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Abstract: The first principles design of manmade redox-
protein magquettes is used to clarify the physical/chemical
engineering supporting the mechanisms of natural enzymes
with a view to recapitulate and surpass natural performance.
Herein, we use intein-based protein semisynthesis to pair
a synthetic naphthoquinone amino acid (Naq) with histidine-
ligated photoactive metal-tetrapyrrole cofactors, creating
a 100 us photochemical charge separation unit akin to photo-
synthetic reaction centers. By using propargyl groups to protect
the redox-active para-quinone during synthesis and assembly
while permitting selective activation, we gain the ability to
employ the quinone amino acid redox cofactor with the full set
of natural amino acids in protein design. Direct anchoring of
quinone to the protein backbone permits secure and adaptable
control of intraprotein electron-tunneling distances and rates.

P rotein semisynthesis is a powerful method for unraveling
the physical/chemical engineering of natural enzyme mech-
anisms through the introduction of post-translational modi-
fications, biophysical probes, or unnatural amino acids into
proteins of any size.'™*! As one example, semisynthetic intein
chemistry was used to insert fluorinated tyrosines with altered
phenolic pK, values, but not altered redox potentials, to
resolve the role of proton transfer in intraprotein radical
electron transfer catalysis in ribonucleotide reductase.! Some
of the most fundamental questions of natural-redox-protein
engineering involve the physical/chemical interplay between
redox cofactors and their protein environment.*! Site-
directed mutagenesis around cofactors and reconstitution
with exotic cofactors are also important methods to clarify
electron-transfer engineering.'"*) However, as products of
unplanned natural selection, native protein sequences tend to
accumulate obscure and often unresolvable interdependen-
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cies between amino acids themselves and between amino
acids and cofactors. As an alternative, we construct a wide
range of artificial redox proteins that have minimal reference
to any specific natural protein sequence and instead include
simplified, first-principles-directed protein folding and re-
duced amino acid diversity.'*'*! These provide a platform to
clarify the typical properties of redox cofactors in an
unselected protein environment, identify what elements of
protein engineering are effective in controlling the activity of
redox cofactors in proteins, and resolve the roles of individual
amino acids.

Our work on securing redox-active tetrapyrrole cofactors,
such as hemes, chlorins, and bilins, and FeS clusters in the
architecturally adaptable synthetic protein scaffolds known as
magquettes,"*!”! exploits ligating His and Cys residues in the
same way that these cofactors are covalently ligated in natural
proteins. In contrast, the pivotal quinone cofactors used in
respiration and photosynthesis to couple proton and electron
transfer are frequently noncovalently and reversibly bound to
natural protein sites. However, when quinones are mobile, it
is less clear how modulation of the protein environment
controls quinone chemical function. Secure cofactor position-
ing is also important to set desired intraprotein electron-
tunneling rates, which change by an order of magnitude with
every 1.7 A change in cofactor separation.''"] Although
quinones have been covalently attached to Cys residues,” !
accurate cofactor placement suffers from the relatively long
and flexible thioether linkage. As described herein, we
establish conformational confinement by creating a chemi-
cally protected unnatural quinone amino acid (Naq).['®*!
Solid-phase peptide synthesis is used to install this cofactor
in an appropriate helical protein fragment. Intein-mediated
protein semisynthesis is then exploited to place the quinone
amino acid in a larger expressed protein environment near
enough to other cofactors to participate in light-activated
intraprotein electron-transfer reactions.

