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Abstract

Strain-promoted azide-alkyne cycloaddition (SPAAC) can be used to generate artificial
metalloenzymes (ArMs) from scaffold proteins containing a p-azido-L-phenylalanine (Az) residue
and catalytically active bicyclononyne-substituted metal complexes. The high efficiency of this
reaction allows rapid ArM formation using Az residues within the scaffold protein in the presence
of cysteine residues or various reactive components of cellular lysate. In general, cofactor-based
ArM formation allows the use of any desired metal complex to build unique inorganic-protein
materials. SPAAC covalent linkage further decouples the native function of the scaffold from the
installation process since it is not affected by native amino acid residues; as long as an Az residue
can be incorporated, an ArM can be generated. We have demonstrated the scope of this method
with respect to both the scaffold and cofactor components and established that the dirhodium
ArMs generated can catalyze the decomposition of diazo compounds and both Si-H and olefin
insertion reactions involving these carbene precursors.
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Controlling the selectivity of metal catalysts!!] and incorporating metal complexes into
biological systems, where they could have a transformative impact on our ability to
manipulate life processes, [2] stand as key challenges in synthetic chemistry. A number of
researchers have developed artificial metalloenzymes (ArMs) comprised of synthetic metal
catalysts and enzyme or protein scaffolds to achieve these goals by combining the reactivity
former with the adaptability and efficiency of the latter.[3] Several different approaches to
link catalysts and scaffolds have been described. Most of these can be broadly classified as
involving dative binding of scaffold residues to metal atoms (as free ions or complexed with
other ligands),[4] non-covalent binding of metal complexes, [5] or covalent modification
using a functionalized metal complex!6l.

Efforts to date have demonstrated the potential of ArMs for a range of applications,[P:7:8]
but they have also highlighted the importance of flexibility with respect to the scaffold
proteins,®] bioconjugation methods,[6] and linker structures[19] used for their preparation.
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The catalytic activity of ArMs need not depend on the original function of the scaffold
protein, so one can instead focus on other properties, including expression level,
thermostability, and organic solvent tolerance, that improve biocatalyst utilityl11],
Furthermore, because scaffold engineering will likely be required to achieve high
selectivity,[22] and because a given scaffold protein may provide a better starting point for
such efforts,[] the ability to select among different scaffolds offers a significant advantage.

Of the methods outlined above, covalent linkage places the fewest limitations on the nature
of the metal catalyst and scaffold protein that can be used for ArM formation.[8] Both metal
ion/complex binding and non-covalent linkage require molecular recognition by specific
proteins.[4:5] However, selective covalent modification of natural amino acids(®! requires
uniquely reactive residues within a protein. Herein, we demonstrate that strain-promoted
azide-alkyne cycloaddition (SPAAC)[23] provides a simple means to introduce metal
catalysts into proteins (Scheme 1) with the broad scaffold scope of covalent modification
while eliminating the constraints of naturally occurring anchor residues (poor reactivity,
selectivity, etc.). Several different ArMs were readily constructed using this approach, which
should provide an efficient means for generating catalysts for a range of reactions.

SPAAC-based modification of proteins involves expressing a target protein with a
genetically encoded azide- or alkyne-bearing amino acidl*#] and reacting this protein with an
alkyne- or azide-bearing reagent[15]. The high rate, bioorthogonality, and site-specificity of
this reaction have led to its wide adoption in chemical biology,[*¢! but incorporating metal
catalysts into proteins has not been described. In general, this requires that the SPAAC
reaction occur on the protein interior, rather than its surface,[17] to allow interactions
between the protein and the metal secondary coordination sphere (Scheme 1).[28] This is not
typically required for the chemical biology applications noted above and demands robust
bioconjugation methodology. We envisioned that the central pore of an a.,p-barrel protein
could provide a suitable environment for azide or alkyne incorporation.[!°] Because SPAAC
cofactors would be unreactive toward native amino acid functionality, any desired scaffold
could be employed for ArM formation.

