Lo L

P

1\

o LN A D

Computational design of ligand binding

is not a solved problem

Bettina Schreier, Christian Stumpp, Silke Wiesner, and Birte Hocker?

The Max Planck Institute for Developmental Biology, Spemannstrasse 35, 72076 Tubingen, Germany

Edited by David Baker, University of Washington, Seattle, WA, and approved September 11, 2009 (received for review July 16, 2009)

Computational design has been very successful in recent years:
multiple novel ligand binding proteins as well as enzymes have
been reported. We wanted to know in molecular detail how precise
the predictions of the interactions of protein and ligands are.
Therefore, we performed a structural analysis of a number of
published receptors designed onto the periplasmic binding protein
scaffold that were reported to bind to the new ligands with nano-
to micromolar affinities. It turned out that most of these designed
proteins are not suitable for structural studies due to instability
and aggregation. However, we were able to solve the crystal
structure of an arabinose binding protein designed to bind sero-
tonin to 2.2 A resolution. While crystallized in the presence of an
excess of serotonin, the protein is in an open conformation with no
serotonin bound, although the side-chain conformations in the
empty binding pocket are very similar to the conformations pre-
dicted. During subsequent characterization using isothermal titra-
tion calorimetry, CD, and NMR spectroscopy, no indication of
binding could be detected for any of the tested designed receptors,
whereas wild-type proteins bound their ligands as expected. We
conclude that although the computational prediction of side-chain
conformations appears to be working, it does not necessarily
confer binding as expected. Hence, the computational design of
ligand binding is not a solved problem and needs to be revisited.

arabinose binding protein | biosensor | serotonin receptor |
glucose binding protein | ribose binding protein

Computational protein design has come a long way in recent
years. It has been used to design new folds (1), binding
interactions (2), and catalysts (3, 4) onto existing scaffolds.
Recently, even the successful design of two nonnatural reactions
have been described (5, 6). While these are great steps forward,
many aspects of design leave room for improvement. For exam-
ple, the substrate affinities of the new catalysts are generally only
modest. This is surprising, as high affinity receptors for a number
of small-molecule ligands, such as trinitrotoluene (TNT), L-
lactate, serotonin (2), and the nerve agent surrogate pinacolyl
methyl phosphonic acid (PMPA) (7) have been reported. These
computationally designed receptors were built in the periplasmic
binding protein (PBP) fold. Members of the PBP superfamily are
single-chain polypeptides folding into two distinct, globular N-
and C-terminal domains connected by a flexible hinge region.
The ligand binding site is situated in the cleft between the two
domains. Binding of the cognate ligand induces large confor-
mational changes from an open apo state to a completely closed,
ligand-bound state. Binding affinities of the designed receptors
were determined indirectly by monitoring the changes in fluo-
rescence emission intensity of a covalently attached, environ-
mentally sensitive fluorescent probe (2, 7). We decided to
structurally characterize these receptors further and thus learn
about the strength and shortcomings of current computational
design methods. Of the variety of published receptors, we tested
five high-affinity designs: arabinose-binding protein (ABP) vari-
ants reported to bind to serotonin and L-lactate, a ribose-binding
protein (RBP) variant reported to bind to TNT, and galactose/
glucose-binding protein (GBP) variants reported to bind L-
lactate and PMPA. No binding of the ligands to any of the
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designed receptors could be detected using methods that directly
probe ligand binding, such as isothermal titration calorimetry
(ITC) and nuclear magnetic resonance (NMR), while we were
readily able to detect ligand binding and determine binding
affinities of wild-type PBPs. Taken together, our findings indi-
cate that the investigated protein designs do not bind their new
ligands in the expected way. Thus, the computational design of
ligand binding is not a solved problem and needs to be revisited.

Results and Discussion

Structural Analysis of Designed Receptor Proteins. To characterize a
number of PBP designs on a structural level, we expressed ABPs
designed to bind L-lactate (Lac.Al) and serotonin (Stn.A2),
GBPs designed to bind L-lactate (Lac.G1) and pinacolyl methyl
phosphonic acid (PMPA.G12), and a RBP designed to bind
trinitrotoluene (TNT.R1), as described (2, 7). For a comparative
analysis, wild-type ABP, GBP, and RBP were also expressed.
The His-tagged proteins were purified via affinity chromatog-
raphy and subsequently subjected to analytical gel filtration. The
wild-type proteins, as well as Stn.A2, eluted with a volume
corresponding to the size of the monomer. In contrast, the other
four designed proteins showed a mixture of oligomerization
states indicating a high tendency to aggregate. Thus, these
proteins were purified further via preparative gel filtration. We
were able to separate monomeric Lac.Al, PMPA.G12, and
TNT.R1 (Fig. 1 A, D, and G). However, isolated Lac.Al and
TNT.R1 started to form dimers again overnight or at higher
concentrations. In the case of Lac.G1, only higher oligomeric
states could be observed (Fig. 1D).