In maquette protein scaffolds, Gly-rich loop sequences
connect extended runs of amino acids with high alpha helix
propensity that are arranged in a binary pattern such that one
face of the helix is predominantly polar (Glu, Asp, Lys, or
Gln) and the other nonpolar (Ala, Leu, Phe or Trp). In
aqueous solution, burial of nonpolar faces drives assembly
into a 4-helix bundle.”™ In principle there are two possible
helix-loop topologies for bundle assembly, with the second
helix assembling either clockwise relative to the first helix
when viewed from the amino terminal (as shown in Figure 1)
or counterclockwise (see Figure S5 in the Supporting Infor-
mation). In either case, buried histidines are aligned to
encourage axial bis-His ligation to both faces of a heme iron
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Figure 1. The semisynthetic four a-helix maquette is constructed from
the thioester of an expressed three-helix fragment and a synthetic helix
with an N-terminal cysteine and an incorporated Naq residue.
Expressed and synthetic helices are shown as gray and yellow
cylinders, with tetrapyrrole-ligating histidine residues in red and
synthetic naphthoquinone amino acid (Naq) residues in green, con-
nected by glycine-rich loops shown as black arcs. The helices have
nearly identical sequences (bottom), with a glutamate replaced by Naq
in the fourth helix of the semisynthetic bundle. A molecular dynamics
simulation structure (right) with Naq and two histidine-ligated tetra-
pyrroles (blue) places Naq nearly equidistant from both tetrapyrrole
binding sites.

or single His ligation of light-active Zn tetrapyrroles. By
replacing a surface-exposed glutamic acid in the middle of the
fourth helix with Naq, the environment around the amino
acid is expected to vary little between the two topologies and
the edge-to-edge distances between Naq and the bound
metal-tetrapyrrole cofactors are similar (estimated from the
model structure to be 14-16 A, depending on the Naq
rotamer).

The thioester-terminated fragment for protein semisyn-
thesis (Figure 1) was derived from a previously described
single chain multi-tetrapyrrole binding maquette sequence!™
by cloning the N-terminal three-helix fragment into the
commercially available vector for intein-mediated protein
(pKYB1; New England Biolabs). We avoided insolubility
during expression by exchanging the provided intein fusion
(Sce VMA intein fused with a chitin binding domain) with an
alternative intein fusion (Mxe GyrA intein fused with a
C-terminal hexahistidine affinity-tagged maltose binding
protein).

For Naq to be activated in maquettes with unprotected
generic side-chain functionalities, a new protecting group
strategy was developed to avoid interference of Cys and Trp
residues with the reported oxidative deprotection of Nag.*
Although uncommon in peptide work, propargyl groups can
be removed under a range of conditions, in solvents like
trifluoroacetic acid (TFA) and dimethylformamide (DMF),
compatible with longer peptides and proteins,*** and their
installation could be effected under similar conditions to the
methyl groups of the original synthesis.

The synthesis of the propargyl and 9-fluorenylmethoxy-
carbonyloxy (Fmoc) protected Naq followed that reported for
methyl-protected Naq and began with the alkylation of 1,4-
dihydroxy-2-naphthoic acid to form propargyl-1,4-dipropar-
gyloxy-2-naphthoate in a good 79% yield (Scheme 1).
Reduction of this ester to the alcohol proceeded in a 90%
yield with lithium aluminum hydride, and the arylbromide (1)
was generated with phosphorus tribromide in a high yield of
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a) Propargyl bromide, K,CO;, KI, DMF, 90°C, 79%; b) LiAlH,, tetra-
hydrofuran, 0°C to RT, 90%,; c) PBr;, CCl,, 0°C, 92%,; d) diphenyl-
methylene glycine tert-butyl ether, CsOH-H,0O, phase-transfer catalyst,
toluene, —42°C, 84%, 96.5% ee; e) ethanedithiol, TFA, 91 %; f) Fmoc-
succinimide, NaHCO,;, DMF, 60°C, quantitative.

