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We present a novel approach to design repeat proteins of the leucine-rich
repeat (LRR) family for the generation of libraries of intracellular binding
molecules. From an analysis of naturally occurring LRR proteins, we
derived the concept to assemble repeat proteins with randomized surface
positions from libraries of consensus repeat modules. As a guiding
principle, we used the mammalian ribonuclease inhibitor (RI) family,
which comprises cytosolic LRR proteins known for their extraordinary
affinities to many RNases. By aligning the amino acid sequences of the
internal repeats of human, pig, rat, and mouse RI, we derived a first con-
sensus sequence for the characteristic alternating 28 and 29 amino acid
residue A-type and B-type repeats. Structural considerations were used
to replace all conserved cysteine residues, to define less conserved
positions, and to decide where to introduce randomized amino acid
residues. The so devised consensus Rl repeat library was generated at
the DNA level and assembled by stepwise ligation to give libraries of
2-12 repeats. Terminal capping repeats, known to shield the continuous
hydrophobic core of the LRR domain from the surrounding solvent, were
adapted from human RI In this way, designed LRR protein libraries of
4-14 LRRs (equivalent to 130-415 amino acid residues) were obtained.
The biophysical analysis of randomly chosen library members showed
high levels of soluble expression in the Escherichia coli cytosol, monomeric
behavior as characterized by gel-filtration, and a-helical CD spectra,
confirming the success of our design approach.
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Introduction

The search for protein frameworks with binding

properties for novel designed binding molecules
can be defined: Besides high thermodynamic
stability and high-level soluble expression in bac-

properties similar to antibodies was initiated once
technologies for synthetic library generation and
selection systems became available. In the past
decade, many alternative framework libraries
have been generated."” A number of desirable

Abbreviations used: AR, ankyrin repeat; IMAC,
immobilized metal-ion affinity chromatography; LRR,
leucine-rich repeat; NTA, nitrilotriacetic acid; PDB,
Protein Data Bank; RI, ribonuclease inhibitor; TBS, Tris-
buffered saline.
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teria, the stability of designed binding molecules
should be independent of disulfide bonds in order
to work in intracellular and extracellular environ-
ments. In addition, designed binding molecules
should possess a sufficiently large surface suitable
for target binding, and they should be tolerant of
surface variations. Nevertheless, most scaffolds
meet only a fraction of these requirements or fall
short of antibodies in terms of affinity or the range
of targets recognized.'?

In addition to classical antibody applications,
designed binding molecules could be a powerful
tool in functional genomics, where specific protein
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knockouts will help to elucidate intracellular pro-
tein networks. Hence, there is a particular interest
in proteins that are stable in the absence of disul-
fide bonds while binding targets specifically
under physiological conditions.? Additionally, the
absence of unpaired cysteine residues will
preclude air oxidation and thus facilitate protein
handling. Also, the spatial separation of frame-
work and recognition function would be of crucial
importance for the design of binding molecules,
so that positions important for binding do not
compromise the properties of the framework.

Besides the immunoglobulin framework used in
the immune system, nature has adopted repeat
proteins as protein scaffolds to support a wide
range of protein—protein interactions.* To under-
line the importance of repeat proteins in nature, it
should be mentioned that the innate immune
system relies mainly on LRR proteins for target
recognition.” Therefore, we wished to investigate
whether LRR proteins could be used to generate a
radically different class of designed binding
molecules. LRR proteins, like other natural repeat
proteins, are composed of consecutive structural
units, or repeats, that stack to form elongated
protein domains providing large interaction
surfaces.® Each repeat potentially contributes to
target binding by the amino acids in designated
surface positions, whereas the framework is
stabilized by the amino acids in framework
positions, thus achieving a spatial separation of
framework and recognition function. Furthermore,
repeats are sometimes encoded by single exons,””
and evolution has varied both the number and the
position of single repeats within a given domain.’
To exploit this modularity for the design of binding
molecules, we developed a strategy based on self-
compatible repeat modules.”® The implementation
of our strategy for ankyrin repeat (AR) proteins is
described in the accompanying paper," and is
described here for LRR proteins. Libraries gener-
ated according to this strategy will allow the
unlimited assembly and shuffling of repeat
modules. Most importantly, binding proteins of
adjustable size can be created, which would open
a new dimension in the selection and affinity
maturation of binding molecules.

Natural LRR proteins participate in many
protein—protein  interactions.'*"®  Well-known
examples are the mammalian RI" the extracellular
domains of Toll-like receptors of the innate
immune system,” the bacterial internalins,” and
the plant disease-resistance R proteins.'® Since the
determination of the first crystal structure,' it has
been clear that the LRR sequence corresponds to a
structural motif. The LRR consists of a B-strand
connected by variable loops to a helical or
extended part (Figure 1(a)), and an initial classifi-
cation in six LRR subfamilies has been proposed,
based on repeat length and specific positions of
conserved residues.* Many LRRs of one subfamily
stack to form a protein domain (Figure 1(b)) with
a continuous hydrophobic core maintained by

Figure 1. Model of a designed LRR protein based on
human RI (PDB: 1A4Y"). The side-chains of amino acid
residues at randomized positions are highlighted in red.
(a) A-type (amino acid residues 142-169 of human RI)
and B-type (residues 170-198) RI-like LRR are shown in
ribbon representation. (b) Ribbon representation of a
designed N3C LRR protein. The abbreviation N3C refers
to a protein composed of an N-terminal capping
repeat, followed by three double repeat modules and a
C-terminal capping repeat. RIs would correspond to
N7C molecules in our nomenclature. The o-helix and
the B-strand of the N-terminal capping repeat are
shown in green, whereas the secondary structure
elements of the six internal repeats are shown in dark
blue, and those of the C-terminal capping repeat are
shown in light blue. (c) Surface representation of the
same molecule as in (b). Randomized positions are
colored in red, all other positions are in grey. The Figure
was generated with MOLMOL.*

leucine and other hydrophobic amino acid
residues. The elongated and curved shape of LRR
domains support large interaction areas with
unequaled affinities. For example, an area of about
2900 A? is buried when RI binds angiogenin'® and
this large interaction area leads to inhibition con-
stants in the low femtomolar range." Remarkably,
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the interaction relies on 13 independent patches
recruited from very distant parts of the RI. Taken
together, all these characteristics urged us to inves-
tigate whether LRRs are suitable to build binding
protein libraries.

We chose the mammalian RI family as our start-
ing point, since it has been relatively well studied
and the three-dimensional structures of human RI
in complex with angiogenin'® as well as that of
pig RI with and without bound RNase A'”*° have
been determined. Moreover, the cytoplasmic
occurrence and the outstanding affinities of RI
make the LRR proteins very attractive for the
design of intracellular binding molecules. To
design novel binding molecules on the basis of
mammalian Rls, we asked the following questions:
How can we design a self-compatible LRR module
that can be assembled into an LRR domain? What
other structural elements are required to stabilize
proteins assembled from self-compatible LRR
modules? Can these proteins be expressed in
soluble form in Escherichia coli? How does the
number of repeat modules influence expression,
solubility and stability?

Results

The design, construction and biophysical
analysis of LRR protein libraries based on the
mammalian RI family is described. Human RI has
460 amino acid residues,” contains altogether 16
wedge-shaped LRRs, and forms 1:1 complexes
with pancreatic RNases.” Since the biophysical
properties of LRR proteins have not been studied
extensively, and since it is not clear which residues
are crucial for folding, stability and binding speci-
ficity, we first analyzed the available amino acid
sequences and crystal structures of the mammalian
RI family as a basis for our library design.

