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Abstract

We computationally designed a de novo protein-protein interaction between wild-type ubiquitin
and a redesigned scaffold. Our strategy was to incorporate zinc at the designed interface to
promote affinity and orientation specificity. A large set of monomeric scaffold surfaces were
computationally engineered with three-residue zinc coordination sites, and the ubiquitin residue
H68 was docked to the open coordination sphere to complete a tetrahedral zinc site. This single
coordination bond was intended as a hotspot and polar interaction for ubiquitin binding, and
surrounding residues on the scaffold were optimized primarily as hydrophobic residues using a
rotamer-based sequence design protocol in Rosetta. From thousands of independent design
simulations, four sequences were selected for experimental characterization. The best performing
design, called Spelter, binds tightly to zinc (Ky < 10 nM) and binds ubiquitin with a K4 of 20 pM
in the presence of zinc and 68 UM in the absence of zinc. Mutagenesis and NMR chemical shift
perturbation experiments indicate that Spelter interacts with H68 and the target surface on
ubiquitin, however, H68 does not form a hotspot as intended. Mutation of H68 to alanine tightens
(five-fold) instead of weakens binding. While a 3/1 zinc coordination arrangement at an interface
cannot be ruled out as a means to improve affinity, our study led us to conclude that 2/2
coordination arrangements or multiple-zinc designs are more likely to promote high-affinity
protein interactions.
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Introduction

Understanding the physical basis of protein-protein interaction is a continued pursuit in
molecular biology. A ground-up approach for understanding protein binding will help
clarify mechanisms of cellular functions and lead to new therapeutic and diagnostic uses of
proteins in medicine. Studies of natural interactions have provided valuable insights into
how proteins interact, from detailed dissection of individual binding partners such as barnase
and barstar=3, to broad studies of hundreds of complexes*-9. Although much research has
been aimed at studying protein interactions observed in nature, a complementary approach is
to rationally design and build new interactions9.

Redesigning existing interactions for improved affinity or altered specificity is a good test of
current understanding of protein binding1-13: however, the most rigorous test of our
understanding is to design new protein-protein interactions from scratch. De novo
computational interface design is still a young endeavor but has already seen a number of
successes. Many of these studies strategically use pre-existing knowledge of patterns of
recognition by using sequence profilesl4, augmenting a native complex!®16, using known
binding grooves’-19, side-chain interaction motifs®-21, or backbone interaction motifs
(strand-strand pairing, linear epitopes, GxxG helix-helix contact, helix stacking)21-24,
Karanicolas et al. used ankyrin repeat protein as a known versatile binding protein for
design, but they ambitiously avoided using pre-existing interaction motifs already observed
in natural protein-protein interactions2>.

Although efforts in computational interface design have been encouraging, there is a
significant need for improvement for reliable computational engineering of new interactions.
Broad conclusions cannot be reliably drawn from a small number of attempts in de novo
interface design, so continued efforts that explore different approaches and different modes
of interaction will be critical in accumulating deeper knowledge about the physical basis of
protein-protein interactions26. One repeated lesson from protein-protein interaction studies is
that a few hotspot residues dominate the binding event2”:28 — hotspot-based approaches have
been used to design new interfaces, and these hotspots can be grafted from natural
interfaces9:20-29 and developed from scratch1930, Here we designed a three-residue zinc site
from scratch where the open coordination sphere was the intended hotspot for target protein
binding.

Computational methods have been used to design new tetrahedral zinc binding sites31:32,
and zinc sites have previously been shown to promote affinity and orientation specificity in
designed homo-oligomeric interactions. For cytochrome ch562 self-assembly, metal-
mediated binding modes have been determined empirically but not predicted rationally33-3°,
In our previous homodimer design, two metal sites were used to promote binding in the
desired orientation38. In this work, our one-zinc approach is for a heterodimeric interaction
with a wild-type target.

We chose ubiquitin as a target because it has one surface histidine that may participate in
zinc binding and because it is a small, stable protein that has been structurally characterized
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by crystallography and NMR. We observed a moderate binding affinity between wild-type
ubiquitin and our redesigned scaffold named Spelter, where the presence of zinc resulted in
3-fold increase in affinity (Kg = 20 uM in the presence of zinc, Kq = 68 UM in the absence of
zinc). Despite successful zinc binding in the redesigned scaffold (K4 < 10 nM), we conclude
that this engineered zinc site did not provide a robust hotspot for target binding. Moderate
affinity in a one-sided de novo interface design is a significant achievement for
computation-only protein interface design. However, micromolar affinity has thus far been
an affinity barrier for successful small hydrophobic designs, and designing polar interface
contacts from scratch remains a significant challenge in protein interface design.

