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complex (where Bpy-alay is the free amino acid in the cell and Bpy-
ala, is NCAA, which has been incorporated in the protein) within
the E. coli expression host. This observation was encouraging from
the perspective that protein containing [Fe(Bpy-ala)s]** complexes
can be purified intact from E. coli, but also suggested that for the
present application, monomeric or dimeric forms of the desired
trimeric protein could be kinetically trapped b%/ free Bpy-ala within
the cell. Furthermore, even if a [Fe(Bpy-ala,);]*" complex is formed
as desired, in the absence of a driving force other than the Bpy-ala
complex formation, the subunit orientations in the resulting protein
complexes would not likely be well defined.

To address these concerns, our computational design approach
sought to achieve two distinct goals: identification of sites of Bpy-ala
incorporation in starting scaffolds that are compatible with trimer
formation and design of interactions between protein subunits to
drive the formation of a particular trimeric orientation at the ex-
clusion of others. Our starting scaffold set consisted of a set of
nine de novo designed repeat proteins of known structure recently
reported by our laboratory (14, 15). Because they are constructed
from many identical subunits, the sizes of repeat proteins can be
easily scaled in a defined manner, and the versatility in length
afforded by repeat protein architectures could be useful for
downstream applications.

Potential sites of Bpy-ala incorporation within a given starting
scaffold were first identified by using Rosetta docking calculations
(see Dataset S1 for full computational design methods). For
each parent scaffold, three rotational and one translational de-
grees of freedom were sampled with a 2.5° covering radius to
generate all possible threefold symmetric conformations in the
context of polyalanine versions of the parent scaffolds. Success-
fully docked proteins contained geometrically complementary in-
terfaces without steric clashes between the protein backbones of
adjacent subunits.

We next searched for potential sites of octahedral [M(Bpy-ala);]**
complex incorporation within these trimeric scaffolds. Because
previous results indicated that [Fe(Bpy-ala)s]** complexes can
form within E. coli expression hosts (6), we chose to design our
trimeric proteins in the context of these complexes. Octahedral
Bpy complexes exist in two enantiomeric forms, A and A, and
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An overview of the computational design methods. (A) Octahedral [Fe(Bpy-ala)s

geometric constraints for each isomer were extracted from the
Cambridge Structural Database (CSD ID KICRAR) and used to
generate a [Fe(Bpy-ala);]** complex with ideal geometries for
further calculations (Fig. 14). All symmetry-related Cp atoms in a
given docked configuration were then computationally scanned
for the ability to overlap with the Cfs in A— and A-Bpy-ala
complexes. Placed Bpy-ala complexes were removed from further
consideration if the Co—CB—Cy angle differed by >3° from the
value of 116° observed in the crystal structure of a Bpy-ala—
containing protein [Protein Data Bank (PDB) ID code 4iww].

Docked trimer models containing a [Fe(Bpy-ala)s]** complex
(Fig. 1B) were then subjected to iterative rounds of RosettaDesign
(16) to generate a low-energy, well-packed interface between
protein subunits (Fig. 1C). These designs were then filtered on the
shape complementarity (17) between protein interfaces and the
change in solvent-exposed surface area (ASASA) upon dissocia-
tion of the protein complex.

Initial Characterization of the Designed Proteins. A total of seven
designed proteins were generated through oligonucleotide muta-
genesis of the parent scaffolds. An amber stop codon (TAG) was
substituted for the wild-type codon at the desired site of Bpy-ala
incorporation. pET21b expression plasmids encoding the designed
proteins were cotransformed with the pEVOL-BpyRS plas-
mid (Schultz laboratory, The Scripps Research Institute) into a
BL21(DE3) E. coli expression strain. The pPEVOL-BpyRS plasmid
contains an orthogonal tRNA/aminoacyl tRNA synthetase pair
that enzymatically acylates a tRNA containing an anticodon loop
specific to the amber codon with the Bpy-ala amino acid. Thus,
full-length protein expression should only occur in the presence of
the NCAA; in the absence of Bpy-ala in the expression medium,
the amber stop codon should terminate translation. Expression
trials for each of the designed proteins were therefore carried out
in the presence and absence of Bpy-ala. Of the seven designs
tested, six showed full-length protein expression only in the pres-
ence of the Bpy-ala amino acid (Fig. S1) and were subjected to
additional characterization.