General considerations for the design of self-
compatible LRR modules

The RI-type LRRs are somewhat special in the
LRR family, since the repeats are relatively long
(28 or 29 amino acid residues versus 20-26 in
other LRR subfamilies) and since two types of
repeats are strictly alternating (Figure 2(a)). The
two alternating repeats have been termed A-type
and B-type'” and do not seem to occur by them-
selves. The secondary structure elements of both
repeat types are similar, with a B-strand encom-
passing positions 2-8 of the LRR, followed by a
loop and an a-helix encompassing positions 14-27
(Figures 2(a) and 3). Since we wanted to construct
LRR proteins where repeat modules could be
exchanged, added or deleted easily, we reasoned
that a self-compatible repeat module correspond-
ing to the RI-type LRR should be designed (for a
more detailed discussion, see Forrer et al.'’). There-
fore, we had to analyze whether this self-com-
patible repeat module would correspond to one

LRR or a double repeat module of both A-type
and B-type LRR. The comparison of both LRRs
revealed obvious differences of A-type and B-type
RI-like LRR, for example, the amino acid at
position 10 (Figure 2(a)), where a sharp turn termi-
nates the B-strand (Figure 3). Whereas the A-type
carries a cysteine residue, the B-type has
asparagine, which is most common across all LRR
subfamilies. Nevertheless, both residues have
been described to participate in the asparagine
ladder of LRR proteins, a hydrogen bond network
supposedly stabilizing adjacent LRRs.” Further-
more, structural inspection of all known Rl-like
LRRs revealed differences of A and B-type in the
helical part (Figures 1(a) and 2(a)): Whereas the
helix in the B-type is straight and parallel to the
preceding B-strand, the first turn of the helix in
the A-type is tighter and the second part of the
helix is inclined with respect to the B-strand
(Figure 1(a)). Additionally, different hydrogen
bonds are found: For example, the side-chain of
serine or threonine in position 13 is bonded to the
main-chain nitrogen atom of the amino acid
residue in position 15 in the A-type LRR. In the
B-type LRR, the side-chain of aspartate in position
14 is hydrogen bonded to the side-chain of the
serine or threonine residue in position 13 of the fol-
lowing A-type LRR. In position 16 of the B-type,
glycine is 100% conserved, since there is no space
for a side-chain, whereas in the A-type repeat also
bigger side-chains are found. Position 17 is 100%
cysteine in the A-type, whereas the B-type shows
a number of small hydrophobic residues. Position
23 of the B-type again shows high preference for
glycine, whereas in the A-type small hydrophobic
amino acids are found; again steric reasons seem
the most likely explanation. Finally, the positions
of the helix-terminating proline residues are
obviously different. In the A-type, position 28 is
often occupied by proline, connecting the A-type
LRR directly to the B-type (Figure 3(a)) and leading
to an overall inclined o-helix relative to the
B-strand. The situation in the B-type, however, is
different: proline is found mostly in position 27 fol-
lowed by glycine in position 28, which results in an
a-helix axis parallel with the B-strand, because the
kink is initialized from an earlier part of the last
turn in the a-helix. Position 29 is found only in the
B-type and bridges the gap from the relatively dis-
tant a-helix to the following B-strand (Figure 3(b)).

All these differences suggested to incorporate
both the A-type and the B-type repeat into a
double LRR module with 57 amino acid residues
for the LRR design. We think that the interrepeat
interfaces of the A-type and B-type repeats are
compatible with only the alternating type. In other
words, only the combination of the two repeat
types leads to self-compatible building blocks,
which can stack to form protein domains. To
achieve self-compatibility, the consensus sequence
of the 57 amino acid repeats was determined,
which should filter out specific repeat incompati-
bilities that might have arisen during evolution.
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Figure 2. Structure-based LRR alignment of human RI and statistical analysis of the mammalian RI family consen-
sus. (a) LRR alignment of human RI colored according to amino acid type (yellow, aliphatic; orange, aromatic; green,
polar; red, acidic; blue, basic; light green, glycine). The N-terminal capping repeat is followed by seven double repeats
and the C-terminal capping repeat as indicated. The LRR secondary structure elements are shown below the sequence.
(b) Occurrence (as percentage) of the three most frequent amino acid residues found in the statistical analysis of
human, pig, rat and mouse Rls aligned to fit the LRR consensus.'”” Amino acid residues occurring in more than 80%
of the respective repeat positions are shown on a red background, less frequent positions are shown in decreasing
intensities of orange as indicated in (c), which shows consensus LRR sequences determined at different threshold
values as indicated at the left. Positions with less than the indicated frequency are marked by a dash, e.g. positions 4,
8, and 28 of the A-type Rl-like LRR and positions 6, 11, 18, 26, and 28 of the B-type Rl-like LRR in case of less than
30% conservation. Many differences between the two repeat types become apparent, e.g. positions 13 and 14 of the
two LRR types. (d) Overview on all residues of human RI interacting with angiogenin'® indicated in the LRR align-
ment. (e) Design of a sequence motif encoding an LRR double repeat module with 57 amino acid residues (for details,
see the text). Consensus (1) shows the sequence motif for a threshold of 40% frequency of one amino acid. Consensus
(2) shows the sequence motif after the identification of the conserved type of amino acid at positions 1, 16, and 18 of
the A-type LRR and positions 2, 17, 18,19, 26, and 28 of the B-type LRR (positions are highlighted in red). Consensus
(3) shows the sequence motif after the analysis of interacting residues used by RI to bind its target proteins. Consensus
(4) shows the sequence motif based on additional structural analysis of non-conserved positions. Consensus (5) shows
the sequence motif after replacement of all conserved cysteine residues. The digits denote mixtures of amino acids of
the following compositions: 1 stands for D, E, N, Q, R, K, S, Y, W;2for N, S, T; 3 for L, M, V;and 4 for G, D, N, S, T,
H. (f) Consensus sequence adopted for the construction of the designed LRR proteins following sequence and struc-
tural analyses. Colors are as in (a), randomized positions are shown in black. The digits are abbreviations for mixtures
of amino acids as explained in Table 2.
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Figure 3. Structural comparison of A-type and B-type
RI-like LRRs of human RI. Amino acid residues
142-169 of human RI were used as a representative
A-type LRR, whereas amino acid residues 341-369 were
used as a representative B-type LRR. The orientation of
the LRRs is as in Figure 1(a). (a) Side-chains of amino
acids mediating intrarepeat interactions are shown in
ball and stick representation. Both A-type and B-type
rely on hydrophobic amino acids in positions 2, 5, 7, 12,
20, and 24. Position 10 is occupied by Cys in the A-type
and Asn in the B-type. (b) Side-chains of amino acid resi-
dues mediating interrepeat interactions are shown in ball
and stick representation. Note that positions 16, 23, 25,
and 28 of the B-type Rl-like LRR are occupied by glycine
and therefore no side-chain is present. Different amino
acid preferences between A-type and B-type LRR are
obvious in positions 14, 16, 17, 19, 21, 23, and 29. Note,
for example, the conserved Cys at positions 17 of the
A-type, where Val is preferred in the B-type. (c) Side-
chains of amino acid residues exposed to the surround-
ing solvent are shown in ball and stick representation.
The helix terminating proline residues in position 28 of
the A-type and position 27 of the B-type induce the kink
connecting to the following repeat. The Figure was
generated with MOLMOL.*

The consensus so obtained should facilitate the
definition of positions amenable to randomization
for the desired binding function. Furthermore, con-
sensus protein design has improved expression
yields and stability of immunoglobulins and other
proteins in previous studies.**~** The steps of the
mammalian RI consensus calculation are described
below.

A mammalian Rl consensus

Four protein sequences of the Rls from man, pig,
rat, and mouse (Swiss-Prot accession numbers:
P13489, P10775, P29315, and GenBank accession
number AAK68859, respectively) were used to
derive an RI-type LRR consensus. Despite exten-
sive database searches, no other RI-like LRR
sequence was found at the time of the initial align-
ments. The sequence identities of all four RIs are
above 74% (similarity: above 79%) for each pair,
mouse and rat being the closest homologs with
91% identity (similarity: 93%). Initial alignments to
fit the hallmark LRR motif LxxLxLxxY/cxL
resulted in 14 internal LRR repeats for each
sequence.* None of the mammalian RI-like LRR
displays an insertion or deletion, which makes the
alignment straightforward. The internal repeats
are flanked at both termini by different LRR
sequences, which we call capping repeats. The
N-terminal capping repeat contains 30 amino acid
residues and the C-terminal capping repeat con-
tains 34 amino acid residues in the case of the
human RI (Figure 2(a)). Since these capping repeats
clearly deviate from the internal repeats, they were
treated separately in the following analysis (see
Capping repeats, below). The 14 internal LRR
repeats showed the expected alternating pattern of
seven A-type and seven B-type RI repeats
(Figure 2(a)). To obtain the consensus for the 57
residue A-type/B-type double repeat module, the
mammalian RI protein sequences were again
aligned internally (e.g. human RI, Figure 2(a)) and
the frequency of each amino acid residue at each
position was calculated over all four protein
sequences (Figure 2(b)).