Materials and Methods

Scaffolds and target for protein interface design

A set of 635 scaffold proteins from the Protein Data Bank3” were used in the computational
design of a ubiquitin (target) binding protein. The PDB query required these scaffolds to be
listed as monomeric, expressible in E. coli, <2.5 A resolution, without disulfides, without
ligands, and between 80-250 residues. The list of scaffolds can be obtained from the
Supporting Material of our previous work3.

RosettaMatch

These 635 scaffolds were used in RosettaMatch to search for possible three-residue
histidine/cysteine zinc binding sites on the scaffold surfaces. RosettaMatch is a protocol
typically used in enzyme design38:39 within the Rosetta modeling suite??. It uses a transition
state model (TS) to search for designable residue sets on a scaffold protein that might
stabilize the TS and hence catalyze the reaction. In our case, the pseudo-TS consisted of a
HisT (histidine from ‘target’) positioned at an optimal coordination distance and orientation
with a zinc atom consistent with the geometry of zinc coordination.

Distance, angle, and torsion constraints were used to correctly build the Hisy downstream of
all possible histidine or cysteine rotamers at each allowed residue position. Each Hist
placement was followed by clash detection between the Hist and the scaffold backbone, and
the clash-free Hist locations were recorded in a 6-dimensional bin (3 dimensions for
Cartesian position, 3 dimensions for rotational orientation) (Fig. S1). If Hist locations from
three different residues were hashed into the same 6-D bin, this was a match.

After matching, a geometry-based evaluation of all output matches was performed to select
the matches with coordination bond lengths, angles, and dihedrals that were close to ideal
(Fig. S2). This was done using the ZincMatchFilter application in Rosetta. Among 635
scaffolds, ~2,000 high-quality tetrahedral three-residue zinc matches were identified. Half of
these matches, however, featured cysteine residues at i, i+1 positions. We excluded these
matches from the final list of 1,015 because we did not identify the Cys/Cys at i, i+1 as a
naturally occurring zinc coordination motif. The Rosetta 2.3 version of RosettaMatch was
used for this study, however, the current version of Rosetta (3.4) contains an updated
implementation of the RosettaMatch algorithm. Input files and command lines for the
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equivalent Rosetta3 implementation of RosettaMatch are also given in the Supporting
Material.

ZincHeterodimerDesign

ZincHeterodimerDesign is the name of the Rosetta protocol that was written for the protein
interface design stage. Reorganization of the Rosetta code into discrete protocols simplified
the addition of new design protocols??. The required inputs for ZincHeterodimerDesign are
the scaffold, the three-residue zinc match, and ubiquitin. Other command-line options are
given in the Supporting Material. In Step 1 of the protocol, the zinc match atomic
coordinates were grafted onto the scaffold. In Step 2, the His transition state residue was
replaced by the H68 residue of ubiquitin, which docked the ubiquitin to the scaffold with a
zinc coordination site bridging the interface. This pseudo-docking step ignored protein
complementarity, so in Step 3, a Monte Carlo rigid-body search was performed to relieve
steric clashes between the scaffold and ubiquitin while preserving the zinc binding site. The
zinc binding site was conserved by limiting the degrees of freedom to rotation about the
H68-zinc coordination bond and the H68 chi 1 and chi 2 torsion angles. H68 torsion angles
were limited to rotamers from the 2002 Dunbrack library used in Rosetta?142, and “inverse
rotamer” sampling moved the ubiquitin and kept the imidazole ring fixed in space. In this
rigid-body search, both scaffold and ubiquitin side chains were scored as centroids to
evaluate overall shape complementarity and ignore clashes between side chains that could
be redesigned. These centroid protein representations were kinematically coupled to the full-
atom representations required to explore the torsional rotations of the H68 side chain. The
lowest-energy centroid docking arrangement was chosen from the Monte Carlo search, and
Step 4 of the protocol was full-atom design of the scaffold interface residues and repacking
of the ubiquitin interface residues. Interface residues were identified as those within 10 A of
the other partner based on CB-Cp distances, and this design step used the standard fixed-
backbone rotamer packing functionality in Rosetta. In summary, this protocol used zinc
binding and emphasized docking and side-chain degrees of freedom but did not include
backbone sampling. The best models were chosen based on computed binding energy per A2
of interface surface area, followed by visual inspection.