Tris-Bpy complexes containing metals including Zn**, Ni**, or
Fe?" have characteristic spectroscopic signatures in the UV and

C

Protein interface design

]2+

complexes (yellow sticks, A and A isomers) were generated from small-

molecule crystal structures and used as inputs for a docking algorithm that identified sites of incorporation in repeat protein scaffolds (gray cartoons) compatible
with threefold symmetric protein complexes. (B) Successfully docked trimers (multicolored cartoons) were compatible with the geometries set by [Fe(pr—aIa)3]2+
complexes and contained no steric clashes between protein subunits. (C) Computational interface design methods were used to engineer highly complementary
surfaces between trimer subunits (light blue sticks) to drive the formation of a protein complex with a desired threefold symmetric orientation.
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visible wavelength ranges. Absorbance in the range of 290-330 nm
corresponds to n—x* transitions within the Bpy ligand and is ob-
served in complexes of pr with a number of biologically relevant
metals (18). [Fe(Bpy)s]** complexes exhibit metal-ligand charge
transfer (MLCT), which gives rise to characteristic absorption
spectra in the visible wavelength range of 450-575 nm (19). To
examine whether Bpy-ala-mediated complex formation had oc-
curred, the absorbance of the designs was analyzed from 230 to
600 nm after nickel affinity purification. Two designed proteins
(TRI_03 and TRI_05) showed absorbance in the range of 450-
575 nm with Ap.x values of 490 and 525 nm, consistent with a
[Fe(Bpy)s]** complex (Fig. 2 4 and C) (19). Both TRI_03 and
TRI_05 had as their parent scaffolds de novo-designed ankyrin-
like repeat proteins (PDB ID codes 4gpm and 4hb5, respectively)
(14). Purified designs were then subjected to analysis by size-
exclusion chromatography (SEC) and were observed to elute at
volumes indicative of proteins slightly larger than expected for the
trimeric complexes relative to standards of known molecular
weight (Fig. 2 B and D). This discrepancy in apparent size could be
due to the unusually large Stokes radii of the trimeric complexes
(20). Although both proteins formed some soluble aggregates
(Fig. 2 B and D), TRI_03 appeared to be more prone to aggre-
gation than TRI_05. Chiral A and A Bpy complexes give rise to
characteristic circular dichroism (CD) signals in the near-UV. CD
analysis of TRI_05 gave a spectrum characteristic of the A isomer
(Fig. 2E) (19), which was consistent with the designed complex.

To further characterize TRI_03 and TRI_0S5, the proteins
were expressed and purified in large scale in preparation for
crystallographic analysis. TRI_03 was observed to precipitate at
high protein concentration, likely due to its propensity to ag-
gregate. In contrast, TRI_05 was stable at high concentrations
and was subjected to crystallographic trials.

Structural Characterization of TRI_05. We solved the structure of
TRI_05 to 2.2-A resolution (see Table S1 for data collection and

structural refinement statistics). The designed trimeric topology
of TRI_05 was observed in the crystal structure, and electron
density corresponding to a Tris-bipyridine metal complex was
clearly visible at the trimeric interface (Fig. 3 4 and B) The rmsd
between the design model and the crystal structure is 1.4 A for all
atoms on the first two helices that participate directly in the
interface. When superimposed on the interface residues, global
deviations between the design model and structure are observed
in the C-terminal repeats, likely due to slight deviations in the
vicinity of the designed interface that propagate into much larger
differences in the remainder of the protein. A global fit of all
backbone atoms in the design to the structure gives a rmsd of
25 A. Very good agreement between the design model and the
structure was observed for the side chains in the interface, with the
exception of Ile-14, Leu-38, and Met-46. Ile-14 adopts different
rotamers in the design model and the solved structure (Fig. 3C).
Larger deviations are observed for Leu-38 and Met-46, due to an
unanticipated interaction between Met-46 and Leu-26 that forces
Leu-38 into a rotameric state not present in the design model.