In the following, the position of amino acids in
the A-type or B-type Rl-like LRR are denoted by
Ax or Bx, respectively, where x refers to the pre-
viously defined numbering (shown in Figures 2
and 3) within a LRR."” Among the positions with
less than 40% frequency of one residue type, the
following positions were readily defined by identi-
fying the conserved type of amino acid: Position
Al: 25% of Arg and 21% of Lys together argued
for a positively charged amino acid, so Arg was
chosen. Position A16: 39% Gly together with 25%
Ser argued for a small amino acid, so Gly was
chosen. Position A18: 32% Lys, 7% Arg, 14% Glu
indicated that charged amino acids would be pre-
ferred, so Lys was chosen. Position B3: 32% Arg
and 29% Lys argued for a positively charged
amino acid, so Arg was chosen. Position B17: 39%
Val, 21% Ala, and 21% lle suggested strongly that
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aliphatic amino acids were preferred, so Val was
chosen. Position B18: 29% Arg and 7% Lys pointed
to a positively charged amino acid, so Arg was
chosen. Position B19: 39% Leu together with 7%
each of Ala and Val suggested that hydrophobic
amino acids were preferred, so Leu was chosen.
Position B26: 29% Asp, 29% Gln, 11% Glu, and 7%
Asn suggested that charged or polar amino acids
were preferred, so Asp was chosen. Position B28:
26% Gly and 22% Ser indicated that a small amino
acid would be preferred, so Gly was chosen.

At this point, the suitability of the adopted
decisions was checked manually to verify the com-
patibility of the chosen amino acids. Only positions
A18 and B18 seemed to be questionable, because
electrostatic repulsion between the chosen Lys and
Arg might occur. However, since this combination
of positive charges was found also in double
repeats 3-5 of human RI (Figure 2(a)), and the
negatively charged Asp had been chosen at pos-
ition A19, these choices were kept. Taken together,
consensus (2) was obtained (Figure 2(e); newly
defined positions are highlighted in red). For the
remaining 12 non-conserved positions, a more
detailed analysis including structural and func-
tional data was undertaken.

Target interaction positions

A detailed description of the interacting residues
of RI in complex with RNase A or angiogenin has
been published,'® and we performed the internal
alignment of these amino acid residues
(Figure 2(d)). The alignment indicated that pos-
itions A6, A8, and A9 and positions B4, B6 and B9
are used frequently for RNase binding. All these
positions are part of the B-sheet region and have
side-chains  projecting  from the B-sheet
(Figure 3(c)). The calculated frequencies of each
amino acid of these interaction positions in the
mammalian RI family revealed that Trp at position
A6 occurred with the highest frequency (39%),
whereas all other amino acids were found with a
frequency of 32% or less. The choice of a threshold
of 40% conservation for the first consensus there-
fore most likely did not include any target inter-
action position. Among the positions with 30% or
less conservation, position A4 was included in the
target interaction positions, since it exhibits Lys
(29%), Val (25%), Ser (21%), Thr (18%), Glu (4%),
and Ala (4%), suggesting that all residue types can
occur at this position. Position B4, however, which
also interacts with RNase A, was not included,
since Glu is 100% conserved and might have a
structural importance. The decision, which amino
acids to allow in each position, was guided by the
following findings. Positions A6, A8, and A9 are
almost always occupied by big, polar or charged
amino acid residues, whereas in positions B6 and
B9 a tendency to small amino acid residues was
observed. For example, position B6 is occupied by
Asp (25%), Ser (21%), His (14%), GIn (14%), Thr
(7%), Val (7%) and Ala, Asn, Cys (less than 4%

each). No structural role of the side-chains of
these target interaction positions was obvious.
Guided by the distribution of binding residues
observed in mammalian RI, we used positions A4,
A6, A8, A9 and B6, B9 for randomization
(Figure 1(a)). The use of trinucleotide mixtures”
for oligonucleotide synthesis allowed us to freely
define which amino acids should be used in
which position. As suggested by mammalian RI,
we used mainly polar, charged and aromatic resi-
dues in the A-type target interaction positions and
smaller residues in the B-type target interaction
positions (Figure 2(e)). For better orientation, a sur-
face plot of a space-filling model of an N3C library
member is shown (Figure 1(c)). The abbreviation
N3C refers to a designed LRR protein composed
of an N-terminal capping repeat, followed by
three double repeat modules and a C-terminal
capping repeat. Note that this nomenclature is
different from the designed AR proteins," since
we count a double repeat as “one” in the case of
the designed LRR proteins. Taken together, consen-
sus (3) was obtained (Figure 2(e); newly defined
positions are highlighted in red). The theoretical
diversity of one double repeat module is
2.13 x10° an N2C library thus has a theoretical
diversity of above 10', the theoretical diversity for
an N4C library would even be above 10%.

Defining non-conserved positions

The arbitrarily chosen threshold of 40%, which
resulted in consensus (1), defined 36 of 57 amino
acid residues for the double LRR module
(Figure 2(c)). A further nine positions were defined
on the basis of a conserved type of amino acid
(consensus (2)) and another six positions were
used for randomization, as they might be used for
target interaction (consensus (3)). For the remain-
ing six undefined positions a detailed structural
analysis was undertaken, since no conserved
sequence pattern was obvious, and they had not
been implicated in target interaction. However,
since not all known RI complexes have been crys-
tallized, amino acids at non-conserved positions
may still have a function in other protein—protein
interactions. Another possibility is that the residue
type at these positions simply has no particular
structural or functional role. Because extremely
high affinities were reported for mammalian RIs,
we followed the hypothesis that sufficient target
binding was accomplished via the B-sheet surface
alone. As a consequence, we decided to choose
one particular amino acid in each of the remaining
positions based on structural considerations. In
position 11 of both A-type and B-type, the amino
acid side-chain is exposed to the solvent, so that a
hydrophilic amino acid should be preferred. Since
none of the residues in position 11 displayed inter-
repeat side-chain H-bonds, All was arbitrarily set
to Asp and B11 to Lys. This mimics the situation
in double repeat 7 of human RI (Figure 2(a)),
where Asp378 and Arg351 occupy these positions.
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Position A21 had 36% Cys, 29% Ala, and 18% Ser
in the RI consensus. The side-chains are located at
the interface between the hydrophobic core and
surface and mediate interrepeat contacts
(Figure 3(b)). Alanine was chosen at position A21,
since it should be a good compromise and has a
high helical propensity. Position A28 had 29% Pro,
21% Arg, and 18% Ala in the RI consensus. Since
the a-helix in the A-type LRR is often terminated
by proline, this amino acid was adopted for posi-
tion A28. Position B22 had 39% Glu and 36% Gln.
Since the positions B18 and B26 above and below
in the a-helix were already occupied by the
charged amino acids Arg and Asp, GIn was chosen
to prevent electrostatic repulsion. Position B25 had
36% Leu, 18% Lys, and 18% GIn. Again, the side-
chain of the amino acid at this position was at the
interface between hydrophobic core and surface.
Since B26, however, was already set to Asp, and
the combination of Leu at B25 and Glu or Asp at
B26 occurred frequently in human RI, position B25
was chosen to be Leu. Further structural inspection
of all crystal structures for conserved hydrogen
bonds or salt-bridges did not suggest further
changes. Two positions, however, were modified
to increase the polarity of the surface of the
designed LRR proteins. In position Al4, where
46% Ala, 25% Glu, and 7% Ser were found, Glu
was chosen, since no steric limitation was obvious.
This increases the number of negative charges and
lowers the pl, thus mimicking the situation in
mammalian RI (Table 1). Similarly, position A26
(46% Ala, 25% Ser, and 11% Val) was set to Ser,
since the side-chain clearly points to the solvent.
Taken together, consensus (4) was obtained (Figure
2(e); newly defined positions are highlighted in
red).