Cloning, Expression, Purification, Mutagenesis

We synthesized genes of the four designs, the wild-type scaffold (PDB code 2D4X, the
bacterial flageller hook-filament junction protein), and wild-type ubiquitin by oligo-
assembly#3. The genes were cloned into the pQE-80L vector (Qiagen) supplemented with an
N-terminal MBP (maltose binding protein) fusion to aid expression and solubility. Ubiquitin
with a G76C mutation for fluorescence polarization experiments was previously cloned into
the pET21b+ vector (Novagen). Mutageneses were performed by overlapping PCR using
internal primers encoding the desired mutations. These proteins were expressed in
BL21(DE3)pLysS (Invitrogen) cells with induction using 333 uM IPTG for six hours at 25
°C. The 6xHis-MBP-design fusions were purified by Ni2*-NTA high-affinity
chromatography (HisTrap columns, GE Healthcare Biosciences). The eluent was
supplemented with 1 mM DTT to prevent disulfide formation and 0.5 mM EDTA to
scavenge metal ions. The 6xHis-MBP tag was cleaved by overnight incubation by TEV
protease. For ubiquitin G76C, the His-tag was cleaved by overnight thrombin proteolysis.
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The proteolyzed samples were dialyzed back into HisTrap column buffer, and a second
HisTrap purification removed the 6xHis-MBP tag or uncleaved protein. The flow-through
containing the desired protein was again supplemented with 1 mM DTT and 0.5 mM EDTA
before concentration to <4 ml for gel filtration using column Superdex 75 Hiload 16/60
(Amersham Biosciences). The final protein buffer was 20 mM MOPS, pH 6.9, 50 mM NacCl,
0.5 mM TCEP (thiol-free reducing agent).

Isothermal Titration Calorimetry

Isothermal titration calorimetry experiments to measure zinc binding were performed using
a MicroCal VP-ITC (GE Healthcare). 2.3 ml of 20 uM protein was loaded into the sample
chamber, and 250 pM ZnSQy injectant was diluted from a high concentration stock using
the protein dialysis buffer. 29 titrations of 10 pl volume were performed with 150 seconds
equilibration, and the resulting titration curves were fit using one-site binding in the
Microcal Origin 5.0 software.

Circular Dichroism

Thermal denaturation experiments were performed using circular dichroism with a JASCO
J-815 CD spectrometer. Temperature was ramped at 1 °C/min under the control of a JASCO
Peltier device and water bath. Protein concentration for the 2D4X-variants was 15 pM in a
1-mm quartz cuvette, and for experiments containing zinc, ZnSO,4 was added to 16.5 pM
(protein to metal ratio of 1 to 1.1). Protein unfolding was monitored at wavelength 222 nm
with units converted to mean molar ellipticity to provide apparent melting temperatures as a
measure of thermostability.

Fluorescence Polarization

Wild-type ubiquitin was altered with a G76C mutation for covalent attachment of thiol-
reactive Bodipy (507/545, Molecular Probes). Bodipy conjugation was performed as
previously describedl’, and labeling efficiency of 20% was observed. Fluorescence
polarization binding assays were performed using a SPEX FluoroLog-3 instrument. The 180
ul starting sample in a 3x3-mm quartz cuvette contained 5 M ubiquitin (1 uM fluorescently
labeled ubiquitin). Slits of 2.5 nm were used with excitation/emission wavelengths of
508/545 nm. Each polarization reading had 0.1 s integration time, and readings were taken
in triplicate. Plots of polarization versus concentration of titrant were modeled with a single-
site binding equation with nonlinear fitting using SigmaPlot 2001 Version 7.1 software to
obtain apparent K4 values!’.

NMR: HNCACB backbone assignment

Uniformly labeled 1°N- and 13C- ubiquitin was expressed using minimal media as described
in our previous work3® and was purified as described above. Ubiquitin concentration was
1.1 mM, and the sample buffer contained 20 mM MOPS, pH 6.9, 50 mM NaCl, 0.5 mM
TCEP, and 10% D,0. To assign sequence-specific resonances of 1Hy, 15N, 13Ca, and 13CB,
we performed the three-dimensional HNCACB experiment#4. Data collection proceeded for
70 hours on a Varian INOVA 700 MHz spectrometer with a cold probe. Data were
processed using the NMRPipe/NMRDraw software*®, and assignments were made using the
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Sparky software6. A subset of strips showing peak quartets spanning residues 63-73 and a
list of chemical shift values are given in the Supporting Material (Table SII).