Transient Absorbance Analysis of TRI_05. Femtosecond time-resolved
spectroscopic methods can be used to probe the photophysical
properties of complexes such as [Fe(Bpy)s]*" (21). Photoexcita-
tion of such complexes in the MLCT domain results in the transfer
of an electron from the metal ion to the ligands, and the solvent
environment can affect the evolution of the excited state (22).
Because TRI_05 represents the first example of a protein con-
taining a [Fe(Bpy-ala);]** complex, we explored the possibility
that the excited-state dynamics would be altered by encapsulation
of the complex within the protein environment. We therefore
carried out femtosecond time-resolved absorptlon spectroscopy
on both TRI_05 and the free [Fe(Bpy-ala);]** complex. Exci-
tation at 440 nm resulted in a characteristic loss of absorbance
(bleaching) in the MLCT range (450-700 nm; Fig. 44). Recovery
from this bleach was used to determine excited state lifetime.
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Fig. 2. Experimental characterization of designs TRI_03 and TRI_05. (A, C, and E) Spectroscopic characterization of TRI_03 (A) and TRI_05 (C) and [Fe(Bpy-ala)s]**
(E) in the range of 230-650 nm is shown. The MLCT regions of these spectra are enlarged in Insets. (B and D) SEC chromatograms of TRI_03 (B) and TRI_05 (D)
are shown (solid lines) overlaid with traces of the monomeric parent scaffolds of TRI_03 and TRI_05 (PDB ID codes 4gpm and 4hb5, respectively; dashed lines).
Soluble aggregates are observed for each protein at the column void volume of 8 mL. (F) Near-UV CD analysis of TRI_05 gave a spectrum consistent with the A

isomer of a [Fe(pr)3]2* complex.
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Fig. 3. X-ray crystallographic analysis of TRI_05. (A and B) Electron density in the vicinity of the [Fe(Bpy-ala);]** complex of TRI_05 is shown contoured to 1.5 o.
(C) An overlay of the design model (white) with the solved structure (blue) is shown in the vicinity of the designed interface. All designed residues in the interface
are depicted as sticks. Residues whose side chains deviated from the designed conformation are labeled.

Overlays of the excited-state decays measured at 530 nm (corre-
sponding to the wavelenzgth with the largest AA) of TRI_05 and
the free [Fe(Bpy-ala);]”" complex are essentially superimpos-
able (Fig. 4B), and the excited-state lifetimes are identical within
experimental error (Fig. S2). The excited-state lifetime of TRI_05
may be close to that of free [Fe(Bpy-ala)s]*" because the [Fe(Bpy-
ala);]** complex is only partially buried within the protein in-
terface and is solvent-accessible on one face (Fig. 3 A and B).

Metal Dependence of the Complex. TRI_05 was purified from the
expression host in complex with Fe?*. To analyze the dependence
of the protein complex on the presence of bound metal, we
attempted to remove the metal from the protein by adding an
excess of the potent chelator 1,10-phenanthroline (Phen), which
has an affinity for Fe** 4 orders of magnitude higher than Bpy
(23). Incubation of TRI_05 with an excess of Phen at 25 °C did not
result in rapid exchange of the two metal ligands. We reasoned
that metal removal might be accelerated at increased tempera-
tures and thus examined the thermal stability of TRI_05 using CD
analysis (Fig. S3). Partial unfolding was observed with increasing
temperatures [Fig. S3D; TRI_05 does not fully denature even at
95 °C (Fig. S3B)] and was reversed upon cooling to 25 °C (Fig.
S3C). TRI_05 was incubated with an excess of Phen for 1 h at
65 °C, after which spectroscopic analysis indicated the presence of
a [Fe(Phe112)3]2+ complex, with no discernable signal indicative of
[Fe(Bpy)s]”" complex (Fig. S4 A and B). After removal of un-
bound Phen and [Fe(Phen);]** complex, apo TRI_05 was found
to elute from the SEC column at the same volume observed before
metal removal (Fig. S4C), suggesting that formation of the trimeric
complex does not depend on Fe**. Eluted TRI_05 was analyzed
spectroscopically at high concentration, and no signal in the range
of 450-575 nm was observed, suggesting that the bound Fe?" had