Replacing the cysteine residues

The proteins of the mammalian RI family
possess a large number of unpaired cysteine
residues (32 in human RI)." Positions A10 and
A17 of the Rl-type LRR consensus are occupied
exclusively by Cys, and positions B21 and B29 still
have about 70% Cys (Figure 2(b)). These cysteine

residues of Rl seem to be involved in RI inacti-
vation by oxidation, and this mechanism was
shown to lead to protein degradation in cell
culture.® It is not known whether there is an
additional structural importance for the Cys con-
servation. Since we set out to create repeat proteins
for uses independent of the redox potential, we
wanted to replace all cysteine residues.

As outlined above, the amino acid at position
A10 is known to participate in the asparagine
ladder.” Except for the cysteine-containing LRR
subfamily, which also carries Cys at position 10,
all other LRR subfamilies have Asn as the most fre-
quent amino acid at position 10. Other residues
found frequently at position 10 include Ser or Thr
(cf. the LRR protein with the GenBank accession
number CAA99846). Thus, we decided to use the
mixture of Asn, Ser, and Thr for position A10 of
the designed LRR module. Position A1l7 is
involved in interrepeat stacking and participates
in the continuous hydrophobic core. The compari-
son of residues found in position Al7 with those
in position B17, which is structurally similar
(Figure 3(b)), showed that mostly large hydro-
phobic residues are used. Hence, we opted for a
mixture of Leu, Val, and Met to replace the cysteine
residues in position A17. In positions B21 and B29,
the second most frequently occurring amino acids
were chosen: Leu (25%) at position B21 and Thr
(11%) at position B29. Taken together, consensus
(5) was obtained (Figure 2(e); newly defined pos-
itions are highlighted in red). Consensus (5) is also
shown colored according to amino acid type
(Figure 2(f)) to facilitate comparison with the
LRRs of human RI shown in Figure 2(a).

Capping repeats

When the DNA sequence of pig RI was first
described, the authors noticed that 15 internal
LRRs were flanked by short differing terminal
amino acid stretches.?” Nevertheless, the structure
of pig Rl revealed that the molecule was composed
of 16 LRRs and an additional B-strand at the C
terminus. This apparent contradiction could be
resolved by defining the starting point of an LRR

Table 1. Biophysical properties of designed LRR proteins and mammalian Rls

Name N3C N4C N5C N6C Human RI? Pig RI? Rat RI* Mouse RI?
Length (amino acid residues) 244 301 358 415 461 456 456 456
Number of LRRs® 8 10 12 14 16 16 16 16
Molecular weight* (Da) 26,981 33,363 39,610 45,557 49,973 49,023 49,905 49,816
Extinction coefficient® (M™' cm™) 15,220 22,190 23,470 17,780 39,900 34,470 41,440 41,440
pl 5.46 4.67 4.93 5.05 4.54 4.59 4.47 4.51
Arg + Lys 29 33 42 50 40 36 40 41
Asp + Glu 36 49 56 62 62 58 63 61
Net charge -7 —16 —14 —12 —-22 —-22 -23 —20
Cys 0 0 0 0 32 30 30 30

# All mammalian Rls correspond to N7C, i.e. have 16 LRRs.

 Counting all LRRs. Note that in our nomenclature “N3C” refers to a LRR protein with two capping repeats and three double

repeat modules, i.e. 8 LRRs.

¢ Calculated with PEPTIDESORT (Wisconsin Package Version 10.2, Genetics Computer Group, USA).
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Figure 4. Comparison of surfaces or interrepeat
interfaces of internal and capping LRRs of human RI.
All representations shown on the left are oriented so
that the B-strand is on the left as in (a). To visualize the
other faces, each representation has been rotated by 180°
around the vertical axis as indicated. Side-chains of
amino acid residues belonging to the hydrophobic core
are colored in green. Residues atypical for otherwise con-
served LRR positions have been colored according to
atom type. (a) A ribbon representation of the N-terminal
capping repeat. (b) Surface of the N-terminal capping
repeat (corresponds to amino acid residues 5-29 of
human RI) viewed from the surrounding solvent (left)
and viewed from inside the repeat stack (right). The
side-chains of residues deviating from the consensus
(here, GIn5, Glul2, Argl8, GIn27, and GIn28) are colored
according to atom type (N, blue, O, red) and show the
adaptation of the N-terminal LRR to the hydrophilic
surrounding. (c) Surface of an internal 57 amino acid

to be at the beginning of each B-strand,'” so that the
short differing terminal peptides became complete
but specialized capping LRRs. The optimal align-
ment of the N and C-terminal LRRs of human RI
to the internal LRRs is shown in Figure 2(a) and
the boundaries between capping repeats and
internal repeats are indicated. The three-dimen-
sional structures of the terminal LRRs suggest the
classification of the N-terminal LRR as B-type RI
LRR homologue, whereas the C-terminal LRR is
homologous to A-type RI LRRs. This classification
is also in agreement with the strict alternation of
A and B-type LRR.

Our classification of capping LRRs reveals
important differences of capping repeats and
internal repeats (Figures 2(a) and 4). Several hydro-
phobic positions of the internal repeats are
occupied by polar amino acids in the capping
repeats. In human RI, the side-chain of glutamate
12 (at LRR position 10) of the N-terminal LRR
shields part of the hydrophobic core (Figure 4(b))
from the solvent. Similarly, Argl8 and GIn27 (at
LRR positions 16 and 25, respectively) cover part
of the hydrophobic core (Figure 4(b)). For the
C-terminal repeat, Glu443, GIn447, and Glu450 (at
LRR positions 17, 21, and 24, respectively) are
obviously different from the A-type Rl-like LRR
and constitute a charged shield for the hydro-
phobic core. Arg457 and the C-terminal Ser460 (at
LRR positions 3 and 6, respectively) of the
additional terminal p-strand complete this
arrangement. The structural importance of these
capping repeats lies, most probably, in the shield-
ing of the hydrophobic core from the surrounding
solvent and thus the stabilization of the domain.

For the library design, the following changes of
the capping repeats were engineered. In the case
of the N-terminal capping repeat, the most obvious
difference of human RI compared to the other
mammalian sequences was a five residue extension
following the initial methionine residue. At the
DNA level, this corresponds to a 15bp dupli-
cation,” and structural inspection revealed an
extended first B-strand.’® Since this extension is
apparently not necessary for function but exposes
two hydrophobic amino acid residues to the
solvent, we decided to remove this extension of
the first B-strand. Furthermore, the two cysteine
residues in the N-terminal capping repeat were

residue double repeat module (composed of amino acid
residues 142-198 of human RI) viewed from the
N-terminal side (left) and viewed from the C-terminal
side (right). (d) Surface of the C-terminal capping repeat
(amino acid residues 435-460) viewed from inside the
repeat stack (left) and viewed from the surrounding
solvent (right). The side-chains of residues deviating
from the consensus (here: Glu443, GIn447, Glu450, and
Ser460) are colored according to atom type (N, blue, O,
red) and show the adaptation of the C-terminal LRR to
the hydrophilic surrounding. The Figure was generated
with MOLMOL.*



Designing Leucine-rich Repeat Protein Libraries

479

(a) BamH| BssHIl Xhol  Hindlll
PQE_LNC — N C —
BssHIl  Miul Xhol
1
BamHI BssHIl  MlulXhol  Hindlll
pQE_N1IC — N 1 C —
(b) BssHIl  Miul Xhol
1
Miul BssHII
BssHIl  Miul digestion BssHII MIu\IXhoI
1 2
\]igation
BssHII Miul Xhol
1 2

LIGBABTATL[GGAGLI SEATTCITCTIGAC

GF—\’"F"_‘CATAGACCTCCPLCTBA TGGAGTGGC CCGGCC
L E Y L E L D D L T E A G

CGCTCCAACCCGAGCCT
475 ——mmm ol e
GCGAGGTTGGGCTC!