92 % . This product was used for the asymmetric alkylation of
tert-butyl N-(diphenylmethylene) glycinate to yield back-
bone-protected propargyl-Naq (2) in 84 % yield with a 96.5 %
enantiomeric excess (ee). Conversion to the free propargyl-
Naq amino acid Naq(OProp/OProp) in 91% yield was
effected with ethanedithiol in trifluoroacetic acid. Quantita-
tive backbone protection of the free amino acid with Fmoc-
succinimide to Fmoc-Naq(OProp/OProp)-OH (3) enabled
solid-phase peptide synthetic incorporation of Fmoc-
Naq(OProp/OProp)-OH into a helix with an N-terminal
cysteine (Figure 1). Native chemical ligation employed stan-
dard denaturing conditions at approximately 1 mm of the
expressed three-helix thioester fragment with two equivalents
of the synthetic peptide in the presence of 200 mm mercapto-
phenylacetic acid and 50 mwm tris(2-carboxyethyl)phos-
phine.’ 50-75% yields after purification improved when
the ligation was performed in an anaerobic glovebox,
suggesting that slow oxidation of the reaction under ambient
conditions may impair ligation efficiency. Prior to activation
of Naq, the free cysteine in the semisynthetic bundle was
capped with bromoacetamide. Because standard procedures
for removing propargyl groups using either strong Lewis
acids® or palladium-catalyzed reduction™ led either to
hydrolysis of the backbone prior to Naq activation or to very
low yields, we used dicobaltoctacarbonyl in TFA to quanti-
tatively activate Naq without side reactions with the diverse
unprotected natural amino acids in the maquette.

The spectroscopy and electrochemistry of Naq incorpo-
rated into a solvent-exposed helical site matched previous
studies exploring the structural and electrochemical coupling
of the Naq amino acid in a simple peptidel'®* (E, values
(midpoint potential at pH 8) of —624+6 mV versus —40 mV,
Figure 2), providing a good standard of comparison for
electrochemical manipulation in buried Naq designs. The
Nag-modified bundle also maintained a helical structure
(Figure S3) and the ability to bind the metal-tetrapyrrole
cofactors heme and Zn-protoporphyrin IX (ZnPPIX) both
separately and together (Figure 3). As observed in previous
maquette designs, bis-His ligation of a heme cofactor
increases the thermal folding stability, from a melting tran-
sition of 40 to 50°C (Figure S4). In the Naq maquette, one bis-
His site has a high affinity for both heme and ZnPPIX; at the
lower affinity site, only one of the two available His residues
was needed to bind ZnPPIX (Figure 3). It is not clear from
design first principles which site has higher affinity and binds
one equivalent of heme, leaving the remaining low affinity
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Figure 2. Spectroelectrochemistry of Naq in the maquette shows
expected two-electron redox behavior. Singular value decomposition of
the full spectral redox titration from 4100 mV (light gray) to —150 mV
(dark gray) is dominated by two redox sensitive spectral components:
the Nagq redox spectrum (red; E,,=—62=46 mV, amplitude shown in
insert) and the phenazine redox mediator dye (green; E,,=—7+7 mV)
added to assure potential measurement accuracy. SHE = standard
hydrogen electrode; SVD =singular value decomposition, a function
used to delineate spectrum into its components.

site free for subsequent addition of ZnPPIX. However, the
symmetric placement of the Naq cofactor between the two
sites (Figure 1) maintains similar electron-tunneling distances
in either geometry.

Photoexcitation of a bound ZnPPIX in the Nag-contain-
ing maquette generates a long-lived triplet excited state that is
capable of reducing Naq to its anionic, singly reduced
semiquinone form (estimated E,=—200mVP"). Charge
separation should be detectable by a shortening of the triplet
lifetime in the presence of an oxidized Naq cofactor. The
formation and decay of the ZnPPIX triplet state after
excitation with a A =550 nm laser pulse was observed with
transient absorption spectroscopy from 100ns to 0.1s
(Figure 4). When Naq was prereduced with ammonia
borane, and hence not capable of ZnPPIX photoreduction,
the triplet decay follows single-exponential kinetics with
a millisecond lifetime (541 x10?s™") similar to that seen in
other maquette designs.™ In the presence of oxidized Nagq,
the triplet decay is indeed significantly faster and better fit by
a stretched exponential exp[—(k¢)?], with a rate (k) of 7 +2 x
10°s! and a B value, describing the extent of stretching, of
0.3 +0.1. Oxidized Naq has a photoprotective effect on the
ZnPPIX, presumably because an electron-transfer-shortened
lifetime of the excited triplet state provides less opportunity
for photobleaching. In contrast, when Naq is reduced, we
observe a small progressive loss (approximately 10 %) of the
ZnPPIX pigment with prolonged laser exposure that tends to
lower the triplet amplitude. Points falling below the fit line in
Figure 4 were taken after longer laser exposure.