been removed (Fig. S4D). To further confirm the removal of
Fe?*, we carried out inductively coupled plasma mass spectro-
scopic (ICP-MS) analysis of TRI_05 before and after Fe*" re-
moval. Because an elevated Zn** concentration was observed in
the apo sample (Table S2), we cannot rule out the possibility that
apo TRI_05 scavenged Zn>" to reform the trimer. However, the
trimeric complex also formed when Bpy-ala was substituted by
tyrosine at protein concentrations >75 pM (SI Materials and
Methods and Fig. S4E), suggesting that complex formation does
not require metal.

We then examined the ability to reform the [Fe(Bpy-ala);
complex through addition of Fe*" to solutions of apo TRI_05. At
concentrations <35 uM, apo TRI_05 eluted from the SEC column
at a size indicative of a monomer (Fig. S4F). Apo TRI_05 was
diluted to a concentration of 2.5 pM and was reconcentrated after
incubation with 10 pM ferrous ammonium sulfate via ultrafiltra-
tion. The concentrated protein had an absorbance spectrum
consistent with the original TRI_05 (Fig. S4G), and analysis by
SEC suggested that the complex had partially reformed, whereas
apo TRI_0S subjected to the same conditions in the absence of
Fe** remained a monomer (Fig. S4H).

]2+

Discussion

From the perspective of design of functional metalloproteins, the
use of the Bpy functional group in a biological context provides
a number of advantages. The Bpy ligand provides two pyridyl
nitrogens in an orientation compatible with metal binding and
therefore has a higher inherent metal affinity than any naturally
occurring amino acid. Bpy is also neutral and nonpolar, and hence
it should be compatible with protein interfaces comprising mostly
hydrophobic residues. The energies of formation of octahedral
complexes of Bpy with biologically relevant metals range from

Fig. 4. Transient absorbance analysis of TRI_05. (A) Bleaching of TRI_05 MLCT absorbance at seven distinct time delays after excitation at 440 nm. (B) Excited-
state lifetime of TRI_05 (red line) and [Fe(pr—aIa)g]z* (blue line) complexes after excitation at 440 nm. Absorbance measurements were obtained at 530 nm.
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$18.0 kcal/mol for Zr?* to $27.5 kcal/mol for N+ (values cal- concentrations of 0.02% and 1 mM, respectively, and growth was allowed to
culated from affinities reported in ref. 23), rivaling those of the ~continue at 18 °Cfor 30 h, at which ime cells were harvested via centritugation.
tightest known protein—protein interactions (24). However, one Cell pellets were lysed via sonic dismembration, and the lysates were clarified
potential drawback to the use of pr_a|a in this manner is that by centrifugation. The designed proteins were then purified by immobilized
these energetically favorable complexes form very rapidly and do metal ion affinity chromatography on Ni  —nitrilotriacetic acid resin (Qiagen),
t dil h t tral bH (25). Th ith h fi followed by SEC analysis on a Superdex 75 column (GE Biosciences). The SEC
not reéadily exchange at neutral p X (25). us, afthough genet- step served to further purify the protein and also indicated the size of the
cally encoded Bpy-ala could potentially be used to nucleate a C-3 expressed proteins.
symmetric, homotrimeric protein complex around a bound metal,
the potential to kinetically trap the protein complex as a monomer  Crystallization of TRI_05.TRI_05 was dialyzed against 25 mM Tris buffer (pH 8.0)
or dimer with free Bpy-ala or form complexes with unintended containing 150 mM NaCl and concentrated via centrifugal ultrafiltration to a
orientations must be avoided. final concentration of 12 mg/mL. Concentrated TRI_05 was screened by using
We addressed these issues by using the Rosetta computationalhe_ sparse matrix method (28), with a Phoenix Robot and the following crys-
protein design methodology to identify sites of pr_a|a incorporation tallization screens: Crystal Screen, SaltRx, PEG/lon, Index, anq PEGRx (Hampton
in protein scaffolds of known structure that were sterically Research) and Berkeley Screen (Lawrence Berkeley National Laboratory).
mpatible with molex formation and to design novel pr Crystals of TRI_05 were found in the Berkeley Screen condition consisting of
CO, pa e N complex 1o a, on a 0 esig . O el pro- 0.1 M magnesium chloride, 0.1 M sodium acetate trihydrate (pH 4.5), and
tein—protein 'r!terfaces that PrOV'de an additional d”V'ng force 30% (vol/vol) pentaerythritol propoxylate. TRI_05 crystals were obtained after
for the forma_ltlon of the desired complexes at the eXC|U3|0_n Of 5 d by the sitting-drop vapor-diffusion method with the drops consisting of a
other, undesired states. Of the seven computationally designed mixture of 0.2 L of protein solution and 0.2 L of reservoir solution.
proteins we characterized experimentally, two were observed
to have spectroscopic signatures indicative of the formation of Metal Removal from TRI_05.TRI_05 at concentrations between 50 and 75 M
[Fe(pr_a|a)3 2+ Comp|exes_ Determination of the structure of one and in buffer containing 50 mM Tris (pH 7.6) and 150 mM NacCl was directly