Reetz and co-workers demonstrated that a cysteine residue in the thermostable a.,p-barrel
protein tHisF from Thermotoga maritima can be used to introduce a variety of ligands
commonly used in transition metal catalysis and even a Pd-complex into this protein, though
no activity of the resulting hybrid catalysts was described.[20] Because the bottom of this
protein is blocked by a salt-bridge, we hoped that azide or alkyne mutations introduced deep
within the 25 A long central pore of the protein should project SPAAC cofactors up the pore
and place the metal complexes within reach of several loops near the pore opening (Scheme
1, Fig. 1A/B, see also supporting information).[22] Extensive biochemical characterization of
this protein has revealed that its fold is highly stable, and that it possesses a tryptophan and
four tyrosine residues that enable spectroscopic characterization of its folding, both features
that make it an ideal test substrate for bioconjugation method development.[22]

We used amber stop codon suppression[24] to incorporate p-azido-L-phenylalanine (Az) at
representative positions at the top (residue 176), middle (residue 50), and bottom (residue
199) of the central pore of tHisF (A50, A176, and A199)[21]. We observed high levels of
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scaffold expression and unnatural amino acid incorporation with no apparent azide
photolysis based on high resolution ESI mass spectrometry (Fig. 1C), despite A50 and A199
being located on the protein interior[23]. The hexa-histidine tagged scaffold proteins were
purified by Ni-affinity chromatography following an initial heat treatment,2%] and both
fluorescence (Fig. 1D) and CD spectroscopy (Fig. S5) indicated that little structural
perturbation resulted from UAA incorporation.[22] No change in the fluorescence spectrum
was observed even in 60% acetonitrile (Fig. 1D), which highlights the organic solvent
tolerance of this scaffold protein.[11] A similar approach was used to express variants of a
thermostable phytase from Bacillus amyloliquefaciensl?4l with Az incorporated at residue
104. This enzyme has an overall cylindrical shape built from six sheets of four-five anti-
parallel B-strands arranged around a central pore. The position of the Az residue was
approximately 20 A down this pore, so point mutations N99A, N100A, and D102A, were
introduced to facilitate BCN access to the Az residue.

We next developed a modular approach to synthesize alkyne-substituted cofactors. While
several alkynes have been developed for SPAAC, we used bicyclo[6,1,0]nonyne (BCN)
described by van Delft and co-workers[23] due to its small size, symmetry, and high SPAAC
rates!13]. We used carbonate 1[25] as a mild electrophile to which metal complexes bearing a
nucleophile could be added (Scheme 2A). We initially targeted dirhodium tetracarboxylate
cofactors due to the high activity of these complexes toward a range of carbene insertion
reactions!26! that tolerate both air and water(27). Inspired by the improvements in dirhodium
catalysis shown by Du Bois and coworkers using tetramethyl m-benzenedipropionic acid
ligands (esp),[28] we prepared hydroxy-esp derivative 2 and reacted this compound with
Rhy(TFA)2(OAC),[2%] to form the mixed esp/diacetate complex 31301 (Scheme 2).

Two additional BCN cofactors, 6 and 7, containing Cul31 and Mn[32] terpyridine
complexes, were prepared by metallating BCN-terpyridine 5, which was formed from
phenol 4 and carbonate 1 (Scheme 2B). Similar metal-terpyridine complexes are known to
catalyze a range of C-H insertion reactions.[33] This metallation approach compliments the
convergent approach used to prepare 3, and provides additional flexibility for BCN cofactor
formation to accommodate the unique reactivity of different metal complexes. Finally,
fluorescent probe 8 was prepared in analogy to the approach developed by van Delft
(Scheme 2C).[2%] The carbonate linkage in all of these cofactors was not hydrolysed even
after extended room temperature incubation in various aqueous buffers (e.g. ACN/TRIS or
THF/KPj, pH=7.5) based on HPLC analysis.

