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Abstract
We describe a computational protocol, called DDMI, for redesigning scaffold proteins to bind to a
specified region on a target protein. The DDMI protocol is implemented within the Rosetta molecular
modeling program and uses rigid-body docking, sequence design, and gradient-based minimization
of backbone and side chain torsion angles to design low energy interfaces between the scaffold and
target protein. Iterative rounds of sequence design and conformational optimization were needed to
produce models that have calculated binding energies that are similar to binding energies calculated
for native complexes. We also show that additional conformation sampling with molecular dynamics
can be iterated with sequence design to further lower the computed energy of the designed complexes.
To experimentally test the DDMI protocol we redesigned the human hyperplastic discs protein to
bind to the kinase domain of p21-activated kinase 1 (PAK1). Six designs were experimentally
characterized. Two of the designs aggregated and were not characterized further. Of the remaining
four designs, three bound to the PAK1 with affinities tighter than 350 μM. The tightest binding
design, named Spider Roll, bound with an affinity of 100 μM. NMR –based structure prediction of
Spider Roll based on backbone and 13Cβ chemical shifts using the program CS-ROSETTA indicated
that the architecture of human hyperplastic discs protein is preserved. Mutagenesis studies confirmed
that Spider Roll binds the target patch on PAK1. Additionally, Spider Roll binds to full length PAK1
in its activated state, but does not bind PAK1 when it forms an auto-inhibited conformation that
blocks the Spider Roll target site. Subsequent NMR characterization of the binding of Spider Roll
to PAK1 revealed a comparably small binding `on-rate' constant (<< 105 M−1 s−1). The ability to
rationally design the site of novel protein-protein interactions is an important step towards creating
new proteins that are useful as therapeutics or molecular probes.
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Introduction
Protein-protein interactions (PPI) are indispensable for life and irregularities in PPI are
implicated in many pathological conditions. The rational design of PPIs is a rigorous test of
our understanding of molecular recognition and accurate design strategies should allow for the
creation of novel protein therapeutics, diagnostics and research tools. Recently there has been
considerable success in the computational redesign of protein binding affinities and
specificities.1; 2; 3 In these studies, rotamer and sequence optimization protocols have been
used to identify amino acids that that form good packing interactions, electrostatic interactions
and hydrogen bonds at target interfaces. In general, these simulations begin with a high-
resolution crystal structure of the target interaction. Considerably more difficult is the design
of protein interactions for which there is no starting structure. There have been impressive
results in the design of new coiled-coils, but these studies rely on known patterns of recognition
between coiled-coils.4; 5; 6 The rational design of novel interfaces between arbitrarily chosen
proteins remains largely an unsolved problem.

Recent successes in directed evolution of PPI indicate that even fairly rigid protein scaffolds
can be remodeled to bind new target proteins. Ribosome display has been used to design
ankyrin repeat proteins that bind with high affinity to maltose binding protein and
aminoglycoside phosphotransferase.7; 8 Crystal structures of the complexes show only small
changes in the conformations of each protein when they dock together. These results suggest
a minimal protocol for computer-based interface design: dock the scaffold on to the target
protein and then redesign the amino acids on the surface of the scaffold to form favorable
interactions with the target. There are many ways that two proteins can be brought together
and some orientations are likely to be more designable than others. The challenge is that before
redesigning the surface of the scaffold in the presence of the target, it is difficult to determine
which docked orientation will provide the lowest energy interactions. Huang and Mayo used
a reduced representation of amino acid side chains and a fast Fourier-transform based docking
algorithm to find orientations and positions that maximize potential interactions with the target
without bringing the proteins too close together.9 They used this strategy to redesign the β1
domain of streptococcal protein G to form a novel heterodimer with a binding affinity of ~300
μM.10 In their study, the sequences of both sides of the protein interface were optimized and
only one docked conformation was explicitly evaluated with protein design simulations.

We have developed a strategy for interface design, called DDMI for dock, design and minimize
interface, which is based on the hypothesis that protein interfaces can be designed with minimal
changes to their backbone conformations and therefore focuses its sampling on the myriad of
possible docked conformations. This protocol builds on Rosetta's existing fixed-backbone
design subroutine11, that, when given a docked conformation for the scaffold and target
backbones, searches through side chain sequence- and conformation-spaces to produce a low-
energy sequence for the docked conformation. Since we cannot know before design begins
which docked conformations will lead to good interfaces, we must sample many docked
conformations. We therefore begin DDMI with a randomization of the scaffold protein's
position and orientation and a stochastic, low resolution (“centroid mode”), rigid-body docking
of the two proteins.12 Because the low-resolution score function is so coarse, independent
randomization and docking trajectories are very unlikely to yield the same docked
conformation. The initial phase is merely producing a rough guess at how the backbone of the
two proteins might orient with respect to each other. After the docking phase completes, DDMI
iterates between rounds of design and gradient-based minimization to settle into a low-energy
sequence for the scaffold protein. Independent DDMI trajectories settle into dissimilar regions
of conformation space, so we typically simulate tens- to hundreds-of-thousands design
trajectories. Here we use the DDMI protocol to design an interaction between the hyperplastic
discs protein (HYP) and the kinase domain of p21-activated kinase 1 (PAK1).
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Results
The model system