NMR: 15N- and 13C-HSQC

2D [15N, 1H]- and [*3C, 1H]-HSQC spectra were recorded at 25 °C on a Varian INOVA 700
MHz spectrometer with a cold probe. Titration of Spelter with equimolar zinc was
performed to monitor chemical shift perturbations upon binding. Data were processed using
the NMRPipe/NMRDraw software*?, and peak-picking was performed using the
NMRViewJ software?’. Peaks in the 1°N-HSQC spectra were assigned based on chemical
shift values from our HNCACB 3-D backbone assignment. Peaks in the 13C-HSQC were
assigned using CA and CB chemical shift values from our HNCACB experiment combined
with published values for proton, CG, CD, and CE values*®. Compound changes in chemical
shift (AScomp) Were measured as distances according to Eqg. 14950 |n cases of two peaks
from two protons on the same heavy atom — for example, two peaks for a CB side-chain
atom in histidine — these measured distances were averaged. Due to peak broadening upon
formation of a complex larger than 30 kDa, we compared chemical shifts from the ubiquitin-
only spectrum with a limited titration in which Spelter was present at a 30% molar ratio with
ubiquitin. Our limited titration along with intermediate exchange resulted in small changes
in chemical shift (Eg. S1), so we also analyzed changes in peak intensities as a second
method to determine the ubiquitin residues at the Spelter binding interface. Peak intensities
were calculated using the NMRViewd software?’.

A5comp: \/(Aéproton)2+(A5heavy/Rscale)2 15N3Rscale:6.5 13C:Rscale:5-4 Eq. 1

Results

Computational design

Choosing a target and scaffold for interface design—We aimed to bind a wild-type
target protein using a computationally redesigned scaffold protein where one metal
coordination group is supplied by the target protein and the other three coordinating groups
are supplied by the redesigned scaffold (Fig. 1A). This 3/1 metal coordination arrangement
seemed attractive for designing a heterodimeric interaction with a wild-type target because
many target surfaces will have one or more metal-coordinating side chains (histidine,
aspartate, glutamate, cysteine). The criterion for a good target protein was a surface histidine
for metal binding near surface hydrophobic residues. Ubiquitin is a well-studied protein that
has a surface histidine (H68) near residues V8, 144, and L70. 144 has been shown to be a
hotspot residue for protein interactions with ubiquitin®L.

RosettaMatch for zinc site design—We used RosettaMatch to find potential three-
residue zinc binding sites on the surfaces of 635 small, monomeric scaffold proteins from
the Protein Data Bank (Fig. 1B). Using histidine and cysteine side chains as zinc-
coordinating groups, 1,015 high-quality zinc-binding matches consisting of His/Cys triplets
were identified among these 635 scaffolds. The RosettaMatch algorithm has been previously
described38:39 and is summarized in the Methods section of this work.
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Interface design—The second step after RosttaMatch was to rebuild the target ubiquitin
(PDB code 1UBQ)®Z starting from its native surface histidine H68, replacing the idealized
histidine (Hist) from the RosettaMatch transition state. This pseudo-docking step completed
the four-coordination of zinc and resulted in one zinc coordination bond bridging the protein
interface. The coordinating bond, chi 1, and chi 2 angles of the ubiquitin H68 residue (Fig.
1C) were degrees of freedom for rigid-body optimization. The orientation with the best
overall complementarity (Fig. 1D) was the starting point for full-atom design. During
design, scaffold protein interface residues could change to any amino acid except histidine
and cysteine, and the wild-type ubiquitin residues could change conformation but not
identity (Fig. 1E). Thus, this protocol used zinc binding and emphasized docking and side-
chain degrees of freedom but did not include backbone sampling. For all 1,015 zinc matches
on different scaffolds, 10 ZincHeterodimerDesign design trajectories were performed,
resulting in ~10,000 total designs.