-
T'TTAFQ['T( FCTA""( TT(L

" it vl )

GI\JLTCGI\GGACE‘GGl‘”‘Gt‘ACGCCCTC"A"ALGGl\f‘AHG

VTALC'I‘CCTGGCCGACGTCC(.;CCAC"TC‘TTCCTGTTC
M £FE D R L Q A L E K D K -
Hindlll

Y L I 5

Figure 5. Cloning strategy and final DNA sequence of
a designed N2C LRR protein. (a) Plasmid pQE_NC,
containing the coding sequence of both capping
repeats, was digested with restriction endonucleases
BssHII and Xhol, and ligated to a PCR-assembled library
of designed LRR modules to yield plasmid library
pQE_NIC. The same cloning strategy was adopted for
LRR libraries encoding multiple repeat modules.

replaced. Cys12 (at LRR position 9) in human RI
was changed to serine, because the side-chain was
found to be exposed to the solvent. Cys30 was
replaced by proline to fit the consensus position
27 of the designed LRR sequence motif. Since all
mammalian RI are lacking four residues between
the N-terminal LRR and the first internal LRR
(Figure 2(a)) compared to the consensus LRR
modules, a four residue insertion fulfilling the
structural requirements for the adjacent consensus
repeat module was sought. The insertion was
designed according to the B-type LRR consensus,
because the N-terminal capping repeat is homo-
logous to B-type LRR repeats: Thus, the choice of
the first amino acid of the insertion was based on
the analysis of position B28. In this position, a
very low level of conservation is found, but it is
clear that the side-chain points to the solvent
and has no steric limitation, so tyrosine was
chosen. For the second insertion at the end of the
N-terminal capping repeat, the choice was based
on the analysis of position B29. Cysteine, serine or
threonine do occur, but alanine was chosen, since
it was compatible with the cloning strategy and
no negative structural effect was to be expected.
The alignment of all mammalian C-terminal
capping repeats showed only three homologous
variations (alignment not shown). None of these
variations was considered important for the design
and the human C-terminal RI capping repeat
sequence was used without further modification.

Design verification, gene synthesis and cloning

The designed protein sequences were assembled
in silico and compared to mammalian RIs. Human
RI, a protein with 16 repeats and thus correspond-
ing to N7C, showed 57% similarity to and 52%

(b) Stepwise modular assembly of the LRR library. The
first step of the ligation strategy to obtain multiple repeat
modules is shown. The PCR-assembled LRR module was
digested separately with either MIuI or Bss HII. Note that
compatible overhangs are generated, which cannot be
digested after ligation in the desired orientation. Thus, a
stepwise directional elongation of the designed LRR
proteins is possible at the DNA level. (c) The DNA
sequence and the translated protein sequence of a
randomly picked N2C LRR library member is shown.
The recognition sequences of the restriction endo-
nucleases Bam HI, BssHII, Miul, Xhol, and HindIII are
highlighted by dark grey boxes. The sequence ACGCGC
created by the ligation of compatible ends generated by
BssHII and MIul is boxed at position 400. Randomized
positions of the first repeat module (position 232-402)
and second repeat module (position 403-573) are boxed
and numbered. Light grey boxes indicate positions of
randomizations for target binding, open boxes indicate
framework randomizations to explore optimized protein
structure. Digits 1-4 denote which trinucleotide
mixture” was used for the synthesis of the degenerate
oligonucleotides (see Table 2 for detailed composition).
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identity with the designed N7C protein; however,
if all 56 randomized positions were identical with
human RI, 68% similarity and 64% identity would
be obtained. The biophysical properties such as
charge and pl were comparable to all mammalian
RIs (Table 1). Having designated the amino acids
at all positions, the protein sequence was back-
translated into a corresponding DNA sequence by
choosing codons known to support strong
expression in E. coli.*® The resulting DNA sequence
was checked for the absence of restriction endo-
nuclease sites of the 6 bp cutter category. Where
necessary, the DNA sequence was modified with
alternative codons.

Our cloning strategy relied on insertion of the
designed LRR libraries into plasmid pQE30
(QIAgen) via the BamHI and Hindlll restriction
endonuclease sites. First, the DNA fragments cor-
responding to the N-terminal LRR capping repeat
and the C-terminal LRR capping repeat were
cloned into the Bam HI and HindllI sites of pQE30.
This resulted in the plasmid pQE_NC containing
all restriction endonuclease sites required for the
cloning of the library modules (Figure 5(a)). For
the stepwise ligation of LRR modules, the restric-
tion endonucleases Bss HII and Mlul were chosen,
since they were compatible with the designed
amino acid sequence and since they create com-
patible overhangs upon digestion. The designed
LRR modules were PCR-assembled from partly
randomized oligonucleotides of 50-72bp length
with overlapping regions of 15-18bp (see
Materials and Methods). Separate digestion of
repeat modules with either Bss HII or Miu I was fol-
lowed by ligation to give repeat module dimers
(Figure 5(b)). The ligation product was again
digested with either BssHII or Mlul and ligated
until the desired number of repeat modules was
obtained. Finally, DNA libraries of various lengths
were digested with BssHII and Xhol, and ligated
into the similarly treated pQE_NC plasmid to give
plasmid libraries pQE_N1C, pQE_N2C, or
pQE_N4C. The plasmid libraries of lengths N3C,
N5C, and N6C were obtained by extension of the
N2C and N4C libraries by one or two repeat
modules. The coding sequence of an N2C library

member and the corresponding amino acid
sequence are shown (Figure 5(b)).

After transformation, single colonies were
picked randomly and the DNA sequence of the
plasmids was determined. The DNA sequences of
18 unselected library members of lengths N1C,
N2C, and N4C (equivalent to a total of 50 repeat
modules) were determined and 13 full-length
clones were obtained. The remaining five clones
had six single-base deletions resulting in prema-
ture stop codons. Importantly, about 80% of all
sequenced LRR modules were without frameshift.
The designed randomizations showed the desired
amino acid residues with a trend to slightly higher
asparagine incorporations. The percentages of
amino acids found are given in Table 2. In mixture
1, a percentage of 12% was anticipated for all
amino acids except Tyr and Trp, where 6% were
anticipated. Asn was found in a significantly
higher proportion, all other amino acids were in
the range of the expectations. The deviations are
probably not significant, due to the small number
of analyzed sequences. In mixture 2, values of
50% for Asn and 25% each for Ser and Thr were
anticipated and found in the analyzed sequences.
Similarly, mixture 3 was anticipated to contain
50% of Leu and 25% each for Met and Val, which
was also found. Finally, mixture 4 was anticipated
to contain 17% of each of the six designated amino
acids. Again, Asn was significantly higher, but the
remaining distribution was as anticipated. In the
case of the AR protein library, a similar trend was
observed." For further analyses, four clones
devoid of frameshifts and stop codons were
chosen. The chosen lengths of N3C-N6C are
especially interesting, since we want to create
binding molecules with sufficiently large target
interaction areas.

Expression and purification of randomly
chosen library members

Designed repeat proteins of all LRR libraries
(N1C-N6C) ranging from 130 to 415 amino acid
residues were expressed at 37°C in XL1-Blue
cells following standard procedures. Cells were

Table 2. Library composition of 18 randomly chosen LRR library members

Mixture® D E G H K L M N Q R S T \% W Y
1 11 9 13 25 5 5 15 2 14
2 52 18 26

3 48 28 24

4 6 9 14 37 22 12

The experimentally determined frequency of each amino acid occurrence at randomized positions is given as a percentage. No
value indicates that this amino acid was not included in the mixture and indeed, only the amino acids encoded by the respective
mixture were found. A total of 199 codons (one deletion was observed) was analyzed for mixture 1, 50 codons were analyzed for
each of mixtures 2 and 3, and 100 codons were analyzed for mixture 4. In mixture 1, the expected frequencies were 13% for each
amino acid except Trp and Tyr (each 6%). In mixture 2, the expected frequencies were 50% for Asn and 25% for each Ser and Thr. In
mixture 3, the expected frequencies were 50% for Leu and 25% for each Met and Val. In mixture 4, the expected frequencies were

17% for all six amino acid residues.