We chose kinase domain of p-21 activated kinase 1 (PAK1) as our `target' protein. The full
length PAK1 (PAK1-fl) is a multi-domain protein that can switch between an inactive and
active conformation. In the inactivated state, the auto-inhibitory domain of PAK1-fl binds with
the kinase domain of PAK1. In the activated state, the auto-inhibitory domain is unfolded by
accessory factors and no longer interacts with the kinase domain.13 For de novo interface design
we targeted a region of the PAK1 that is exposed when the auto-inhibitory domain releases.
This is an attractive binding site because it is a known region of protein-protein interaction and
binders that target this region will be sensitive to the activation state of PAK1, potentially
providing a tool for sensing or controlling PAK1 activity. The `target' patch is a hydrophobic
cleft in the C-terminal domain of the kinase domain between two α-helices (αEF and αG). The
auto-inhibitory domain of PAK1-fl forms a small helical bundle that inserts in the cleft. As a
design scaffold for targeting the PAK1 kinase domain, we used a small helical bundle protein,
the Hyperplastic discs protein (HYP, PDB ID: 1I2T),14 that is similar in size to the auto-
inhibitory domain and can fit in the target cleft.

In a preliminary set of HYP designs we found that it was prone to aggregation when redesigned
to bind PAK1. Because we are targeting a hydrophobic cleft on PAK1, the redesigned scaffolds
typically have additional hydrophobic groups on their surface. To increase the baseline
solubility of HYP we selected positions away from the target interface for mutagenesis to polar
residues. The mutations, G26E, L37E and L38N are presented in some of the designs discussed
here. Additionally, we introduced the mutation A15C to HYP to allow for conjugation of the
fluorophore Bodipy for measuring changes in fluorescence polarization upon binding to PAK1.
Circular dichroism spectra indicate that these mutations do not perturb the helical structure of
HYP (Supplementary figure S1).

Interface design protocol, DDMI
To redesign HYP to bind the PAK1 we developed an interface design protocol, called DDMI,
within the Rosetta molecular modeling suite15; 16 (Figure 1). The DDMI protocol took as inputs
1) a pdb file containing both the scaffold and target proteins, in an undocked conformation,
and 2) a set of constraints, described below. As output, a single DDMI trajectory would produce
a single docked conformation of the target and scaffold where the scaffold's residues at the
interface had been redesigned to favorably interact with the target's interface residues. The first
stage of the protocol was a randomization of the scaffold protein followed by a low resolution
rigid-body docking of the two proteins.12 The goal of this stage was to find a plausible docked-
conformation for the two proteins so that they can be designed to bind in this conformation.
We filter at this stage any docked conformations that show backbone collision which the design
phase would be unable to remove. To bias sampling of the scaffold's conformation to bind
against the target cleft, square-well constraints were added to the energy function to reward
the burial of specified residues at the interface: residues were rewarded if they were within 7
Å of any residue on the opposite chain. These constraints were removed after the initial stage
of docking. Figure 2 (a) shows the representative sampling of structures created during `dock'
stage of the protocol. DDMI preserved the scaffold's original sequence during this phase.
Though this sequence would have been unlikely to form favorable interactions (even at low
resolution) with residues on the target protein, the constraints ensured that the desired regions
of the scaffold's surface were positioned near the target.

After docking, iterative rounds of sequence design and structure optimization with Rosetta's
all-atom energy function16 were used to find low energy sequence structure pairs. Sequence
design was performed with simulated annealing and a rotamer-based representation of the
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amino acid side chains. Structure optimization was performed using gradient-based
minimization of the rigid-body degrees of freedoms orienting the two chains17 as well as the
backbone and side chain torsion angles of the residues at the interface. In the early rounds of
design and minimization, DDMI down-weighted the repulsive component of the Lennard-
Jones potential and added coordinate constraints for the backbone Cα atoms to prevent the
fledgling interface from “exploding”: the typical binding energy for the interfaces that resulted
from the first few iterations was positive., so that, without the coordinate constraints, the
minimizer displaced the scaffold from the target, preventing the design of any interface. In
each iteration, DDMI decreased the weight on the coordinate constraints and increased the
weight on the Lennard-Jones repulsive term. We found that after eight rounds of sequence
design and structure minimization most trajectories had converged on a local minimum (Figure
2 b).

Global sampling of conformational space (within the target constraints) was achieved by
performing independent trajectories that effectively start from uniquely docked complexes.
We performed >1 million independent DDMI trajectories with HYP and PAK1. To assess the
quality of our designs, we compared our models against 43 naturally occurring protein-protein
interfaces with high-resolution crystal structures (2.3 Å or less, Supplementary table S1). We
observed three key differences between native interfaces and designed interfaces. In the native
interfaces, the minimized Rosetta energies correlated strongly with the interface sizes
(Supplementary figure S2). The average binding energy density, defined as the binding energy
(in Rosetta Energy Units, REU) per buried surface area (Å2) was −0.013 REU/Å2 for the native
interfaces (Table 1). Binding energy density was a potent discriminator of designed and natural
interfaces; most DDMI trajectories resulted in interfaces with poor binding energy densities.
We also observed that native structures had on average 4 unsatisfied hydrogen bonds at their
interfaces; whereas DDMI models often contained many more. Finally, we observed that
naturally occurring interfaces were packed more tightly than those produced by DDMI as
measured by the SASApack score. The SASApack score in Rosetta is derived from examining
the difference in the molecular surface areas accessible to a 0.5 Å radius probe and accessible
to a 1.4 Å radius probe.18 This difference indicates surface area on the protein that is not in
contact with either water or other protein atoms, and hence reflects the presence of voids that
are too small to be filled with water. The score is normalized by the average surface-area
difference observed in a large set of crystal structures. A negative SASApack score indicates
better packing than crystal structures, a positive SASApack score indicates worse packing. The
average SASApack score for the set of native interfaces was −1.39 ± 1.29, whereas many of
the designs had positive SASApack scores.