Selection criteria for designed interfaces—The 10,000 designed interfaces were
evaluated based on binding energy calculations using the Rosetta energy function. The zinc
binding site was ignored in these calculations — favorable zinc coordination geometry was
established by RosettaMatch and was left intact during the interface design protocol, and a
histidine-zinc coordination bond was assumed to offer a similar contribution to affinity
across different designs. The binding energy density (binding energy / buried surface area),
number of unsatisfied hydrogen bonding groups, and number of scaffold mutations were
considered for determining the quality of the designed interface. After visual inspection,
four designs using three different starting scaffolds (PDB codes 2D4X, 2FZ4, 20NU) were
selected for experimental characterization (Table SI, Fig. S3).

Experimental validation

We experimentally tested four designs: one was insoluble and could not be purified, and the
other three designs showed moderate to low affinity for ubiquitin. The low-affinity
interaction was not further investigated, and the two moderate-affinity interactions used the
same starting scaffold (PDB code 2D4X>3) and the same zinc-binding motif but featured a
different ubiquitin orientation (Fig. S3). We chose to only investigate the higher affinity
interaction in further detail, and we refer to this design as Spelter. In addition to the zinc
binding site, the major interface contacts in this design model feature two designed
tryptophan residues that make hydrophobic contacts with ubiquitin, especially 144, a known
hotspot residue for ubiquitin binding®L. This design model does not resemble naturally-
occurring ubiquitin heterocomplexes® (Fig. S4).

Validation of the designed zinc binding site—To validate the designed zinc binding
motif on the scaffold, we generated a mutant called 2D4X-CCH (2D4X is the starting
scaffold PDB code) that contained all wild-type residues except for the C135, C137, and
H192 mutations (CCH) for zinc binding (we renumbered such that the first residue in the
2D4X crystal structure was residue 1). Isothermal titration calorimetry (ITC) experiments
titrating zinc (ZnSOy,) into 2D4X-CCH indicated a binding affinity <10 nM with a molar
ratio of 1.0 (Fig. 2A). Point mutants reverting each zinc coordinating residue back to the
wild-type residue (denoted with an x) showed substantial decrease in binding affinity for
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zinc: the 2D4X-CCx mutant bound to zinc approximately 10-fold weaker, and the other two
mutants, 2D4X-xCH and 2D4X-CxH did not show any evidence of zinc binding (Table I).
As expected, 2D4X-CCH and Spelter showed similar affinities for zinc in ITC (Fig. S5).

Zinc binding stabilized 2D4X-CCH and Spelter as shown by an increase in melting
temperature (Ty,). We performed thermal denaturation of the protein using far-UV circular
dichroism (CD) using a 222 nm wavelength. In response to zinc, 2D4X-CCH showed a 4°C
increase in melting temperature (Fig. 2B). Individual point mutations reverting each Cys or
His to the wild-type residue abolished the stabilizing effect of zinc as measured by thermal
denaturation, indicating that the designed 2-Cys/1-His motif binds zinc (Table I). As
expected, 2D4X-CCH and Spelter showed similar stabilization upon addition of zinc (Fig.
S5). The zinc binding site was also specific for zinc: CaCl,, MgCly, MnSOy4, CoCly, NiSOy4
did not change the T, by more than 1°C in CD thermal denaturation experiments (Fig. S6).

Mutagenesis studies show zinc-mediated interaction of Spelter with ubiquitin
—We measured the binding affinity of Spelter for ubiquitin using fluorescence polarization
(Table I1). The ubiquitin G76C mutant was covalently labeled with thiol-reactive Bodipy,
and titration of the designed protein led to an increase in fluorescence polarization due to
heterocomplex formation. Curves were fit to a single-site binding equationl’. The 2D4X-
CCH protein, which contained only the metal coordinating motif and no other designed
residues, did not bind ubiquitin in fluorescence polarization (Fig. 3), demonstrating that the
residues designed in Spelter for protein-protein contacts with ubiquitin were critical for
binding. The affinity (Ky) of Spelter for ubiquitin was 20 UM with zinc and 68 pM without
zinc. Thus, zinc provided a ~3-fold increase in binding affinity, corresponding to ~0.7
kcal/mol of binding energy (Fig. 3). A mutant of Spelter in which the two cysteines were
reverted to their wild-type identity (Spelter-xxH) binds with a similar affinity as Spelter in
the absence of zinc (Kyg = 51 uM). The affinity of this mutant was unaffected by zinc, as
expected. Individual tryptophan to alanine point mutations were tested for ubiquitin affinity.
In the presence of zinc, W199A weakened affinity by 2-fold, but W203A did not change
binding affinity. In the absence of zinc, binding affinities were 2-fold weaker for both
tryptophan point mutants (Kg = 110 pM, Fig. S7a). Adding both tryptophan residues to the
2D4X wild-type scaffold (2D4X-WW) resulted in weak binding (K4 &~ 300 uM), so while
these tryptophan residues offer a starting point for binding, additional interface mutations
also contribute. Overall, the mutagenesis studies indicate that the designed surface patch on
Spelter participates in ubiquitin binding, though details of the binding orientation were not
elucidated and no Spelter residues were identified as hotspots.