? Denotes one of the four oligonucleotide mixtures used for the randomization of the LRR module. The locations in the LRR

sequence motif are given in Figures 2(f) and 5(c).
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Figure 6. Solubility analysis of designed N4C LRR
library members by SDS-PAGE stained with Coomassie
brilliant blue. Six randomly chosen clones were analyzed
after induction of expression and sonication. The pos-
ition of the designed N4C LRR proteins is indicated.

sonicated, and the soluble and insoluble fractions
were analyzed by SDS-PAGE. Six independent
clones of length N4C are shown (Figure 6). Other
lengths look similarly (data not shown). No influ-
ence of the randomized framework positions on
protein expression was obvious for any protein
length. The soluble fraction always contained
about 5-20 mg of designed LRR protein per 11
culture, whereas the insoluble fraction contained
about 200 mg/l (Figure 6). Purification of the
designed repeat proteins to very high purity was
achieved from the soluble fraction by wusing
immobilized metal ion affinity chromatography
(IMAC). Refolding of the insoluble LRR proteins
was possible following IMAC purification under
denaturing conditions. We routinely purified
5-10 mg of protein per 11 culture from the soluble
fraction or 30-50mg from refolding of the
insoluble fraction. A few of the purified LRR
showed a tendency to aggregate; however, most of
them could be handled at concentrations of above
200 M (6-9 mg/ml) without any signs of precipi-
tation. Storage at 4 °C was possible for at least one
month without loss of material for all LRR proteins
tested.

Biophysical characterization

For the biophysical characterization, four
designed LRRs of lengths N3C, N4C, N5C, and
N6C were chosen. Size-exclusion chromatography
of designed LRRs in TBS,5, (pH 7.4) was performed
using a Superdex 75 column (Pharmacia) and
showed single symmetric peaks (Figure 7). The
apparent molecular mass values estimated from
molecular mass standards were 1.4—1.5-fold higher

V, 66kDa 29 kDa12.4kDa V,,

LS R S S |

N3C
E
< | N4C
o
=
5
o
N5C
N6C
6 7 8 9 10 11 12 13 14 15 16 17 18
Vg (ml)
Figure 7. Size-exclusion chromatography of the

designed N3C, N4C, N5C, and N6C LRR proteins.
Proteins were analyzed after IMAC purification on a
Superdex 75 column with TBS;5, buffer. The void volume
V, of the column is about 8 ml and the total column
volumn V, is about 17 ml as indicated. The retention
volumes of the molecular mass standards bovine serum
albumin (66 kDa), carbonic anhydrase (29 kDa), and
cytochrome ¢ (12.4 kDa) are indicated.

than expected for globular proteins. CD
spectrometry was used to measure the secondary
structure content, showing o-helical secondary
structure with minima of 222nm and 206 nm
(Figure 8(a)). The a-helical content was estimated
to be around 35% for N3C, 36% for N4C, and 39%
for N5C.*" In the presence of 7M urea, the same
proteins did not show a minimum at 222 nm, con-
sistent with the absence of a-helices. The trypto-
phan fluorescence emission spectra were recorded
in the presence and in the absence of urea.
Denaturation of the proteins was accompanied by
a reduction of fluorescence intensity and by a shift
of the emission spectra to higher wavelengths
(Figure 8(b)). In these experiments, the protein of
length N6C was not included, since it tended to
aggregate during equilibration.

The equilibrium denaturation of the designed
LRR proteins was followed by both CD spec-
troscopy and tryptophan fluorescence using urea
as denaturant (Figure 9). Both measurements
show relatively broad transitions between 2M
and 4M urea. The curves derived from CD
spectroscopy and tryptophan fluorescence spec-
troscopy were not superimposable. It should be
mentioned that the Trp residues are located in
both terminal capping repeats but not in the hydro-
phobic core of the designed repeat domains. Since
the curves do not coincide, and since the tran-
sitions are exceptionally broad, we think that
unfolding does not follow a simple two-state
mechanism. Tryptophan fluorescence may mostly
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Figure 8. (a) CD spectra of the designed N3C, N4C,
and N5C LRR proteins in 0M and 7 M urea. Proteins
were analyzed after IMAC purification and dialysis.
(b) Fluorescence emission spectra of the designed N3C,
N4C, and N5C LRR proteins in 0 M and 7 M urea. The
excitation wavelength was 295 nm and the spectra were
normalized to the maximum intensity observed. The flu-
orescence spectra of the proteins were measured in
TBS;s, buffer.

monitor the unfolding of the capping repeats,
which appear to unfold at lower concentrations of
denaturant than the internal repeats. In contrast,
CD spectroscopy monitors contributions from all
parts of the LRR domain. If the CD data of protein
N5C were fit to a two-state model, a midpoint of
denaturation of about 29M urea would be
obtained, but the cooperativity of this protein
would then be only about 3 kJ/mol M, which is
clearly less than expected for highly cooperatively
unfolding proteins of this size.”” Consequently, a
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Figure 9. Equilibrium denaturation of the designed
N3C, N4C, and N5C LRR proteins followed by CD
spectroscopy and fluorescence measurement. Proteins
were analyzed after IMAC purification and dialysis.
(a) The mean residue ellipticity measured at 222 nm is
plotted against increasing concentrations of urea. (b) The
normalized fluorescence intensity measured at 330 nm
after excitation at 295 nm is plotted against increasing
concentrations of urea.

two-state behavior of the designed LRR proteins is
unlikely and further quantitative analysis of the
equilibrium denaturation data was not undertaken.
An apparently greater stability of protein N5C
compared to proteins N3C and N4C is visible in
both the CD and the tryptophan fluorescence
measurements. However, it needs to be pointed
out that the proteins tested differ in eight positions
per repeat. Therefore, it is too early to conclude
that longer proteins are more stable. Equilibrium
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denaturation measurements of designed LRR
proteins with identical repeats are underway and
should reveal the contribution of repeat number to
stability and cooperativity.

Discussion

Natural repeat proteins

Repeat proteins are involved in many important
protein—protein interactions in most organisms.
Recently, the abundance of repeat proteins has
been analyzed and it has become clear that the
complexity of higher organisms is accompanied
by a relative increase in the proportion of repeat
proteins in the respective genomes.” One attractive
hypothesis is that repeat proteins, in general, can
evolve more quickly than non-repeat proteins,
since the modular architecture is less susceptible
to detrimental sequence variations.” This apparent
robustness is another advantage we sought to
exploit when establishing our design strategy to
generate novel binding molecules based on the
modular nature of repeat proteins.'” For the
implementation of our strategy, we scrutinized
the four major repeat protein classes of elongated
shape:* the tetratricopeptide repeat, the HEAT/
armadillo repeat, the AR and the LRR. LRR and
AR'" proteins were most attractive to us due to
their abundance and the wealth of published data
describing their structures and binding properties.
The attraction of LRR proteins, in particular, stems
from the extensive binding surface areas. On the
other hand, relatively little was known about the
biophysical properties of LRR proteins. In order to
implement our strategy for LRR proteins, we first
had to derive self-compatible LRR modules. Self-
compatibility should result directly from the repeat
consensus.'’ Furthermore, highly conserved frame-
work positions as well as poorly conserved
positions involved in target binding should
become apparent from the repeat consensus.

Designed LRR proteins

We chose to analyze the mammalian Rls because
of their intracellular location and their femtomolar
affinities to RNases. One important consequence
from the initial alignments was the definition of
the A-type/B-type double repeat module. If an
LRR consensus had been derived averaging over
both A and B-type Rl-like LRR, many positions
would have appeared unclear. This choice was
confirmed recently by the finding that the gene of
another RI-like LRR, MATER, has LRR exons
encoding the A-type/B-type double LRR with 57
amino acid residues.® The same exon arrangement
is found in human RI (M. T. S., unpublished
results), suggesting exon duplication as one likely
evolutionary scenario.”” Another important result
from the sequence alignments was the adoption of
capping repeats, reflecting a natural design

principle of repeat proteins.'” It should be
mentioned that our design has not yet explored
the full potential of engineering the capping
repeats. In the case of human RI, many functionally
important residues have been found in the region
around Tyr434 of the C-terminal capping repeat
(Figure 2(d)). These positions can, in principle, be
used for randomization to extend the putative
interaction area even across both terminal repeats
(cf. Figure 1(c)). On the other hand, rational design
might further improve the capping function of the
terminal repeats by incorporating more hydro-
philic amino acids to further improve folding
yields.