These observations motivated the set of filters we incorporated into the DDMI protocol. DDMI
discarded designs if their binding-energy density was higher than −0.01 REU/Å2 and if they
buried 4 or more polar groups which lacked hydrogen bonding partners. Final selection of the
design models was made based on the SASApack score of less than 2.0 and a minimum buried
surface area of 700 Å2. Satisfying all four criteria required considerable sampling; less than
1% of the DDMI trajectories passed these filters. The interfaces that were left were of moderate
size (900 Å2 – 1700 Å2).

Four designs with favorable values for all of the evaluation metrics were selected for
experimental validation: “0233”, “Spider Roll”, “1212” and “3533”. Each of them had the c-
terminal helix of the scaffold interacting with the ̀ hotspot' cleft in PAK1. The main interacting
residues on PAK1 were L470, L473 and Y474. In some cases V436, R438 and R471 were also
contributing to the interaction. On the scaffold side, the mutations were mainly concentrated
on the helix IV (Figure 3). Residues involved in interaction were mostly hydrophobic consisting
of one or two aromatic amino acids forming the centre of interactions. Design model 1212 had
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the greatest number of polar residues at the interface, and design model s032 (introduced below)
had the fewest polar amino acids at the interface (Table 2).

Discrete molecular dynamics (DMD) to sample more backbone conformations
To study the effect of additional backbone flexibility on the design process, we used discrete
molecular dynamics19; 20; 21 to sample conformational space near one of the designed
complexes (Spider Roll). From the initial design model, we first performed short DMD
simulations and picked ten structure snapshots from the simulation trajectory. Next, we applied
the iterative sequence design and minimization phase (DMI phase) from the DDMI protocol
to these ten snapshots to generate ten new designs, from which the one with the best Rosetta
energies was selected for the next round of DMD simulation. These DMD+DMI iterations
were repeated 100 times at decreasing DMD simulation temperature to identify low energy
designs. The 1000 designs that resulted were filtered using the same criteria as for the DDMI
protocol, and of the remaining structures, the top 10 by total energy were visually examined.
This complete protocol was executed twice, and from the top 10 in each execution, we selected
one design for experimental validation. The designs were named“s032” and “s037”. The
backbone RMSD between s032 and Spider Roll when the target protein was superimposed was
5.36 Å while between s037 and Spider Roll the deviation was 4.53 Å. These RMSDs reflect a
substantial shift in the docked conformation of these designs against the target, as well as a
significant change to the starting backbone geometries. The two designs moved 1.28 Å and
1.52 Å in Cα RMSD away from the starting Spider Roll backbone. In contrast, gradient-based
minimization in the standard DDMI protocol produced designs with Cα RMSDs to the starting
HYP scaffold of under 0.3 Å. The sequences of the two new designs differ significantly from
the initial Spider Roll design. Out of the 21 residue sites being designed, the numbers of mutated
amino acids are 12 and 18 for s032 and s037, respectively.

Binding measurements and `hotspot' mapping
The six designs were expressed as MBP fusions. All of them expressed in the soluble fraction
of E. coli lysate, but 3533 and s032 aggregated when MBP was removed with TEV protease.
No further studies were performed with 3533 and s032. The circular dichroism (CD) spectra
of the designs indicate that the proteins are helical and all of the designs exhibited cooperative
thermal melts as monitored by the CD signal at 222 nm (Supplementary figure S1). The four
soluble designs were labeled with the fluorescence probe Bodipy, and fluorescence polarization
was used to monitor binding to PAK1. Spider Roll showed the best binding affinity (Kd = 100
μM) while design model s037 which was derived from Spider Roll using DMD bound with a
dissociation constant of 160 μM. Model 1212 bound with an affinity of 330 μM and model
0233 failed to show any conclusive binding with PAK1.

To probe if Spider Roll was interacting with PAK1 as designed, we mutated residues on both
sides of the interface that were predicted to contribute to binding (Figure 4). Consistent with
the design model, the PAK1 mutations L473A and L470E each destabilized binding by over
1.4 kcal/mol. R471A and Y474A also destabilized binding by 0.35 and 0.85 kcal/mol
respectively. R438, predicted to form a hydrogen bond with backbone carbonyls at the C-
terminus of Spider Roll, did not have any effect on binding affinity when mutated to alanine.
Mutations to residues on Spider Roll that were designed to form interactions with PAK1 also
weakened binding. The point mutations F59A and G56E weakened binding by 0.55 kcal/mol.
Y52A and A55E mutations had only subtle effect with a binding energy cost of approximately
0.4 kcal/mol. A more dramatic decrease in binding was observed by combining F59A with
G56E (1.4 kcal/mol). I58A mutation, which was predicted to contact PAK1 at the edge of the
interface, had very minimal effect on binding. The design scaffold (with solubilizing mutations
G26E, L37E and L38N) had basal level of affinity for PAK1. Taken together the mutational
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data indicates that Spider Roll interacts with the target patch on PAK1, and that helix IV of
Spider Roll is involved in binding.