of these designs TRI 05. revealed a trimeric metalloprotein mixed with Phen to give a final chelator concentration of 1 mM. The protein
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containing the desired [Fe(Bpy-ala)>* complex; high similarity

between the solved structure and the design model was observe

in the vicinity of the trimeric interface. Removal of the bound
Fe?" jon from TRI_05 with the potent metal chelator Phen did not
result in the dissolution of the trimeric protein complex into its
component monomers Fig. SAC). This result highlights the ability
of computational protein interface design algorithms to engineer

and Phen mixture was then incubated at 65 °C for 1 h. To separate TRI_05 from

(Iree Phen and the [Fe(Phen) 3]?* complex generated during the incubation, the

mixture was subjected to gel filtration immediately after the incubation
was complete.

Readdition of Fe*" to TRI_05.Apo TRI_05 was diluted to a concentration of
2.5 M in buffer containing 50 mM Tris (pH 7.6) and 150 mM NacCl, from which
contaminating metals had been removed by treatment with Chelex 100 resin.

high-affinity interfaces between proteins that can be used to drive Ferrous ammonium sulfate was added to the protein solution to a final con-

the formation of complexes with desired geometries.

The computational methods developed in the course of this study

could be extended to generate other novel proteins with useful
properties. The use of other metals or metal-chelating NCAAs
[e.g., (8-hydroxyquino-lin-3yl)alanine (26)] could result in the
formation of twofold symmetric protein—protein complexes with
similar stabilities. The ability to site-specifically place metal ions
within the context of protein complexes could enable the way to
the development of new biomaterials with useful properties. Fi-
nally, we demonstrated the ability to remove and reintroduce the
bound iron, suggesting the possibility of introducing photoactive
metals such as R& or Os*", paving the way for the development
of proteins with photochemical properties not achievable by using
exclusively naturally occurring amino acids.

Materials and Methods

Generation and Cloning of Designed Proteins. Sequences of the designed pro-
teins were backtranslated and optimized for expression in  E. coli by using
DNAWorks (27). DNAWorks also generates sets of overlapping oligonucleo-
tides from which full-length genes can be generated through assembly PCR
(27). These oligonucleotides were ordered from Integrated DNA Technologies
and assembled through a two-step PCR. PC- assembled gene fragments were
then cloned into a pET21 expression vector (Novogen) between Ndel and Xhol
restriction sites. Sequences of the full-length genes were confirmed by
Sanger sequencing.