We then analyzed the secondary structure content of the
designs by far-UV circular dichroism. While the CD spectra of
most designs were comparable to the ones of the parent proteins,
the spectrum of Lac.G1 indicates a considerable loss of second-
ary structure (Fig. 1 B, E, and H). Therefore, only Lac.Al,
Stn.A2, PMPA.G12, and TNT.R1 were subjected to crystalliza-
tion trials.

In the case of Stn.A2, we were able to grow crystals that
diffracted to 2.2 A resolution and to solve its structure by
molecular replacement using the separated domains of wild-type
ABP (PDB ID 5abp) (8) as search models. Two molecules (A
and B) were found in the asymmetric unit, which are both in
different open conformations (Fig. 2). This was surprising
because the crystals were grown in the presence of 2 mM
serotonin. If binding occurred in the micromolar range as
reported (2), the ligand binding sites should be saturated.
Furthermore, no structure of ABP in the open conformation has
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Biophysical characteristics of designed receptor proteins: (A-C) ABP, Lac.A1, and Stn.A2, (D-F) GBP, Lac.G1, and PMPA.G12, (G-J) RBP and TNT.R1.

(A) Association states measured by analytical gel filtration (0.5 mg loaded each). All three variants elute at the same volume, which corresponds to the molecular
mass of monomeric protein. (B) CD spectra: the intensity of the signal of Lac.A1 is slightly reduced compared to ABP and Stn.A2. (C) Melting curves: no clear
increase in stability upon addition of the respective ligand was observed for all three proteins. Thermal stability of Lac.A1 is severely reduced compared to
wild-type, whereas the stability of Stn.A2 is almost the same. However, visible aggregation of Stn.A2 occurred, leading to varying signal intensity after unfolding.
(D) Analytical gel filtration (0.6 mg each). Lac.G1 exists in solution only in the form of higher order oligomers. PMPA.G12 elutes in a single defined peak but with
a higher apparent molecular weight than wild-type GBP. (E) CD spectra: a loss of secondary structure is observed in Lac.G1 compared to GBP and PMPA.G12.
(F) Melting curves: A stability increase upon addition of ligand was only observed for wild-type GBP. No cooperative unfolding could be observed for Lac.G1.
(G) Analytical gel filtration: (0.9 mg each). Monomeric TNT.R1 can be purified but aggregation increases over time. (H) CD spectra: TNT.R1 has a lower secondary
structure content compared to RBP. (J) Melting curves: The thermal stability of TNT.R1 is severely reduced compared to wild type. Addition of TNT further

decreases thermal stability, because of the solvent acetonitrile.

been reported so far. The opening angle in molecule A is 37° and,
as such, is in the normal range of opening angles adopted by
various wild-type PBPs in open conformation (9). Molecule B
adopts a much further opened conformation with a hinge
bending motion of 96°, so far not observed in any of the 135
structures of wild-type or mutant PBPs published in the protein
data bank. Multiple open conformations have been described for
other members of the PBP superfamily as well (10, 11). Although
it is possible that wild-type ABP adopts similar conformations,
the unusually high rotation angle of molecule B might be an
artifact of crystal packing or a result of mutations in or near the
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hinge region that alter the conformational flexibility of the
protein. Both the N- and C-terminal domains of molecule A
superimpose with wild-type ABP (PDB ID S5abp) in closed
conformation with a rmsd of 0.35 (over 116 Ca-atoms) and 0.24
(122 Ca), respectively, and of molecule B with 0.35 (111 Ce) and
0.32 (133 Ca), respectively. This clearly shows that the backbone
movement is restricted to the hinge region of ABP (see Fig. 2).

Comparison of the binding pocket in the structure and the
computational model (2) shows high similarity. The binding site
residues of the two domains of molecule A and B superimpose
with the coordinates of the model with a rmsd over all atoms of
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Fig.2. Open conformationsof Stn.A2 compared to wild-type ABP (5abp). (A) ABP (gray ribbon) in closed conformation. (B) Stn.A2 molecule A (light blue ribbon).
(C) Stn.A2molecule B (dark blue ribbon). All structures are aligned over their C-terminal domains. One B-strand of the N-terminal domain is highlighted as cartoon
for each structure and shown in each figure to illustrate the hinge bending motion. (D) Superimposition of the N-terminal domains of ABP, and Stn.A2 molecule
A and B. Loop 12-19 (includes design residues A16 and S17) adopts a different conformation in Stn.A2 molecule B (indicated by an asterisk). (E) Superimposition

of the C-terminal domains of ABP, Stn.A2 molecule A and B.