The success of our design strategy became
apparent when protein expression was analyzed.
For all investigated repeat lengths, soluble LRR
proteins were amongst the most abundant proteins
of E. coli extracts. This is in stark contrast to the
situation of recombinant RI, where expression has
proven difficult, probably due to the problematic
oxidation of the 30—32 reduced cysteine residues.*
The comparison of designed LRR proteins of
different lengths did not indicate a significant
influence of the protein size on soluble expression
yields, nor was a significant influence of the
amino acids at randomized positions obvious. It
should be emphasized that, since we are aiming at
molecules useful for intracellular applications, the
performance inside the cell is of special interest.
The high expression level and solubility of the
designed LRR proteins in the bacterial cytosol
underlines the folding efficiency and stability
against proteolysis, both indicators of well-folded
proteins. In addition, the observed high tolerance
to randomization underlines the fact that designed
LRRs are good scaffolds for the selection of new
binding molecules. This demonstrates the success
of our design and shows that modularity can be
achieved with self-compatible repeat modules
derived by consensus analysis. The analysis of
purified designed LRR proteins partly rationalizes
the observed in vivo behavior. Size-exclusion
chromatography suggested that the designed LRR
proteins are monomers in solution (Figure 7). The
observed greater apparent molecular mass in size-
exclusion chromatography reflects a larger hydro-
dynamic radius of the proteins. This has been
observed before in the case of rnalp, an 11 repeat
LRR protein, where the observed molecular mass
was 1.35-fold larger than expected.*

Comparison of designed repeat proteins

LRR and AR proteins, designed according to the
same principles," have a different equilibrium
denaturation behavior. Designed AR proteins
show high cooperativity of 12-21 kJ/mol M, when
analyzed with a two-state model.”” Similarly,
natural AR proteins exhibit cooperativities of
unfolding like globular proteins of the same size.”®
At first glance this may be surprising, since the
absence of long-range interactions and the simple
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topology of repeat proteins, where only neigh-
boring segments interact, would rather suggest a
modular folding model (i.e. low unfolding
cooperativity).*® However, the interrepeat contacts
in the AR proteins are substantial, while hydro-
phobic contacts within one repeat are limited,
which may rationalize the cooperative nature of
unfolding. In contrast, the equilibrium denatura-
tion behavior of designed LRR proteins confirms
the expectation of modular folding. Apparent m-
values of unfolding derived from a two-state
model appear to be roughly two to four times
lower than those determined for designed AR pro-
teins of similar size” and five times lower than
typical for globular proteins of the same size.*
This difference indicates a smaller mutual stabiliz-
ation of the repeats in the designed LRR proteins
and a more modular unfolding reaction than in
the AR proteins. To date, no unfolding studies of
LRR proteins have been published and the ques-
tion, whether the low cooperativity of the designed
LRR proteins is unusual or a hallmark of this pro-
tein family, has to await further experiments.

When comparing the design of the LRR proteins
presented here to the design of the AR proteins in
the accompanying paper," it appears that the
biggest difference was the initial data set. Whereas
the AR consensus was calculated from several
hundred repeat sequences from very divergent
proteins, the LRR consensus was based on the 28
repeat sequences of four homologous proteins.
Therefore, in the case of the designed LRR proteins
we cannot exclude the possibility that residues
conserved for functional reasons have been mis-
classified as residues conserved for structural
reasons. Nonetheless, this concern is small because
the consensus was calculated from seven function-
ally different repeats in each mammalian RL
Furthermore, following the publication of more
genomes, a new consensus for all detectable Rl-like
LRR protein sequences was derived, which
confirms the consensus presented here (M. T. S,,
unpublished results).

Conclusion

The LRR has evolved as a versatile building
block of protein-binding domains, which rely on
repeat shuffling, elongation or deletion to alter
their binding specificities. By consensus design,
we have derived self-compatible LRR modules
enabling us to exploit this modularity for the gen-
eration of binding protein libraries. Together with
adapted natural capping repeats, these partly
randomized LRR modules could be assembled
successfully into repeat proteins ranging from 130
to 415 amino acid residues. All tested proteins are
well expressed in E. coli, can be purified easily in
large amounts and are monomeric in solution.
Importantly, our design has yielded molecules of
adjustable size with overall comparable bio-
physical properties. Thus, consensus design has

again proven very useful to obtain proteins with
properties superior to the natural counterparts.
Furthermore, previous problems of other designed
binding molecules, such as low solubility at
physiological pH,” low production yields in
bacteria* and proteolytic instability could be over-
come with our designed repeat proteins. Together
with the successful design of AR protein libraries,
we were able to implement our strategy for the
design of binding molecules in two independent
repeat protein classes. Therefore, we believe that
this strategy could be applied to other repeat
proteins.

Material and Methods

Materials

Chemicals were purchased from Fluka (Switzerland).
Oligonucleotides containing trinucleotide mixtures®
were from MorphoSys AG (Germany), standard oligo-
nucleotides were from Microsynth (Switzerland). Vent
DNA polymerase and restriction endonucleases were
from New England Biolabs (USA) or Fermentas
(Lithuania). All cloning and protein expression was
performed in E. coli XL1-Blue (Stratagene, USA) using
plasmid pQE30 (QIAgen, Switzerland) derivatives.

Bioinformatics

All database analyses were performed using GCG
(Wisconsin Package Version 10.2, Genetics Computer
Group, USA). The numbering of the LRR follows the
most common scheme based on the first crystal structure
of pig RLY Thus, the conserved leucine residues are
found in positions 2, 5, 7, 12, 20, and 24 (Figure 3(a)).
PDB* entries 1DFJ* and 1A4Y'® were used for structural
analyses. Alignments were performed using the program
PILEUP of the GCG software with standard settings, i.e.
a gap creation penalty of 8 and a gap extension penalty
of 2.

Cloning of the designed LRR protein libraries

All oligonucleotides are listed in Table 3. To obtain the
N-terminal capping repeat flanked by appropriate
restriction endonuclease sites, the DNA of pTRP-PRI"
was amplified with oligonucleotides MTS37 and MTS4
giving PCR-fragment “N”. Primer MTS37 introduced a
BamHI site at the 5'-end of the coding strand, replaced
the N-terminal first direct repeat SLDIQ by only Q, and
cysteine 12 was changed to serine. Primer MTS4 intro-
duced a BssHII, an Xhol, and a HindlIII site at the 3'-end
of the coding strand. The PCR-fragment “N” was
digested and ligated into the Bam HI and HindllI sites of
pQE30 yielding plasmid pQE_N. DNA sequencing on a
LI-COR 4000 system (LI-COR, USA) using an EXCELII
kit (Epicentre, USA) confirmed the correct DNA
sequence. The C-terminal capping repeat flanked by
appropriate restriction endonuclease sites was amplified
from annealed oligonucleotides MTS29 and MTS30 by
MTS5b and MTS3pQE giving PCR-fragment “C”. Primer
MTS5 introduced an Xho[ site at the 5'-end of the coding
strand; primer MTS3 introduced a HindIIl site at the
3'-end of the coding strand. The PCR fragment “C” was
digested and ligated into the Xhol and HindlIII sites of
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Table 3. Oligonucleotides used for the cloning of the designed LRR protein library based on mammalian Rls

Sequence in 5 -3’ direction

Name (restriction sites are underlined)? Description®
MTS37 CGGGATCCCAGagcctggacatccagTCTgaggagetyg (Bam HI) fwd PCR primer to obtain N-terminal capping
repeat and to introduce C — S mutation
(human RI position 12)
MTS4 GCATAAGCTTATCACTCGAGGCGCGCGTAGGGctgctggagcagagy rev PCR primer to obtain N-terminal capping
(HindIll, Xhol, Bss HII) repeat
MTS29 CTCGAGCAGCTGGTCCTGTACGACATTTACTGGTCTGAGGAGATGgag fwd assembly primer to obtain C-terminal
gaccggctccaggce (Xhol) capping repeat
MTS30 ATGACCCTCAGGGATGGCTTGTCCTTCTCCAGGgcctggagececggtecte rev assembly primer to obtain C-terminal
capping repeat
MTS3pQE  GCATAAGCTTATCAagagatgaccctcagggatgg (Hindlll) rev PCR primer to amplify MTS30
MTS5b CATGCCATGGACGCGTCTCGAGecagcetggtcee (Neol, Mlul, Xhol) fwd PCR primer to amplify MTS29
MTS7 TTGGCGCGCCTGGAG111CTG111CTG111111222gacctcaccgagyg fwd assembly primer, five randomized
ccgge (BssHII) positions
MTS8 ccgcaggctcgggttggaGCGGAGCACGCTGGCCAGGTCCTTCANgCC rev assembly primer, N=A, C,G,or T
ggcctcggtgaggtc
MTS9 TccaacccgagcctgcggGAGCTG444CTGAGC444aacaagetegg fwd assembly primer, two randomized
cgatgca positions
MTS10 CCGCTCGAGACGCGTGCCGGGGTCCAGCAGCCCCTGCAAGAGCAGCC rev assembly primer
GCACGCCtgcatcgecgagettgtt (Xhol, MIul)
MTS11b TAATACGACTCACTATAGGGttggcgcgcectggag (Bss HII) fwd PCR primer to amplify the assembly
MTS7-10
MTS14b GGCTTTGTTAGCAGCCGGATCctcgagacgegtgeecggggte (BamHI, rev PCR primer to amplify the assembly
Xhol, MluT) MTS7-10