The reactivity of cofactor 3 toward tHisF-Az50 was then explored. A solution of 3 in
acetonitrile (20% v/v ACN/Tris buffer; 5 equiv. 3) was added to a solution of each tHisF
mutant (60 M), and the reactions were incubated at 4 °C. ArM formation was monitored by
MALDI mass spectrometry, and cofactor consumption was followed by HPLC (the scaffold
and ArM could not be resolved). This analysis revealed a depth dependent rate of
bioconjugation and final conversions ranging from 50% for Az199 (bottom) to 80% for
Az176 (top) (Table 1). While lower temperatures decreased bioconjugation rate, the overall
conversion was higher due to decreased ArM denaturation and precipitation over the course
of the reaction, so these conditions were utilized for a preparative scale bioconjugation
reaction for ArM isolation and characterization. After maximum conversion was observed
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by MALDI mass spectrometry, the ArM/scaffold mixture was purified by preparative HPLC
to remove all traces of unreacted cofactor. While the ArM could not be separated from the
scaffold, this has no impact on catalysis since only the ArM contains the cofactor required
for catalytic activity. The isolated ArM/scaffold mixture was then characterized by ESI mass
spectrometry and HPLC to confirm the composition of the ArM (Fig. 1C) and the absence of
free cofactor. Analysis of the ArM/scaffold mixture by fluorescence and circular dichroism
spectroscopy also showed no noticeable difference from a sample of pure scaffold, again
indicating little if any perturbation to the scaffold structure as a result of bioconjugation

(Fig. 1D and Fig. S5).

To demonstrate the generality of our SPAAC ArM approach, we also covalently linked
cofactor 3 to sites 176 and 199 of tHisF (Fig. 1) and to Az104 in the central pore of the
engineered phytase scaffold. Cofactors 6 and 7 were then linked to tHisF-Az50. In all cases,
formation of the desired ArM was confirmed by MALDI mass spectrometry following
purification (Table 1). Together, these examples are the first in which the SPAAC reaction
has been used to link metal catalysts to proteins. The mild conditions required for this
reaction are ideally suited for transition metal cofactors, which may react under other
bioconjugation conditions. Also, unlike most SPAAC reactions,[16] which are typically
conducted on the surface of proteins, these reactions are conducted within the barrel of the
protein, illustrating the high efficiency of this reaction, even when the azide is not exposed
to bulk solvent.

We next evaluated the catalytic activity of purified tHisF-RhBCN ArMs toward a number of
dirhodium-catalyzed carbene insertion reactions.[26] Qualitatively, ArM-dependent diazo
(e.g. ethyl diazoacetate) decomposition was readily apparent based on visual inspection of
the disappearance of the yellow diazo color. Both intermolecular cyclopropanation and Si-H
insertion reactions were catalyzed by tHisF-Az50, -Az176, and -Az199 (see Scheme 4 for
representative examples), with decreasing conversions observed as the cofactor linkage site
was lowered within the scaffold (see Table S3).

Unfortunately, the ArMs provided lower conversions than cofactor alone (2-OAc provided
99% and 80% yields for cyclopropanation and Si-H insertion, respectively), negligible
enantioselectivity, and significant amounts of diazo insertion into the water O-H bond (see
Table S3).[27T While a number of selective ArM catalyzed reactions have been
reported,[Error! Bookmark not defined.8] achjeving such selectivity remains challenging,[*2! and
improving metal-protein interactions via directed evolution[®-34] will generally be required.
The mass spectrometry and spectroscopic data obtained confirm the composition of the
ArMs prepared. These data, however, do not provide information on the orientation of
cofactors within the scaffolds, and a lack of selectivity could result from cofactors projecting
the wrong way out of tHisF and into solution[18] Establishing cofactor orientation is difficult
since the site of bioconjugation is distal to the metal catalyst but could provide insight into
the poor selectivity observed for the RnBCN ArMs. While detailed structural
characterization (i.e. single crystal X-ray crystallography) is underway, we reasoned that
surrogate fluorescent probe 8 could also provide quantitative information about cofactor
orientation.
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Specifically, to establish whether cofactors linked to the central pore of tHisF protrude up
through the central pore or down through the bottom of the protein (Fig. 2), we utilized a
dual-label FRET approach using surrogate fluorescent probe 8.13%] Cysteine point mutations
were introduced at the top (D174C, Fig. 2B) and bottom (D243C, Fig. 2C) of the tHisF-
Az50 scaffold exterior. These proteins were reacted with a commercially available Alexa
Fluor 594 maleimide probe. A BCN-conjugated Alexa Fluor 488 probe 8 was prepared [29]
and reacted with the tHisF-Alexa 488 conjugates. Energy transfer from the Alexa Fluor 488
donor excited at 495 nm to the Alexa 594 acceptor was then measured using both
fluorescence intensity and lifetime methods and used to calculate approximate distances
between the pore-linked (Az50) donor dye and the exterior-linked (C174 and C243)
acceptor dyes (Table 2).136] Both intensity and lifetime measurements provided similar
results consistent with the relative positions and linker lengths used, and both indicated that
that the pore linked dye resided substantially closer to the top of the tHisF than to the
bottom.[3°]