0.79 and 1.17 A for the N-terminal and 1.13 and 1.06 A for the
C-terminal domain (Fig. 3 and Fig. S1). Most side chains in the
binding pocket adopt a conformation that closely resembles the
predictions. Some of these residues have flexible side chains, yet
most side chains adopt a distinct conformation that is the same
in molecules A and B in the crystal structure.

The work of Telmer and Shilton (12) similarly illustrates the
importance of structural studies of designed proteins. Although
they were able to reproduce the Zn(II)-binding properties of a
designed maltose binding protein (13), the crystal structure
showed an unexpected Zn(II) binding mode that differed sig-
nificantly from the design. As Stn.A2, this protein was also found
in an open conformation, indicating that the introduced muta-
tions interfere with the domain closure of PBPs, which might
pose an additional difficulty for design in these scaffolds.

Characterization of the Binding Properties of the Designs. Because
most of the designed proteins seemed unsuited for crystallo-
graphic characterization, we next analyzed their binding prop-
erties using numerous independent biophysical techniques. First
we compared temperature-induced melting curves of wild-type
and designed proteins with and without ligand. In the wild-type
proteins a shift in melting temperature (Tm) can be observed
upon addition of saturating concentrations of the respective
ligand (Fig. 1 C, F, andJ). The Tm of RBP shows a large increase
in the presence of ribose: it increases by 7 °C. This result is in
accordance with a previously reported shift of 6 °C (14). In ABP
and GBP the Tm increases only by 0.7 °C and 2.5 °C, respectively.
For GBP a 6 °C shift has been reported (15). It might be possible
that in our preparation we did not remove all glucose, although
we performed extensive dialysis, which might account for the

D 4

Fig. 3. Comparison of the binding pocket residues in the Stn.A2 design prediction (orange) with the ones in the crystal structure (molecule A, blue). (A)
Superimposition of the binding pocket residues in the N-terminal domain (rmsd of 0.79 over all atoms). S64 is observed in two conformations. (B) Superimposition
of the binding pocket residues in the C-terminal domain (rmsd of 1.13 over all atoms).
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Fig. 4. Analysis of binding by ITC. Binding constants were determined from sigmoidal fits to two independent measurements. (A) Representative ITC

measurements for ABP, Lac.A1, and Stn.A2. No significant change in heat upon addition of the respective ligand could be detected in the case of the designs.
(B) Representative ITC measurements for GBP, Lac.G1, and PMPA.G12. No change in heat upon addition of the respective ligand could be detected in the case
of the designs. (C) Representative ITC measurement for wild-type RBP. Saturation is reached for wild-type RBP already at a molar ratio of 0.5, which indicates
that residual ribose remains in the purified protein sample. No ITC measurement could be performed with TNT.R1 because the ligand TNT is insoluble in aqueous

buffer.