NMR-based structure prediction of Spider Roll
In order to structurally characterize Spider Roll as well as its binding to PAK1, we nominated
Spider Roll mutant I58A, which expressed with a more than two-fold increases yield when
compared with Spider Roll (see Methods), as a community outreach target of the Protein
Structure Initiative (PSI) 2 and collaborated with the Northeast Structural Genomics
Consortium (NESG: http://www.nesg.org) to obtain sequential polypeptide backbone
and 13Cβ chemical shift assignments. The 2D-[15N, 1H] HSQC spectrum22 recorded for Spider
Roll I58A shows favorable chemical shift dispersion and indicates that the protein is folded in
solution (Supplementary figure S3). Assignment completeness of detectable peaks in the 2D-
[15N, 1H] HSQC spectrum was 91% (48/53). Polypeptide backbone and 13Cβ chemical shift
assignments (Supplementary table S2) were obtained for 50 residues and a total of 81% of the
shifts assignable with the selected set (see Methods) of multidimensional NMR experiments
(i.e. excluding the N-terminal 15NH3

+, the three prolyl 15N and the 13C' shifts of residues
preceding prolyl residues). The chemical shifts are in agreement with the location of α-helices
in the X-ray crystal structure of the design scaffold protein (HYP), except for the last ~6
residues of helix IV (Supplementary figure S4, Supplementary table S3). The shifts were then
used to predict the structure of Spider Roll I58A with the program CS-ROSETTA23

(Supplementary figure S5). The CS-ROSETTTA structure is very similar structure of design
template protein HYP (backbone RMSD = 0.7 Å for helical residues; residues 1010–1022,
1026–1036, 1041–1049 and 1051–1065 for 1I2T and residues 2–14, 18–28, 33–41 and 43–57
for the current structure) which indicates that the redesign of HYP did not significantly affect
the fold of the protein.

The chemical shift indices suggest that the last ~6 residues of the C-terminal helix (helix IV)
of Spider Roll are frayed in solution. To further investigate the conformation of helix IV, we
derived amide proton – amide proton upper distance limit constraints from 3D 15N-resolved
[1H, 1H]-NOESY. The longer distances derived for the C-terminal segment of helix IV reflect
weaker NOEs (the sequential NOEs between the last 6 residues either overlap or disappear),
which are consistent with fraying of this segment. All of our designed interfaces include a fully
intact C-terminal helix that makes close contact with PAK1. Fraying of the helix IV in the
unbound state is not inconsistent with a fully folded helix in the bound state, but indicates that
there will be an additional entropic penalty associated with binding. Hence, future improvement
of the design of Spider Roll may focus on stabilizing the C-terminal segment of helix IV.

NMR characterization of Spider Roll-PAK1 binding
The 2D-[15N, 1H] HSQC spectrum22 was recorded for Spider Roll I58A and monitored as a
function of PAK1 concentration. The spectra were recorded at three different molar ratios of
Spider Roll I58A / PAK1: 231 μM / none, 210 μM / 120 μM, 148 μM / 487 μM). Unexpectedly,
addition of PAK1 did not induce any perturbation of Spider Roll chemical shifts or introduce
large broadening of Spider Roll resonances, but lead to a dramatic decrease of Spider Roll
signal intensities. Specifically, at a PAK1 concentration of 487 μM, Spider Roll peak intensities
were reduced to <5% of their starting values (Figure 5) However, no `new' peaks emerged
during the titration that could be attributed to Spider Roll bound to PAK1. This is likely due
to the fact that the signals of the 43 kDa complex present at a concentration of only ~200 μM
are too weak to be detected. Assuming for simplicity that both 1H and 15N line-widths scale
linearly with molecular weight22, the S/N ratios for Spider Roll in complex with PAK1 are
expected to be about 40-fold lower than for free Spider Roll.24 Since the S/N ratios observed
for free Spider Roll are in the range of ~20 in the 2D-[15N, 1H] HSQC spectra, detection of
the signal of bound Spider Roll is indeed not be expected.
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Furthermore, Spider Roll may bind to PAK1 in different and slowly exchanging conformations,
a phenomenon which would broaden resonance lines, thereby further impeding signal detection
for bound Spider Roll. A third scenario which would manifest itself by lack of signals for the
bound protein would be the formation of aggregates formed by the complex.

To check if the Spider Roll-PAK1 complex aggregates non-specifically, we performed size
exclusion chromatography with the NMR sample and also ran an SDS page gel for an aliquot
of the NMR sample. The SDS gel confirmed that the same amount of Spider Roll remained in
solution as was initially added to the NMR sample, and the size exclusion chromatography
indicated that the sample was not aggregating: the only two peaks in the chromatogram
corresponded to monomeric PAK1 and Spider Roll, which is typically observed for proteins
with micromolar binding affinities. Hence, these experiments suggest that the absence of NMR
peaks from the bound state is indeed likely due to the slower overall rotational tumbling of the
complex.

Our NMR data are consistent with the lifetime of the Spider Roll-PAK1 complex being much
longer than the time required for signal detection (`NMR chemical shift time scale', around 0.1
s), that is, we obtain as an upper bound for the `off-rate' koff << 10 s−1. With the dissociation
constant KD = koff/kon = 10−4 M, we then obtain for the `on-rate' kon << 105 M−1 s−1. The on-
rate constants for protein-protein binding can vary dramatically (1×103 M−1 s−1 to 1×109

M−1 s−1) but are often near 1×106 M−1 s−1.25; 26 The comparably small on-rate constant for
Spider Roll could reflect the absence of an effective docking funnel or a conformational change
that accompanies binding, such as folding of the end of the helix IV in Spider Roll.

To validate that the reductions of Spider Roll peak intensities in 2D-[15N, 1H] HSQC are due
to binding to the kinase domain, the NMR titration was repeated for PAK1 mutant L470E,
which shows reduced affinity for Spider Roll when monitored using fluorescence polarization
experiments. Consistently, the changes in peak volume were much smaller than those observed
with wild type PAK1: at a PAK1 L470E concentration of 470 μM, the Spider Roll I58A peak
volumes were still 40% of their original size (in contrast to <5% for WT PAK1) (Figure 5,
Supplementary figure S6).