? Lower-case letters indicate regions designed for annealing. Digits abbreviate the trinucleotide mixtures® used for oligonucleotide
syIJthesis: 111 encodes amino acids D, E, N, Q, R, K, S, Y, W; 222 encodes amino acids N, S, T; 444 encodes amino acids G, D, N, S, T, H.

fwd, forward; rev, reverse.

PQE_N yielding plasmid pQE _NC. DNA sequencing
confirmed the correct DNA sequence.

Oligonucleotides MTS7 and MTS9 were synthesized
partly from trinucleotides to encode predetermined
mixtures of amino acids. Oligonucleotides were
designed to overlap with each other over 18 or 19 bases
and to have melting temperature of at least 56 °C. To
obtain a library encoding one repeat module, the partly
randomized oligonucleotides MTS7, MTS8, MTS9, and
MTS10 were assembled by PCR and were amplified
with a tenfold molar excess of MTS1lb and MTS14b
during 30 PCR cycles (denaturation at 95°C for one
minute, annealing at 50 °C for 30 seconds, primer exten-
sion at 72 °C for 30 seconds) on a MJ Research PTC-200
instrument (MJ] Research, USA). In the case of the LRR
library described here, this initial PCR assembles the
A-type/B-type RI double repeat module.

The single repeat module library was cloned with
BssHII and Xhol into similarly treated plasmid
PQE_NC yielding plasmids pQE_N1C (Figure 5(a)). The
assembly of several repeat modules was carried out by
stepwise random ligation as follows. The PCR assembled
library was divided in two aliquots and digested either
with BssHII or MIul. These restriction endonucleases
create compatible overhangs that do not regenerate a
restriction endonuclease site after ligation, similar to a
previously described repetitive cloning strategy.** After
purifying the DNA using QIAquick spin columns
(QIAgen, Switzerland), ligation yielded a library com-
posed of two repeat modules (Figure 5(b)). Again, the
DNA was purified and divided into two aliquots and
digested with either BssHII or Miul. Isolation of the
desired band by agarose gel separation was again fol-
lowed by ligation to yield a library composed of four
repeat modules. Libraries of three, five and six repeat
modules were obtained by ligating one or two repeat
modules to two or four repeat modules, respectively.

The multiple repeat module libraries were cloned via
BssHII and Xhol into similarly treated plasmid
PQE_NC. The resulting ligation mixes were QIAquick
purified and used for electroporation of XL1-Blue cells
prepared as described,* except that cells were grown at
27 °C. DNA sequencing was carried out to determine
the composition of the final libraries. The strategy pre-
sented below describes a way to obtain multimers of
DNA fragments in a defined direction using compatible
restriction endonucleases and ligation. One such possi-
bility is to use the restriction endonucleases Bss HII and
Mlul, which were compatible with the designed protein
sequence. It should be noted that the ligation of identical
ends reconstitutes the original recognition sites and these
DNA molecules can therefore be distinguished by
restriction digestion.

Protein production and purification

Expression was performed essentially as described
(QIAgen “QIAexpressionist”, Switzerland). Briefly,
50 ml overnight cultures of XL1-Blue grown in LB
medium supplemented with ampicillin (50 pg/ml) and
1% (w/v) glucose were used to inoculate 11 of LB
medium. Cultures were grown at 37 °C to Agpo = 0.6 and
induced by 1mM isopropyl-pB-D-thiogalactopyranoside
(IPTG). Expression was continued for three to four
hours at 37 °C. Bacteria were collected by centrifugation
and stored at —20 °C. Cells were resuspended in TBSs
(50 mM Tris—HCl (pH 8.0), 500 mM NaCl) before lysis
by sonication or French press. Lysed «cells were
centrifuged at 20,000 rpm in a Sorvall SS-34 rotor for
15 minutes. The composition of the soluble and insoluble
fractions of single clones was analyzed by SDS-PAGE
stained with Coomassie brilliant blue R-250 (Figure 6).
Visual comparison using purified LRR proteins of
known concentrations allowed an estimate of soluble
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and insoluble expression yields. For protein purification,
the supernatant was adjusted to 10% (v/v) glycerol and
20 mM imidazole and applied onto Ni-NTA superflow
(QIAgen, Switzerland) columns equilibrated in the same
buffer. Purification from the insoluble fraction was done
after solubilization of the inclusion bodies in lysis buffer
containing 8 M urea. Refolding of the immobilized
protein was achieved on the Ni-NTA column by dilution
of urea to TBSsy, buffer with 20 mM imidazole and 10%
(v/v) glycerol. Column washing and elution was carried
out according to the manufacturer’s instructions.
Proteins were dialyzed after purification against 50 mM
Tris—-HCl (pH 8.0), 150 mM NaCl, 10% glycerol.

Biophysical characterization

Size-exclusion chromatography was carried out on a
Superdex 75 HR10/30 analytical gel-filtration column
using an AKTAexplorer chromatography system
(Amersham Biosciences, Switzerland) thermostaticaly
controled at 15 °C. The buffer was TBS;5, (10 mM Tris—
HCl (pH 7.4), 150 mM NaCl). Designed LRR proteins
were analyzed at loading concentrations from 10 uM to
200 uM. The void volume of the column is about 8 ml
and the total column volumn is about 17 ml. Protein
standards (Sigma, USA) for the calculation of the
apparent molecular mass were bovine serum albumin
(66 kDa), carbonic anhydrase (29 kDa), and cytochrome
¢ (12.4 kDa). Circular dichroism spectra were recorded
using 3-10 uM protein in 10 mM sodium phosphate
(pH 6.5), 125mM NaCl on a Jasco J-715 instrument
(Jasco, Japan) with a 1 mm circular cuvette and three
spectra (2 nm band width, four seconds response time,
and 1nm data pitch) were recorded and averaged. All
spectra were corrected for buffer absorption. The CD
signal was converted to the mean residue ellipticity
using the protein concentration determined by
absorbance measurements and the calculated molar
extinction coefficient** at 280 nm (Table 1). The a-helix
percentage was estimated using the relation
fo = 100(— [O]205 nm — 4000) /(33,000 — 4000).”" The
temperature in all CD measurements was 22 °C. Intrinsic
fluorescence measurements were performed on a PTI
QM-2000-7 instrument (Photon Technology Inter-
national, USA) with an excitation wavelength of 295 nm
(4 nm bandwidth) and an emission scan from 310 nm to
380 nm (4 nm bandwidth). A cuvette with 1 cm path-
length was thermostatically controlled using a water-
bath. The temperature in all fluorescence measurements
was 22 °C. Equilibrium denaturation was allowed for at
least 18 hours at 22 °C, which was sufficient to reach
equilibrium. The CD signal was recorded for 120 seconds
at 222 nm and averaged. The fluorescence spectra were
averaged over three recordings and the intensity was
normalized to the maximum intensity observed. The
same samples were used for CD and fluorescence
measurements. The reversibility of the unfolding reac-
tion was verified by dilution of native sample into 3 M
urea buffer and by dilution of denatured sample to
0.2 M urea bulffer.

GenBank accession numbers

The sequences of the characterized designed LRRs
named N3C, N4C, N5C and N6C have been deposited
in the GenBank database with the accession numbers
AY266453, AY266454, AY266455, and AY266456,
respectively.
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