Protein Expression and Purification. Slightly different protocols were used for
analytical and production-scale protein expressions. Detailed descriptions of
each of these methods can be found in S| Materials and Methods ; a general
protein expression and purification protocol follows. Sequence-confirmed
PET21 expression plasmids were cotransformed with the pEVOL-BpyRS plasmid
into chemically competent BL21(DE3) cells (Life Technologies) and were se-
lected on LB-agar plates containing ampicillin and chloramphenicol antibiotics.
Colonies with resistance to both antibiotics were used to inoculate expres-
sion cultures in Terrific Broth supplemented with both antibiotics. Expression
cultures were grown at 37 °C until an optical density at 600 nm value of 0.75
was reached. The temperature was dropped to 18 °C, and the Bpy-ala NCAA
was added to a final concentration of 150 M. Expression was induced through
the addition of L-arabinose and isopropyl -p-1-thiogalactopyranoside to final

15016 | www.pnas.org/cgi/doi/10.1073/pnas.1600188113

centration of 10 M, and the mixture was applied to a Vivaspin 20 centrifugal
concentrator (Sartorius). The protein was concentrated via centrifugation at
4,500 x g to a final volume of 0.5 mL and was immediately subjected to
analysis by SEC.

ICP-MS Analysis of Proteins.To prepare samples for ICP-MS analysis, TRI_05
bound to Fe 2* and apo TRI_05 were dialyzed extensively against 1.5 L of 50 mM
Tris (pH 7.6) and 150 mM NacCl. In total, the buffer was changed five times.
Before dialysis, beakers were soaked overnight in 2 mM EDTA in an effort to
remove contaminating metals. Buffers were also treated with Chelex 100 (Bio-
Rad) resin to remove exogenous metals. Samples were digested for 3 h in trace
metal grade HNO 3 and H,0, with heating. After drying, samples were further
digested overnight in concentrated HNO 3 and HCI, and again were dried. The
dried samples were reconstituted with 15 mL of dilute HNO 3 and directly
applied to the instrument. Analysis was carried out on an iCAP Q quadru-
pole Electron X-series ICP-MS instrument (Thermo) in kinetic energy discrimi-
nation mode.

X-Ray Diffraction Collection and Structural Solution of TRI_05. X-ray diffraction
data were obtained at the Advanced Light Source on beamlines 8.21 at
wavelength 1.0 A, and the initial data were processed with HKL2000 (29).
Phase information was obtained with molecular replacement using PHASER
(30); a single chain of the TRI_05 design in which all side chains were trun-
cated at C was used as a search model. Side chains were modeled by using
AutoBuild (31) using the sequence of the designed protein in which Bpy-ala
was mutated to alanine. Bpy-ala was substituted for alanine in the Auto-
Build-generated model by using PyMol (Version 1.7.2.2; Schrddinger, LLC).
The model containing Bpy-ala was used as an input for a round of Rosetta-
Phenix refinement (32), after which iterative rounds of structural re-
finement (including addition of water molecules) were carried out with
PHENIX (33).

Transient Absorption Studies. For transient absorption (TA) studies, 50-fs laser
pulses were generated by a Libra Ti:Sapphire laser system (Coherent). Ap-
proximately 75% (3 W) of the Ti:Sapphire output was used to pump an OPerA
Solo Optical Parametric Amplifier (Coherent) to generate 440-nm excitation
pulses, while the remainder (1 W) was reserved for visible probe generation.
The excitation and probe beams were directed into a Helios TA spectrometer
(Ultrafast Systems), where broadband, visible probe light was generated at a
sapphire plate. TA spectra were collected in random order at 300 log-spaced
time delays over the interval of 2 ps to 5 ns; spectra at each time point were
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averaged over three scans. Data were processed with Surface Explorer
software (Ultrafast Systems) and plotted and fit to single-exponential decays
by using Matlab 2014b curve fitting software (MathWorks). Spectra of
TRI_O5 and [Fe(pr—aIa)3]2+ were collected at concentrations of 100 uM in
30 mM Tris (pH 8.0) and 150 mM NaCl in quartz cuvettes. An attempt was
made to degas the TRI_05 sample, but resulted in precipitation of the protein.
TRI_05 spectra were therefore collected in cuvettes open to air. Degassing of
the [Fe(Bpy-ala);]** complex was possible, and the effect of oxygen on the
recorded spectra was examined. A [Fe(Bpy-ala);]** sample was degassed be-
fore analysis via repeated rounds of evacuation of a stoppered cuvette fol-
lowed by backfilling with N,. Data collected in the presence and absence of
air were indistinguishable from one another (Fig. S5).
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