Structural study of Spelter-ubiquitin interface—To investigate whether the correct
surface patch of ubiquitin participates in binding, we performed NMR chemical shift
perturbation analysis of ubiquitin upon titration of Spelter. Changes to the binding mode
upon mutagenesis can lead to unclear interpretation of the role of each residue, but the
HSQC titration study does not require any mutation to assess the binding contributions of
individual residues in the designed interaction. Ubiquitin residues have already been
assigned by NMR, but due to subtle differences between our spectra and published spectra
from differing experimental conditions*8, we performed a 3D-HNCACB experiment to
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ensure the correct assignment of all backbone peaks in our 15N-HSQC spectra (Fig. S8,
Table SII). Additionally, C-alpha (CA) and C-beta (CB) chemical shifts from our 3D-
HNCACB experiment helped identify peaks in our 13C-HSQC spectra when combined with
previously published proton chemical shifts. A subset of C-gamma, C-delta, and C-epsilon
(CE) peaks were assigned based on previously published chemical shifts*8. We analyzed
the 15N- and 13C-HSQC spectra before and after titration of Spelter with zinc to discern
which residues experience a change in environment upon complex formation (Fig. 4A).
Changes in peak intensity (Fig. 4B) and changes in chemical shift (Fig. 4C) were used to
identify the binding surface of ubiquitin (Eq. 1, Methods). Most of the ubiquitin residues
that experience changes in peak intensity and chemical shift are located at the
computationally predicted protein interface in both the 15N-HSQC and 13C-HSQC spectra
(Fig. 4D). The largest changes in chemical shift occur in the H68 CE and CB side-chain
atoms, implicating this residue as a key component of the designed interface. However, H68
could either interact directly with zinc or with an unintended Spelter protein residue to cause
this chemical shift change.

Ambiguity in the role of ubiquitin H68 at the designed interface—Unexpectedly,
Spelter bound the ubiquitin-H68A mutant tighter than wild-type ubiquitin (K4 value not
determined, Fig. S7b). Moreover, binding affinity for this ubiquitin mutant was still
modulated by addition of zinc. The increase in binding affinity upon mutation to alanine
suggests that the interactions H68 is making at the interface are not large enough to
overcome the desolvation cost for burying a histidine. This could be because the zinc-
histidine contact is weak or not present at all. In either scenario, the open coordination
sphere of the zinc site is not providing a robust hot spot for H68 as designed. One
contributing factor to a weak or absent zinc-histidine contact could be that the design
process was not able to identify a back side hydrogen bond for H68, which is partially
buried at the interface. In naturally occurring zinc binding sites, zinc-coordinating side
chains often feature a hydrogen bond with side chain or backbone groups from the protein®.
Secondly, the sensitivity of ubiquitin-H68A to zinc could be from a direct interaction across
the interface or could be due to pre-ordering in Spelter. Interestingly, a variant of Spelter
with E136 mutated to alanine does not show zinc dependent binding to ubiquitin-H68A (Fig.
S9a, Table I1). E136 is adjacent to the metal binding site in a loop region, and in the design
model E136 is predicted to form a salt bridge with K6 from ubiquitin (Fig. S9b) — K6 does
experience a change in chemical shift upon binding to ubiquitin (Fig. 4C). Zinc binding
could be pre-ordering this interaction. Though the role of ubiquitin H68 remains ambiguous,
we conclude that the intended single coordination bond did not provide a robust hotspot.

Discussion

We cannot rule out 3/1 zinc coordination as a useful strategy for protein interface design.
The hydrophobic interaction of Spelter with ubiquitin likely occurred with a different
orientation than the predicted model, and the preferred orientation without zinc may not
have been compatible with H68 zinc coordination. This hypothesis is indirectly supported by
the weak affinity with and without zinc of the minimalist mutant 2D4X-CCHEWW (Fig. 3,
Table I1) — these six residues are predicted to be the most important in the computational
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model. Thus, although 3/1 coordination may be useful in other designs, here we discuss
drawbacks to the 3/1 approach and suggest that 2/2 coordination arrangements or multiple-
zinc designs will be more effective for de novo interface design.