Does Spider Roll adopt multiple docked positions when binding PAK1?
Both the NMR data and mutational data indicate that Spider Roll binds the target cleft on PAK1,
but they do not rule out the possibility that it can adopt alternative docked orientations when
bound to PAK1. To further examine this possibility we used Rosetta to perform protein-protein
docking simulations with Spider Roll and PAK1. In these simulations, Spider Roll was
constrained to be near the target binding site, but was allowed to adopt alternative orientations
relative to PAK1. Many independent trajectories were used to probe the energy landscape and
the energies of the various models were plotted versus RMSD to the target conformation. We
identified two clusters of low energy structures (Figure 6 a). The lowest energy cluster was
centered on the design model, but the second cluster packed helix IV in a direction that was
orthogonal to the design model (Figure 6 b, c). The mutational data does not strongly distinguish
between the two alternatives. The mutations that have the strongest effect on binding energy
are buried in both sets of models (Table 4) as calculated by the NACCESS program.27

Spider Roll binds preferentially to the activated form of full-length PAK1
In its inactive form, full-length PAK1(PAK-fl) forms a closed conformation in which an
autoinhibitory domain binds to the same cleft in the kinase domain that we have targeted with
Spider Roll. PAK1 can be opened by introducing mutations in the autoinhibitory elements
(V127E, S144E) that weaken affinity for the kinase domain (unpublished data). Using
fluorescence polarization we measured the affinity of Spider Roll for WT PAK-fl and PAK1-
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fl with the mutations V127E and S144E. Spider Roll showed no binding with WT PAK1, but
bound PAK1 V127E, S144E with an affinity of 200 μM (Figure 7).

Discussions
The computational design of novel protein-protein interfaces with high specificity and affinity
remains an unsolved problem. Here we have explored the effectiveness of an interface design
protocol that includes rigid-body docking, rotamer-based sequence design and minimization
of side chain and backbone torsion angles. With this protocol we were able to design small
interfaces between HYP and PAK1 (ΔSASA ~1000 Å2) that had calculated binding energies
comparable to naturally occurring interfaces of the same size. Design models with interfaces
larger than 1500 Å2 either exhibited inferior packing, buried too many unsatisfied hydrogen
bonding groups or had significantly worse binding energy densities than native complexes.
These results suggest that more extensive backbone sampling and/or screening of multiple
scaffolds will be needed to build larger interfaces with tight packing and good hydrogen
bonding.

Three of the six experimentally characterized designs bound PAK1. Spider Roll, which was
the tightest binder, bound PAK1 with an affinity of 100 μM. For comparison, the truncated
autoinhibitory domain (trunc-AID, residues 83–137) from PAK1 binds to the same target cleft
with an affinity of 4 μM (unpublished data). Even though the AID is smaller (55 residues) than
the HYP scaffold (61 residues), the interface between trunc-AID and PAK1 is larger than the
Spider Roll interface, 1620 Å2 versus 970 Å2. The calculated binding energy for the trunc-
AID-PAK1 complex (after minimization with Rosetta) is −25 REU (−0.016 REU / Å2)
compared to −15 REU (−0.015 REU / Å2) for Spider Roll. The more favorable energies
achieved by the AID domain (experimental and computational) may reflect the evolution of
this domain to have a backbone conformation suitable for binding the PAK1 kinase domain,
while the backbone conformation of HYP has not been optimized for binding PAK1.

Mutation studies and NMR studies do not rule out the possibility that Spider Roll samples
multiple docked positions when bound to PAK1. This may partially reflect the hydrophobic
nature of the designed interface; the buried SASA is 82% nonpolar. For native protein-protein
interfaces (Supplementary table S1) the average is 69% nonpolar (or 31% polar, Table 1). Polar
interactions can increase specificity because of the strong distance and orientation dependence
of hydrogen bond energies. The interfaces designed in this study were predisposed to be
hydrophobic because of the hydrophobic nature of the target cleft; however, several polar
residues on PAK1 surround the cleft. The AID domain forms hydrogen bonds with N468 and
R471 on PAK1, while these residues are left solvent exposed in the Spider Roll design.
Designing multiple hydrogen bonds across a protein interface is challenging because
optimizing one bond with rigid-body or backbone perturbations is likely to disrupt the
surrounding bonds.

Spider Roll binds to the open state of full length PAK1 but does not bind to the closed inactive
form of the protein. Affinity reagents that distinguish the activation state of target molecules
are useful starting points for creating biosensors. Typically the proteins are modified with
fluorescent groups (chemically or genetically encoded) that change their fluorescent properties
when the affinity reagent binds the target. Our results suggest that computational design may
be one route for identifying novel affinity reagents. However, to have useful biosensors it will
be necessary to have binding affinities tighter than 100 μM. A potential strategy for achieving
this goal is to combine computational design with affinity maturation via techniques such as
phage or yeast display. This strategy was recently used to improve the rate of catalysis by a
computationally designed enzyme.28
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Materials and Methods
Computational methods

Rosetta—Our interface design protocol, DDMI, is described in the Results section and Fig
1. It was implemented within the Rosetta molecular modeling program.15; 16 A single trajectory
consists of a `dock' stage followed by several iterations of `design' and `minimization' stages.
The `dock' stage involves a low resolution rigid body Monte Carlo search,12 where the side
chain of each residue was represented as one bead placed at centroid position of the side chain.
We applied constraints so that the `scaffold' remains close to and packs one or more of L470,
L473 and Y474 residues on the `target'. A trajectory satisfying the constraints was designed
with 8 iterations of sequence and backbone optimizations, similar to protocols described earlier.
29