Given the identical BCN linkage in probe 8 and cofactors 3, 6, and 7, these data provide
good evidence for BCN cofactor projection up through the top of the scaffold as intended.
We believe the effective length of 3 upon bioconjugation (ca. 20 A from the a-carbon of the
Az residue to either Rh atom), places the metal complex near the mouth of the a.,p-barrel
(see Fig. S10). The lower yields of reactions catalysed by the dirhodium ArMs relative to
those catalysed by 2-OAc suggest that repulsive ArM-substrate interactions occur during
catalysis, but these are insufficient to impart selectivity in the reactions studied. Modified
cofactor designs and alternate scaffolds that should correct this problem are currently being
explored, and the FRET approach outlined above will enable rapid validation of these ArM
designs.

We have established that the SPAAC reaction[23] can be used to generate ArMs from
scaffold proteins containing a genetically encoded Az residue and catalytically active BCN-
linked cofactors. The high efficiency of this reaction allows for rapid ArM formation even
when the Az residue is located within, rather than on the surface, of the scaffold protein,
which enables the possibility of engineering the scaffold to tune the secondary coordination
spherel18] of the metal catalyst. The bioorthogonality of SPAAC allows for bioconjugation
in the presence of cysteine residues[37] in the scaffold, so no additional scaffold modification
is necessary for ArM formation. While these properties are widely exploited for various
applications in chemical biology, they have not yet been employed for ArM formation and
thus provide a number of opportunities for catalysis. We have demonstrated the scope of this
method with respect to both the scaffold (tHisF[21] and phytase[24]) and cofactor (Rh,-
tetraacetate[26] and Mn- and Cu-terpyridine[33] complexes) components. We also established
that the dirhodium ArMs can catalyze the decomposition of diazo compounds and both Si-H
and olefin insertion reactions involving these compounds.[28] The simplicity and modularity
of our SPAAC approach should facilitate rapid optimization of the ArMs reported herein for
selective catalysis and this work is currently underway in our laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 2.

Syntheses of cofactors 3, 6, and 7; structure of probe 8.
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PhoMeSi-H + Ph”™ “CO,Me = Ph”1COMe
15% THF/KP,

1 mM 5mM (100mM, pH= 7.5) 28%

Scheme 4.
tHisF-RhBCN catalyzed A) cyclopropanation and B) Si-H insertion
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Figure 2.

A) Cartoon schematic of tHisF. B) “Top” (A50/C174) and C) “bottom” (A50/C343) dual-labeled constructs for FRET analysis
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Table 1

Mass spectrometry and conversion data for ArMs

scaffold (Mw)[@  Coractor (MW) -y T M conv.(26)P)

tHisF-Az50 (28859) 3(792) 29651 29614 70
tHisF-Az176 (28857) 3(792) 29649 29630 80
tHisF-Az199 (28857) 3(792) 29649 29620 50
tHisF-Az176 (28857) 6 (560) 29417 29435 90
tHisF-Az176 (28857) 7 (550) 29407 29392 80
phytase-Az104 (40040) 3(792) 40832 40846 90

[a]

Calculated protein MW using tools at www.expasy.org.
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[b]
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Observed MW and approximate conversion from MALDI mass spectrometry.
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Table 2

FRET data for dual-labeled scaffolds

Mutant (+Az50)  Energy transfer Distance (r) in A
Intensity  Lifetime Intensity Lifetime

D174C (top) 0.54 0.63 58 55

K243C (bottom)  0.11 0.15 88 80
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