smaller temperature shift. In contrast to the wild-type proteins,
none of the designs showed an increase in stability upon ligand
binding at the same conditions. The addition of TNT to TNT.R1
rather led to a loss in stability (see Fig. 1J), which is due to the
destabilizing effect of the solvent acetonitrile. These experi-
ments show that in general, the thermal stability of the designed
receptors is strongly reduced compared to the wild-type proteins
because of the numerous introduced mutations. We then tested
binding by ITC. The binding constants of arabinose, glucose, and
ribose to the respective wild-type proteins were determined to
3.7+ 1.2 uM for ABP,9.4 = 1.1 uM for GBP, and 0.5 = 0.1 uM
for RBP (Fig. 4). The values for ABP and RBP are in accordance
with previously published binding constants: 2 uM for ABP (16)
and 0.13 uM for RBP (17). For GBP a binding constant of 0.2
uM has been reported (18). The difference in measurement,
which is also observed in the temperature melts, might be caused
by residual glucose in our preparations or the use of different
solution conditions. In contrast to the wild-type proteins, the
designed proteins Lac.Al, Stn.A2, Lac.G1, and PMPA.G12 did
not show any change in heat above the heat of mixing upon
addition of ligand (see Fig. 4). To employ a third independent
technique to detect ligand binding, we performed NMR exper-
iments in which we recorded two-dimensional 'H, PN-
correlation spectra of "N-labeled wild-type, and designed pro-
teins in the absence and presence of saturating ligand
concentrations. Because the chemical shift of a nucleus strongly
depends on its local environment, solution NMR spectroscopy is
a powerful monitor of conformational changes and ligand
binding, even if interactions are as weak as in the millimolar
range. As expected, in the wild-type proteins we observed
numerous large chemical shift changes that are caused by the
protein-ligand interaction, as well as the conformational change
induced by ligand binding (Fig. 5 and Fig. S2). In RBP we
observed two sets of peaks in the NMR spectrum of the apo form
that correspond to a mixture of open and closed conformations
(see Fig. S2C). This could be because of either residual ribose in
the purified protein, although it was dialyzed extensively, or an
equilibrium between open and closed conformations even in the
absence of ribose. However, upon addition of ribose the spec-
trum shifts toward a single set of peaks corresponding to the
bound and closed state (see Fig. S2C). We then recorded 2D
NMR spectra of the ABP-based designs Lac.Al and Stn.A2, the
RBP-based design TNT.R1, and the GBP-based design PM-
PA.G12. The spectra confirm that Stn.A2 is well folded. The
spectral overlap observed for Lac.Al, TNT.R1, and PMPA.G12
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might reflect their tendency to form higher order oligomers as
observed in analytical gel filtration experiments or result from
only partially folded protein (compare CD measurements).
However, upon addition of a large excess of the respective
ligands, we did not observe any significant chemical shift changes
in the NMR spectra of the designed receptors that would indicate
the expected large conformational changes upon ligand binding
as observed in wild-type PBPs (see Fig. 5 and Fig. S2). The
observed minor changes might be a result of unspecific binding
to the open conformation or small pH effects.

Altogether, our combined analysis of the binding properties of
the designs indicates that no specific binding of the target ligands
to the respective designs occurs. In contrast to our measure-
ments, the reported binding affinities for these receptors were
based on an indirect measure via an environment-sensitive
fluorophore attached to the proteins in their hinge regions.
These fluorophores attached to wild-type proteins are able to
sense the conformational change induced through the binding of
a sugar (19). The same concept is expected to work in the
designed receptors. However, this type of analysis might be
susceptible to false-positive results if the ligand or its solvent
directly interacts with the fluorophore or changes its environ-
ment significantly without specific ligand binding to the protein.
Direct measurements, such as presented here, appear to be a
better means to evaluate whether the original design strategy was
successful.

Implications for the Field of Computational Biology. Although the
overall conformation of the designed binding-site residues in
Stn.A2 indeed resembles the model, binding to the new ligand,
serotonin, is not conferred. This should be kept in mind when
judging model quality based on structures without a bound
ligand. Our analysis shows the importance of experimental
and structural validation to improve computational design
methodologies.

We conclude that computational ligand-binding design re-
mains an unsolved problem that needs reconsideration in its
details. Do the algorithms capture all aspects important for the
prediction of small molecule binding? Could the energetic cost
associated with domain reorientation in PBPs (20) pose addi-
tional difficulties for the design in this particular scaffold? Boas
and Harbury (21) successfully used the molecular-mechanics
potential energy function to recapitulate and improve upon
wild-type RBP, which points toward the fact that the general
principles in receptor design hold true. Nevertheless, predicted
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Fig. 5. End-point chemical shift titrations of wild-type ABP and ABP-based
receptors using 2D NMR spectroscopy. (A) ABP without ligand (black) and
20-fold excess of arabinose (red). Large chemical shift changes in the spectra
occur due to ligand binding and ligand-induced conformational changes.
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interactions need to be verified using techniques that directly
probe ligand binding.

Materials and Methods

ABP, GBP, and RBP used as wild-type reference in this study contained addi-
tional mutations to introduce a single cysteine (ABP C64A L253C, GBP S112C,
RBP A234C) to allow for fluorophore labeling. Single cysteines are also present
in the designed receptors (2, 7).

Protein Expression and Purification. Proteins were expressed and purified as
described previously (19). For NMR experiments, M9 minimal medium with
15NH,4Cl was used for expression.

A NiNTA column (Amersham Pharmacia, HisTrap HP 5 ml) was used for the
first purification step. Initially, proteins were eluted with a linear imidazole
gradient. For subsequent purifications, an optimized step elution protocol
was developed for each protein, thus removing the need for concentrating
the sample after this step. To increase purity and to remove higher order
oligomers, an additional gel filtration step (GE Healthcare 26/60 Superdex 75
HiLoad) was performed. Purity of the proteins was checked by SDS/PAGE. To
remove bound sugars, the proteins were dialyzed three times 1:100 against
buffer.