Using our intraprotein electron-tunneling expres-
sions,"®1%! the acceleration of the ZnPPIX triplet state decay
is fully attributable to a two-step, forward and back, electron-
transfer event. In the process, the photoexcited ZnPPIX
reduces Naq to its anionic semiquinone (0.58 eV mean driving
force) with a mean cofactor separation of 16 A and a reason-
able reorganization energy for a water exposed cofactor of
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Figure 3. Tetrapyrrole binding titrations with the Nagq maquette (see
the Supporting Information for complete details). Each panel (A-C)
shows increasing absorbance as tetrapyrrole is added with a corre-
sponding inset spectrum monitoring the amplitude at the wavelengths
isosbestic for unbound tetrapyrrole: 2 =412-314 nm for heme addition
and 425-333 nm for ZnPPIX addition. A) Heme titration fits to a single
K4 value of 70 +£20 nm. B) ZnPPIX titration fits to a single Kj value of
0.71+0.07 um. C) ZnPPIX titration to 3.5 um maquette prebound with
1.1 equivalents heme shows a second-site K, value of 207 pm. The
dashed line in (c) reflects residual binding to high affinity site.

circa 1.5 eV, followed by a subsequent, fourfold-faster
charge recombination. Importantly, this calculated distance
matches our initial structural modeling of the maquette.

As in natural proteins, maquette electron-tunneling rates
can be modulated by a static or dynamic distribution of edge-
to-edge distances, driving forces, or reorganization energies.
The complex transient absorption kinetics observed with
oxidized Naq can be accounted for by a range of edge-to-edge
distances of up to £1.7 A, with variance also possible in the
reorganization energy and driving force. Residual conforma-
tional mobility of the Naq cofactor should be minimized in
future designs that bury Naq in the more structured interior
where the protein design factors that modulate quinone redox
properties and reorganization energies can be systematically
explored. The circa —260 mV midpoint potential heme
cofactor used here is not effectively reduced by the circa
—200 mV Naq semiquinone in a photochemical triad elec-
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Figure 4. Transient absorption spectroscopy of ZnPPIX-bound Nag-
containing bundle. Electron-transfer-active oxidized Naq shortens the
lifetime of the excited ZnPPIX triplet state. Singular value decomposi-
tion of the full spectral kinetics is dominated by a single spectral
component corresponding to the bleach of the ground state ZnPPIX
and the absorbance of the ZnPPIX* triplet. Inset: kinetics of this
component fit by a simple exponential (purple) or a stretched expo-
nential (red).

tron-transfer relay; planned work with iron tetrapyrroles
exhibiting more positive midpoint potentials is needed for
a substantially longer-lived charge-separated state.

We have demonstrated incorporation of the naphthoqui-
none amino acid, Naq, in a semisynthetic four-helix-bundle
magquette that binds metal tetrapyrrole cofactors. Within this
context, Naq maintains predictable aqueous electrochemistry,
allowing use in demonstrating charge separation between
a light-activatable zinc porphyrin and the well-positioned
quinone. In doing so, we have recapitulated one of the earliest
steps of photosynthesis in a completely designed protein
system adaptable for systematic protein control of quinone
electrochemistry and electron-transfer kinetics.
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