Sequence optimization was done using Monte-Carlo simulated annealing protocol11; 30 which
optimized the total energy of the complex. The all-atom energy function in Rosetta is a linear
weighted sum of 12–6 Lennard-Jones potential, the Lazaridis-Karplus implicit solvation
model31, an orientation-dependant hydrogen bonding potential32, backbone-dependent
rotamer probabilities33, a knowledge-based electrostatic energy34, amino acid probabilities
conditioned on φ and ψ space35 and reference energies that approximate the unfolded state
energy of an amino acid.11

DDMI protocol can be found in Rosetta version 2.1 (http://www.rosettacommons.org/). The
command line is:

rosetta.gcc –design –dock_des_min_inter –s input.pdb –linmem_ig –ex1 –ex2 –exOH
– extrachi_cutoff 1 –no_his_his_pairE –series qq –protein input –chain _ -
read_all_chains – multi_chain –randomize2 –resfile input.resfile –
multi_cool_annealer –try_both_his_tautomers – set_interface_cutoff 7.0 –nstruct 100
–ddmi_dUns_filter 4 –ddmi_dG_dSASA_ratio_filter_0.013

The design-minimze phase of DDMI protocol can be used on an already docked conformation.
The command line is:

rosetta.gcc –design –design_min_inter –series qq –protein input –s input.pdb –chain
_ -resfile input.resfile –no_his_his_pairE –read_all_chains –multi_chain –
design_trials –extrachi_cutoff 1 –ex1 –ex2aro_only

Binding parameters calculation—The binding energy of a complex was calculated by
subtracting the individual Rosetta energies of the chains from the total energy of the complex.
Total buried surface area at the interface was similarly calculated by taking the difference in
SASAs between the bound and unbound states. The number of buried unsatisfied hydrogen
bonding groups was determined by counting the number of polar groups at the interface which
were fully buried yet lacked hydrogen bonding partner. The side chain rotamers were left in
the same conformations as in the complex when the calculations were made. The interface
SASApack scores were reported as the average per-residue SASApack score for those residues
within 5 Å of atoms on the opposite chain.

Discrete molecular dynamics—DMD is a flavor of molecular dynamics simulation (MD)
approach.19; 20; 21 Unlike traditional MD which uses continuous physical force field, in DMD,
the interaction between two atoms is described by a simplified step-wise potential. For step-
wise potentials, the derivations are zero between the potential steps, and the integrations can
be ignored except when the two atoms go across the steps wall (collision events). The space
and time of the collision events can be analytically calculated based on previous positions and
velocities of the two atoms. The new velocities of the atoms after the collision can also be
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calculated based on laws of conservation of energy, momentum, and angular momentum. The
system evolves by calculation and sorting of further collision events. Compared with traditional
MD that is driven by numerical integration over fine time steps, DMD is driven by collision
events and is more efficient since it allows larger integration time steps in average. Extra
efficiency is also gained by applying fast event sorting and updating algorithms. Although the
actual speed up of DMD compared to traditional MD varies from system to system, it can reach
3–10 orders of magnitude.

Experimental methods
Plasmid constructs, gene synthesis and mutagenesis—Kinase dead mutant
(K298R) of full length PAK1(PAK1-fl) and PAK1 V127E/S144E (PAK-fl mutant) were
cloned in pQE-80 L (Qiagen) vector. Kinase domain (K298R mutant), residues 250–545 from
PAK-fl (here referred to as PAK1), was also cloned in pQE-80L vector with an extra sequence
(MRGSHHHHHHGSDYDIPTTENLYFQC) in N-terminus. The PAK1 mutants were made
by overlap extension using PCR.36

Constructs for protein designs and Spider Roll mutants (from here referred as designed
variants) were made as an MBP fusion with a TEV protease cleavage site and cloned in
pQE-80L vector so that 6×His-tag remained at N-terminus after the expression. The genes for
designed variants were synthesized using a gene synthesis protocol37 where the codons were
optimized for bacterial expression.

Expression and protein purification—Proteins were expressed in BL21(DE3) pLysS
cells. The cells were grown up to OD600 0.6–0.8 and then induced with 0.3 mM IPTG and
further grown at 25 °C for 6 h. Cells were then disrupted using sonication and resulting lysates
were cleared by two rounds of centrifugation (18,000 × g) of 20 mins each. The supernatants
of PAK1-fl and PAK1 variants were then purified using a prepacked Ni-NTA column (HisTrap,
HP, GE Healthcare) followed by an anion exchange step (Source 15Q beads, GE Healthcare)
and gel filtration chromatography (Superdex 75 or Superdex 200, GE Healthcare). Designed
proteins (referred to as design variants) were purified using a Ni-NTA column followed by an
overnight proteolysis using TEV protease and then again loading the product on the Ni-NTA
column. The second Ni-NTA affinity step removed the 6×His-tagged MBP to give design
variants (all with an extra GS sequence at N-terminus) in the flow through. The flow through
was concentrated and loaded on gel filtration column (Superdex 75, GE Healthcare). All the
design variants eluted at similar elution volume (size corresponding to monomer) and the
appropriate fractions were combined and concentrated (Amicon Ultra, Millipore). Protein
concentration was estimated using theoretical molar extinction coefficients and absorbance at
280 nm.