Analytical Methods. Analytical gel filtration was performed using a calibrated
Superdex 75 10/300 GL column (GE Healthcare). Protein concentrations were
adjusted to 1.0, 1.2, and 1.7 mg/ml for ABP, GBP and RBP, and receptor
mutants, respectively. Of each protein solution, 500 ul was applied and eluted
with gel filtration buffer (20 mM Mops, pH 6.9, 100 mM NacCl, 1 mM DTT).

CD spectra and thermal melting curves were recorded with a JASCO J-810
spectropolarimeter in a 1-mm cuvette. Proteins were dialyzed against 10 mM
Tris, pH 8.0, and concentration adjusted to 0.3 mg/ml. In the case of Lac.A1,
Lac.G1, PMPA.G12, and TNT.R1, 10 mM NaCl was present to ensure that the
proteins stay in solution. To investigate stability increase due to ligand bind-
ing, saturating amounts of ligand (20-fold excess) were added for thermal
melting curves.

ITC was performed using a VP-ITC (Microcal). The protein concentration
was adjusted to 100 M and ligand solution was prepared with the respective
concentration in dialysis buffer (20 mM Mops, pH 6.9, 100 mM NacCl, 1 mM
DTT). Measurements were performed at 25 °Cwith astirring speed of 300 rpm,
reference power 15 pcal/s, and spacing of 300 s between injections. The data
were analyzed using the microcal LLC program. Binding constants for wild-
type ABP, GBP, and RBP were determined from sigmoidal fits to data from two
independent experiments.

Nuclear Magnetic Resonance. >N labeled protein was concentrated up to 500
uM, if possible, in 20 mM Mops, pH 6.9, 100 mM NacCl, 1 mM DTT. Prior to
measurement 50 ul of D,O were added to 450 ul of sample. For end-point
titration, saturating amounts of ligand were added in lowest possible
volume to impede dilution. All NMR data were acquired at 30 °Cand in the
case of Lac.A1 at 20 °C on 600 or 800 MHz on Bruker Avance Ill spectrom-
eters equipped with pulsed field-gradient units and triple-resonance
probes (for an overview of conditions, see Table S1). Because of the
relatively large molecular weight of the proteins, transverse relaxation
optimized spectroscopy techniques (TROSY) were applied to record 'H,
5N-correlation spectra. Attenuated T2 relaxation by mutual cancellation
of dipole-dipole coupling and chemical shift anisotropy indicates an ave-
nue to NMR structures of very large biological macromolecules in solution
(22). The data were processed with the NMRPipe/NMRDraw package (23)
and displayed with NMRView (24).

Crystallization, Data Collection, and Refinement. Protein crystals of Stn.A2 were
obtained by standard vapor diffusion of 15.7 mg/ml protein in 20 mM Tris, pH
8.0 with 2 mM of serotonin against 20% PEG 3350, 0.2 M (NHa)citrate within
1 week. After short transfer into crystallization buffer with 10% PEG 400
(vol/ivol) as cryo-protectant, crystals were flash-frozen in liquid nitrogen. X-ray

(B) Stn.A2 without ligand (black) and 10-fold excess of serotonin (red). No
changes upon ligand binding could be detected. (C) Lac.A1 without ligand
(black) and 100-fold excess of L-lactate (red). Because of aggregation at high
protein concentrations or partial folding, the spectra show unresolved areas.
No significant chemical shift changes upon addition of ligand could be de-
tected. Aliased resonances are shown in blue and magenta for protein with-
out and with ligand, respectively.
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data of single crystals was collected with a MarCCD 225-mm detector at the
synchrotron beamline PXII (Swiss Light Source, Villigen PSI). Data were in-
dexed and processed with XDS and converted with XDSCONV (25). Molecular
replacement searches were performed with Phaser (26) using the coordinates
of wild-type ABP N-terminal (residues 2-109 + 254-285 of PDB-entry 5abp)
and C-terminal domains (residues 110-253 + 286-306 of PDB-entry 5abp) as
search models. Model building was performed in alternating rounds of com-
putational refinement with REFMAC 5.4.0066 (27) and manual adjustments
with the program Coot (28). The quality of the final structure was judged by
Molprobity (29) and WhatCheck (30). No density corresponding to the ligand
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