The “chelate effect” states that polydentate ligands have a cooperative energetic advantage
over an equal number of monodentate ligands®; thus, a monodentate interaction (H68 from
ubiquitin) is at a disadvantage to a 2/2 bidentate interaction. An example of a zinc-mediated
heterodimer from nature is the human growth hormone and prolactin receptor complex
(PDB code 1BP3), and the (His/Glu)-(His/Asp) site contributes two coordination bonds per
protein subunit to increase the affinity 8000-fold®7:8, In previous interface design studies,
metal-based strategies used multiple metal sites and did not feature three coordination bonds
to one metal ion contributed by one protein chain. In, our previously designed homodimer36.
Cytochrome cbh562 helix bundles have been engineered to self-associate in response to metal
ions, these metal sites do not feature three coordination bonds from one protein subunit.
These design studies also feature multiple metal sites for additional cooperative benefit of
metal binding3:36:59. Thus, while metals can be used as powerful agents for protein
assembly, devoting three scaffold interface residues to bind zinc and gaining only one
coordinating bond across an interface may not be a robust route to high affinity interactions.

In addition to lack of cooperativity from a 3/1 coordination approach, perhaps our open zinc
coordination sphere was not an effective energy contributor for protein binding due
desolvation penalties of the histidine residue and zinc ion. The backside delta-nitrogen of
histidine is partially buried in the computational model and does not have a hydrogen bond
partner (Fig. S10). Furthermore, three-residue zinc coordination sites often contain a zinc-
bound water molecule80, and this water would also have to be removed in this 3/1
coordination approach. Minor errors in chemical complementarity such as desolvation of a
single polar atom can cripple a binding interaction yet go overlooked in an overall computed
score of a protein interface. Overcoming the desolvation penalty and satisfying the hydrogen
bonding potential of both interacting partners is an outstanding challenge in protein interface
design, and this is why successful designs have been mostly hydrophobic5l. We attempted
to complement a heterodimeric hydrophobic interface with a single metal coordination site,
rather than attempt accurate design of multiple hydrogen bonds, but our 3/1 coordination
approach did not produce the intended hotspot interaction. Although a 3/1 coordination site
may be capable of providing an interface hotspot, we suggest that 2/2 coordination
arrangements or multiple-zinc designs will be more effective.

Conclusion

In summary, why is computational interface design so challenging, what was our approach,
and how well did it work? De novo interface design can be an overwhelming endeavor given
the vast degrees of freedom to sample. Assuming a target protein has been chosen, there are
still hundreds of possible scaffolds to consider, and for each scaffold an extensive search of
docking orientation is required. These docking searches are exacerbated by the vast
sequence space to explore during design, especially if backbone flexibility is allowed.
Furthermore, unavoidable inaccuracies in energy evaluation will mislead the conformational
sampling. To address these challenges, effective strategies for protein interface design must
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limit the conformational search and provide reliable energetically favorable hotspots.
Furthermore, designs can be mostly hydrophobic, but small hydrophobic designed
interactions seem to have a micromolar affinity barrier!’:1962 and polar residues often
specify binding orientation?2:36 and promote solubility of the unbound partners83. Our
strategy used a zinc binding site to limit the conformational search, to provide a hotspot, and
to specify the binding orientation. The results show a partial success. Spelter binds tightly to
zinc and binds to the targeted ubiquitin surface with an affinity, 20 uM, which is tighter than
many naturally occurring ubiquitin binders®* (Fig. S11). Thus, we designed a zinc site and
added to the small number of de novo computational designs that bind a wild-type
target!’~19. However, our initial hypothesis that a zinc mediated interaction with H68 would
significantly stabilize and orient the interface is not well supported, and we conclude that a
more effective strategy is to include two points of contact with the metal. By continuing to
pursue new strategies for computational interface design, we hope to find reliable strategies
that lead to strong interactions for applications in cell biology and biotechnology.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Zinc heterodimer computational design protocol
A) Sketch to summarize the full computational interface design protocol. B) RosettaMatch