U-15N and U-15N,13C-labeled Spider Roll I58A was expressed in M9 minimal media
containing 15N-ammonium chloride (1 g/l). Glucose was replaced with 13C-glucose for 13C
labeling. Cells were grown in LB broth upto OD600 0.6 to 0.8 and then spun down by
centrifugation at 3000 rpm for 30 mins. The cell pellet was then resuspended in M9 minimal
media, left for recovery for 20 mins under 250 rpm shaking and then induced with 0.3 mM
IPTG. The expression was carried at 16 °C for 14 h.

Fluorescence polarization assay—Binding affinities was measured using fluorescence
polarization.38 The thiol-reactive fluorescent probe Bodipy(507/545)-iodoacetamide
(Molecular Probes) was conjugated to design variants at the unique cysteine site. Design
variants at a concentration range of 60–250 μM were buffer exchanged into 50 mM Tris-Cl,
pH 7.5 using a PD10 desalting column (GE Healthcare) and spiked with 1 mM TCEP. A 20
mM stock solution of Bodipy(507/545-IA) suspended in dimethyl sulfoxide (DMSO) was
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added drop-by-drop to 3–10 fold molar excess of the designed variants with constant mixing
by inverting the tubes. The tubes were wrapped with aluminium foil and left overnight at 4 °
C. 50 mM β-mercaptoethanol (BME) was used to quench the reaction. The mix was then
centrifuged to pellet the unconjugated Bodipy and run over a PD10 desalting column
(equilibrated with 50 mM Tris-Cl, pH 7.5 and 5 mM BME) to separate the conjugated design
variants from free Bodipy. Bodipy labeled design variants were quantified using UV/Vis
spectrophotometer (theoretical molar extinction coefficient at 280 nm for protein and molar
extinction coefficient of 69,000 M−1cm−1 for the probe). A correction factor (Abs280 nm/
Abs580 nmof 0.03 was used to correct for the absorption of the conjugated probe at 280 nm.
Typically probe conjugation efficiency (probe/protein) of 20–90 % was achieved for the design
variants.

Fluorescence polarization assays were carried out on a Jobin Yvon Horiba Spex FluoroLog-3
instrument (Jobin Yvon Inc) performed in L-format with the excitation wavelength set at 508
nm and emission wavelength set at 545 nm. Bodipy-design variants (in 50 mM Tris-Cl, pH
7.5, 5 mM BME) at a final concentration of 5–10 μM and volume 180 μl were titrated with
PAK1-fl or PAK1variants (in 50 mM Tris-Cl, pH 7.5, 50 mM NaCl, 5 mM BME). Titrations
were performed in 3×3-mm quartz cuvette. Slit width was adjusted to 3.5 nm to give a
fluorescence intensity ~3.5 million counts per second. Two polarization readings consisting of
3 averaged measurements were collected for at least 15 concentrations of titrant. Data were
averaged and any change in polarization occurring due to addition of buffer was subtracted.
Data was then analyzed using a model for single site binding model according to the equation
(1) which was incorporated in equation (2) to account for the observed polarization.

(1)

(2)

where [A:B] is the concentration of Bodipy labeled design variants and titrant (PAK1-fl or
PAK1 variants) complex formed, [At] is the total concentration of Bodipy labeled design
variants, [Bt] is the concentration of the titrant, Kd is the dissociation constant for the
interaction, P0 is the polarization in the absence of titrant, Pmax is the maximum polarization
when all Bodipy labeled design variants are bound to the titrant, and Pobs is the observed
polarization at a given concentration of titrant. The data were fit according to equation (2) using
non-linear regression with SigmaPlot software to obtain fitted parameters for Kd, Pmax and
P0. Delta polarization (ΔPolarization) was calculated using equation (3) and fraction bound
was calculated using equation (4).

(3)

(4)

where Pmax and Pmin are maximum and minimum polarization calculated from the fit. For
weak-binding mutants that had relatively small changes in Pobs, the fit was forced to have the
same Pmax observed for the Spider Roll-PAK1 interaction (green circles in Figure 4 b). Inability
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to achieve very high titrant concentrations prevented reaching saturation of binding sites (>10-
fold than Kd).

NMR spectroscopy—As Spider Roll I58A mutant expressed at more than 2-fold higher
yield when compared with Spider Roll and since the I58A mutation had a minimal effect on
the binding affinity (Figure 4 b), we prepared U-15N and U-15N, 13C-labeled NMR samples
of Spider Roll I58A.

For assignment of polypeptide backbone and 13Cβ chemical shifts, NMR spectra were recorded
at 288 K on a Varian INOVA 600 spectrometer equipped with a cryogenic probe. 2D-
[15N, 1H] HSQC (1 h measurement time) was acquired along with four through-bond correlated
NMR experiments22 that is, HNCA (36 h), HN(CO)CA (36 h), HNCACB (42 h), CACB(CO)
NH (42 h) and HNCO (9 h) for sequential resonance assignment. In addition, a 3D 15N-resolved
[1H, 1H] NOESY spectrum (42 hours) was acquired to confirm sequential resonance
assignments and to derive backbone 1HN-1HN distance constraints. All spectra were processed
and analyzed using the program packages NMRPipe39 and XEASY40, respectively.
Specifically, the titration of Spider Roll with PAK1 was monitored by recording 2D-[15N, 1H]
HSQC spectra at 288 K on a Varian INOVA-700 MHz spectrophotometer equipped with a
cryogenic probe. Isotope labeled proteins and kinase domain were buffer exchanged in 20 mM
Phosphate buffer, pH 7.0, 50 mM NaCl and 1 mM DTT and 10% D2O was added. Peak volumes
and line-widths in 2D-[15N, 1H] HSQC were measured by using the `peak detection module'
of NMRDraw in NMRPipe. Signal-to-noise ratios (SNR) were calculated by dividing the
volume by the noise level measured by the `estimate noise module' of NMRpipe followed by
division by the square root of the measurement time. To compare peak volume reductions
arising from different degrees of Spider Roll-PAK1 complex formation, the thus obtained SNR
per unit time was normalized to the volume measured in the absence of PAK1.

