophobic channel of the assembly at pH 7.4.

From the difference in rates of alkylation of the folded and
unfolded peptides, it is tempting to conclude that for the folded
mutants the slower reactions are regulated via accessibility of the
iodoacetamide into the channel. However, a second potential
reaction pathway can be envisaged in which the assemblies first
unfold, followed by rapid reaction with the electrophile. To test
which mechanism operates, the unfolding rates of the constructs
(kyng) were determined using temperature-shock (T-shock)
experiments followed by CD spectroscopy (Figures 3C,D and
S7): starting in the folding state, the temperature of a sample was
raised rapidly above the T, of the variant; the rate of loss of the
CD signal was then measured; a series of rates were determined
for each mutant at different final temperatures; and Arrhenius
plots of these rates against 1/T allowed extrapolation to give
unfolding rates at 20 °C, for comparison with the rates of
alkylation (assuming a linear relationship over this temperature
range). From these experiments we calculated k50 oc = 7.9 X
107 for CC-Hex-L17C and 2.6 X 107*s™" for CC-Hex-L24C,
corresponding to half-lives of 11 and 45 min, respectively, at 20
°C. The rate of alkylation of CC-Hex-L24C was 60X faster than
that of unfolding. Thus, the Cys side chains must be accessed by
iodoacetamide predominantly with the peptide in its assembled
hexameric state, i.e., directly via the channel.

One caveat of this model is that the structures, stabilities, and
rates of unfolding of the CC-Hex-L—C mutants are likely to
change upon alkylation; indeed, potentially there is a spectrum of
properties for each mutant depending on the degree of
alkylation. To test the extreme of these possibilities, the fully
alkylated form of CC-Hex-L24C (CC-Hex-L24C-alk) was
isolated and characterized: CD spectra at 20 °C showed that
CC-Hex-L24C-alk maintained a-helical secondary structure,
albeit with a 20% loss in helicity, Figure 2A; thermal denaturation
curves were sigmoidal, Ty = 56 °C, Figure 2B; and
sedimentation-equilibrium data fitted a single, ideal, hexameric
species, Figure S4C. Together, these data indicate a stably folded
hexamer in solution. Furthermore, that the steric bulk of six
acetamide groups can be tolerated within the lumen of CC-Hex
was confirmed by determining a 1.9 A crystal structure of CC-
Hex-L24C-alk-W22BrPhe, Figure 1EJF. This showed some
fraying of the C-termini of the helices, accounting for the loss
in helicity by CD spectroscopy, Figure 2A. It also revealed
ordered acetamide groups covalently bound to all six Cys side
chains, Figure 1F. Finally, as another extreme test of the
alternative alkylation mechanism, for CC-Hex-L24C-alk we
determined k00 oc = 1.4 X 107 s7" (#;/,n¢ & 8 min), which
remains slower than the rate of alkylation, Figure S8.

By examining both extremes, for CC-Hex-L24C at least, it is
evident that alkylation of the installed Cys residues within the
channel of CC-Hex occurs predominantly directly through the
channel, rather than indirectly via complete unfolding of the
assembly. Of course, breathing mechanisms cannot be
discounted by our studies, but would seem unlikely too as they
would require gross changes to the protein structure to reveal the
internal Cys residues.

In comparison, hexa-alkylated CC-Hex-L17C (CC-Hex-
L17C-alk) was largely unfolded by CD scans at SO uM peptide,
and showed only partial a-helical folding at 270 uM (Figure S9).
The molecular mass in solution was equivalent to ~6 times the
monomer mass, but residuals from single-ideal-species or
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equilibrium models were poor, Figure S4D. Thus, CC-Hex does
not fully tolerate bulky substituents halfway along its channel, at
least not at what would be considered useful peptide
concentrations (<uM). This is not to say that changes and
reactions cannot be made more centrally; clearly they can, but
not fully at all six sites. Returning to the alkylation rate: this is
slightly higher for CC-Hex-L17C than CC-Hex-1L24C (Figure
3A,B), consistent with a change in mechanism of alkylation as the
reaction proceeds and the complex becomes more destabilized;
ie, the more-alkylated variants may well be accessing the
unfolding state to give a higher rate of alkylation.

In summary, we report the first example of reactivity and
selectivity within the lumen of a de novo peptide assembly with an
accessible central channel: alkylation of precisely installed
cysteine residues proceeds to completion with the construct
maintaining its quaternary structure. These reactions, which
proceed in water at 20 °C and pH 7.4, are slowed compared with
that for a random-coil, Cys-containing, control peptide, but faster
than would be expected for a two-step mechanism involving (i)
channel disassembly and (ii) alkylation of the exposed thiol
groups. Thus, we conclude that access of the reactant is
predominantly directly through the assembled channel. More-
over, the channel discriminates for a nonpolar reactant
(iodoacetamide) over one with a formal charge (iodoacetic
acid). Clearly, we have not made anything enzyme-like in this
study; we have simply modified internally located thiol moieties
in a de novo protein framework. Nonetheless, in so doing we have
begun to demonstrate some of the key elements that will be
required to construct enzyme-like functions de novo: (1) precise
and predictable placement of functional groups within a de novo
protein framework; (2) controlled reactivity of these groups (in
this case, incorporating thiol groups that act as nucleophiles, but
do not form local disulfide bonds); and (3) discrimination of
different reactants (“substrates”). This investigation represents
the first step toward functional variants of CC-Hex. Specifically, it
potentially adds de novo polypeptide scaffolds to the natural
structures that are currently employed as the basis for ab initio

enzyme design.
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