design of a zinc binding site with an open coordination site within an existing protein
backbone. Among 635 scaffolds, 1015 high-quality zinc binding sites were identified.
Shown in cartoon is the bacterial flagellar hook-filament junction protein (PDB code 2D4X),
a 3-residue zinc binding designed by RosettaMatch (C135, C137, H192), and the target
histidine (Hist) supplied by the target binding protein. This designed zinc binding protein is
called 2D4X-CCH. C) The H68 residue of ubiquitin (blue sticks) replaced the ideally
positioned histidine from the RosettaMatch simulations. This starting orientation satisfied
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ideal zinc coordination and ignored protein orientation. Protein orientation was optimized
while the zinc coordination geometry remained fixed. Degrees of freedom were rotation
about the H68-zinc coordination bond and H68 chi 1 and chi 2 side-chain torsion angles
(black arrows). D) After rigid-body optimization, the lowest-energy centroid docked
orientation was chosen for interface design. E) During interface design, the proteins were
modeled in full-atom representation. The scaffold interface side chains could change identity
to favorably interact with the ubiquitin native side chains, which could only change
conformation. In the design called Spelter, the prominent interactions were formed between
W199 and W203 (green sticks) of Spelter with the hydrophobic patch of ubiquitin (blue
sticks).
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Fig. 2. Zinc binding by a 2-Cys/1-His mutant, 2D4X-CCH
A) Titration of ZnSO4 (250 pM) into 2D4X-CCH protein (20 uM) measured by isothermal

titration calorimetry indicates a binding affinity (Kq) of <10 nM and molar ratio of 1.1. B)
Thermal denaturation monitored by circular dichroism at 222 nm indicates a 4°C increase in
melting temperature (T,,) upon addition of equimolar zinc (16.5 uM). See Table 11 for
additional zinc binding data upon mutagenesis of each zinc binding residue.
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Fig. 3. Binding affinities of Spelter and Spelter mutants for Bodipy-labeled ubiquitin measured
by fluorescence polarization
Bodipy-labeled ubiquitin was present at 1.1 uM starting concentration, and polarization

increases upon heterocomplex formation with titrated protein. Assays were performed in
buffer containing 10 mM MOPS pH 6.9, 25 mM NaCl, and 0.5 mM TCEP. Fluorescence
polarization titration curves were fit to a single-site binding equation to determine apparent
Kq values?’.
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Fig. 4. NMR peak intensity and chemical shift changes of 15N- and 13c-labeled ubiquitin upon
titration of zinc-bound Spelter. 15N, left; 13C, right
Isotopically enriched ubiquitin was present at 1.1 mM concentration, and Spelter with zinc

was titrated to 0.3 mM. A) Regions of the 2D-HSQC spectra showing peaks that change and
do not change upon Spelter titration. B) Ratio of HSQC peak intensities before and after
titration of Spelter. Peaks with the largest intensity changes are colored in red and orange.
C) Compound chemical shift changes before and after titration of Spelter (Eq. 1, Methods).
Peaks with the largest chemical shift changes are colored in red and orange. D)
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Computational model of the Spelter-ubiquitin interaction where ubiquitin is colored
according to chemical shift change (red/orange indicate larger changes in compound
chemical shift). Predicted interface residues including L8, 144, and H68 have higher changes
in chemical shift, supporting the computational model.
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Table |

The designed 3-residue zinc binding site

Protein CD, AT, withzinc  ITC, Ky for zinc
2D4X-CCH"  4°C <10nM
2D4xX-xCH** 0°C not detectable
2D4X-CxH 0°C not detectable
2D4X-CCx 0°C 68 nM

*
2D4X-CCH is the wild-type scaffold (2D4X) with three zinc-binding residues (CCH)

*%

x indicates mutation back to the wild-type residue
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Table Il

The designed zinc binding site and other designed residues contribute to ubiquitin binding
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Titrated protein Fluorescently- Kg with zinc  Kq without zinc
labeled protein (M) (UM)
Spelter Ubiquitin 20 68
Spelter-xxH Ubiquitin 51 51
Spelter-W199A Ubiquitin 42 107
Spelter-W203A Ubiquitin 18 110
Spelter-E136A Ubiquitin 59 138
Spelter-E136A Ubiquitin-H68A 62 79
Spelter Ubiquitin-H68A  piphasic” 50
2D4X-CCH Ubiquitin > 500 > 500
2D4X-WW Ubiquitin ~250 ~400
2D4X-CCHEWW  Ubiquitin ~250 ~200
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*
biphasic, apparent binding affinity <10 uM