Chemical shifts were deposited in the BioMagResBank (accession code: 16710).41

Circular dichroism (CD)—CD data were collected on a Jasco J-815 CD spectrometer. Far-
UV CD scans (250–195 nm) were carried at a typical protein concentration of 20 μM in a 1
mm cuvette. The temperature was maintained at 20 °C using a Peltier device. Varible
temperature scan was carried between 4–96 °C while measuring the ellipticity at 222 nm. All
ellipticity data were corrected with a buffer blank and then converted to mean residue ellipticity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DDMI protocol for protein interface design. Each trajectory starts with rigid-body docking
using a low resolution score function with additional constraints to direct predetermined
residues to the interface. A docked conformation with a high score (binding energy >18 REU
with a low resolution energy function16) was rejected (Filter I). When a trajectory passes the
filter, it goes through 8 rounds of sequence optimization and backbone minimization during
which LJ-repulsive are ramped upwards and coordinate constraints are ramped downwards for
6 rounds. During this process the Lennard-Jones repulsive term of the energy function is
ramped from 0.85 to 1, whereas the coordinate constraint weight goes from 1 to 0. Designs are
filtered before being output based on a binding energy density (<−0.01 REU/Å2) and a
maximum number of 4 unsatisfied polar groups at the interface (Filter II).
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Figure 2.
Conformational sampling in (a) `dock' stage and (b) energy convergence during the `design/
minimize' stage. In (a) the region in ̀ magenta' depicts the ̀ hotspot' region on the target protein.
In (b) each line represents an independent trajectory. A drop in energy is observed after cycles
11 and 12 during which the coordinate constraints are ramped to the final value and are
sufficiently weak to let the proteins relieve the strain induced while holding the two partners
next to each other.
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Figure 3.
Multiple sequence alignment of the design models selected for experimental validation. The
interface residues in each case are highlighted.
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Figure 4.
(a) Spider Roll – PAK1 model showing the interface residues. On the PAK1 side (yellow)
L470, R471, L473 and Y474 are the main residues involved in interaction. On the Spider Roll
side the main contributions come from Y52, A55, G56, I58 and F59. G61 is involved in
hydrogen bonding with R438. (b) Effects of Spider Roll mutations on Spider Roll – PAK1
interaction. Bodipy labeled mutants of Spider Roll were titrated with PAK1. None of the single
mutation had a dramatic effect confirming that the interface on Spider Roll could be `plastic'
and able to resist mutation by changing orientation. HYP mutant (scaffold with A15C, G26E,
L37E and L38N) did not show any binding. (c) Effects of PAK1 mutations on Spider Roll –
PAK1 interaction. Bodipy labeled Spider Roll was titrated with mutants of PAK1. L470E and
L473A mutations showed maximum disruption (more than 10 fold weakening in binding).
R471A and Y474A had subtle effects while R438A did not show any effect on the interaction.
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Figure 5.
Normalized Spider Roll I58A HSQC peak volumes as a function of PAK1 concentration.
Titration 1: 231 μM Spider Roll I58A with no PAK1; Titration 2: 210 μM Spider Roll I58A
with 120 μM PAK1 (green bar) and 213 μM Spider Roll I58A with 124 μM PAK1 mutant (red
bar); Titration 3: 148 μM Spider Roll I58A with 487 μM PAK1 (green bar) and 150 μM Spider
Roll I58A with 490 μM PAK1 mutant (red bar). Positive and negative error bars are one
standard deviation.
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Figure 6.
Alternative docking orientations for Spider Roll (a) Each point represents a different model of
the Spider Roll / PAK1 complex and derive from independent docking trajectories. Two
alternative low energy states are observed, as shown by the two stems in the funnel. (b)
Orientation of interface residues in the low RMSD confirmation (PAK1 in yellow and Spider
Roll in cyan). (c) Orientation of the same residues in the high RMSD state (PAK1 in yellow
and Spider Roll in magenta).
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Figure 7.
Spider Roll distinguishes between ̀ closed' and ̀ open' full-length PAK1 (PAK1-fl). Spider Roll
binding titrations with PAK1 V127E/S144E mutant (PAK1-fl mutant, model for full length
`open' form) and PAK1-fl (inactive `closed' form).
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Table 3

Biophysical characterization of the selected designs

Design Gel Filtration Far-UV CD Scan Thermal denaturation FP Assay: Kd (μM)

0233 Monomer Folded Cooperative Poor fit

Spider Roll Monomer Folded Cooperative 100

1212 Monomer

N/D

330

3533 Aggregate
N/D

s032 Aggregate

s037 Monomer Folded Cooperative 160
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Table 4

Buried solvent accessible surface area (SASA) of the interface residues in Spider Roll kinase complex in two
alternate docked positions (Figure 6). NACCESS program26 was used to calculate the absolute SASA of each
interface residue in the complex and then subtracted from SASA of each residue in the independent chains to
give buried SASA.

Interface residue Low RMSD state (Å2) High RMSD state (Å2)

R438 81 110

L470 104 135

R471 43 49

L473 50 61

Y474 98 67

Y52 102 125

A55 52 35

G56 22 16

I58 53 27

F59 135 113
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