
Bioorganic & Medicinal Chemistry Letters 21 (2011) 2372–2375
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Artificial leucine rich repeats as new scaffolds for protein design

Hemda Baabur-Cohen �, Subashini Dayalan �, Inbal Shumacher, Rivka Cohen-Luria, Gonen Ashkenasy ⇑
Department of Chemistry, Ben Gurion University of the Negev, Beer Sheva, Israel

a r t i c l e i n f o a b s t r a c t
Article history:
Received 16 January 2011
Revised 16 February 2011
Accepted 21 February 2011
Available online 21 March 2011

Keywords:
Leucine rich repeat proteins
Native chemical ligation
Peptides
Protein design
0960-894X/$ - see front matter � 2011 Elsevier Ltd.
doi:10.1016/j.bmcl.2011.02.093

⇑ Corresponding author. Tel.: +972 8 6461637; fax:
E-mail address: gonenash@bgu.ac.il (G. Ashkenasy

� These two authors contributed equally to the pape
The leucine rich repeat (LRR) motif that participates in many biomolecular recognition events in cells was
suggested as a general scaffold for producing artificial receptors. We describe here the design and first
total chemical synthesis of small LRR proteins, and their structural analysis. When evaluating the tertiary
structure as a function of different number of repeating units (1–3), we were able to find that the 3-
repeats sequence, containing 90 amino acids, folds into the expected structure.

� 2011 Elsevier Ltd. All rights reserved.
The de-novo design of new protein structures may shine light
on the basic principles that govern protein folding, protein–protein
interactions, and interactions with other biomolecules. It may thus
facilitate the development of devices for biotechnology applica-
tions, such as sensors and catalysts. Of special interest is the design
of proteins that contain large and shallow solvent exposed surfaces
readily available for multiple intermolecular interactions. Towards
this aim, we have studied the design of consensus sequence Leu-
cine Rich Repeat (LRR) proteins, and their total chemical synthesis.
By evaluating their tertiary structure as a function of different
number of repeating units, we were able to find a short sequence
of 90 amino acid (aa) that folds into the correct structure.

Several research groups have applied the consensus design
methodology to produce repeat proteins that fold correctly, and
some proteins were also found to be good receptors for native, as
well as non-native, ligands.1–4 These studies have usually been car-
ried out by biological expression of the proteins, and the most
studied scaffolds were based on the ankyrin repeat proteins5–7

and tetratricopeptide repeat proteins.8,9 The LRR motif was chosen
as the model for this study, since it has been associated with a large
variety of molecular-recognition events in cells,10–13 where it plays
a role in such diverse processes as signal transduction, DNA repair,
cell adhesion and more. Native LRR motifs are highly regular, with
each repeat containing a short b-strand and a helix oriented in an
anti-parallel manner. The hydrophobic residues, mainly Leu, and
one Asn from each repeat, form an elongated core that stabilizes
the 3D structure. The side-by-side association of the repeats builds
an arch, with the b-strands being packed more closely together
All rights reserved.
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than the opposing helices. The arch’s interior (concave) thus forms
an extended ligand-binding surface.10,14,15

Our actual molecular design was based on the LRR domain of
internalin B (InlB) protein from the bacterium Listeria monocytoge-
nes for which the 3D structure is known.16,17 This LRR domain is
monomeric and folds correctly without the rest of the pro-
tein,14,16,18 and the repeating unit is made of 22 amino acids, thus
accessible by chemical synthesis. By aligning the 7.5 repeats of Inl
B and counting the frequency of each residue at each position, we
found a 22 amino acids consensus sequence (CS) that can serve as a
building block for making the LRR by modular synthesis (Fig. 1).
The resulted CS is very similar to sequences that were deduced
from bioinformatics analysis of a number of known internalin pro-
teins.14 Nine conserved residues in each repeat (marked in red in
Fig. 1) were kept for structural reasons, while residues at non-con-
served positions were chosen by also taking into account the
appearance of other residues with similar chemical characteristics
(e.g., N and Q). Three additional changes were introduced to the
calculated CS. Gly residue at position 17 of each repeat was re-
placed for Glu, to facilitate electrostatic interactions with Lys resi-
due at position 16 in consecutive LRRs and promoting helix–helix
interactions. Cys and Gly residues were introduced to the N- and
C-termini, respectively, to facilitate repeat coupling through the
native chemical ligation.

In order to search for the shortest protein sequences that can
fold into the typical LRR structure we have designed three proteins
that possess different number of repeating units (1–3), stabilized
by short N- and C-termini sequences. The proteins were named
N1C, N2C and N3C, and made of 46, 68 and 90 aa, respectively.
The N-terminal sequence was kept almost as is from the native
InlB, containing 14 residues that create an a-helix cap that shields
the hydrophobic core from the aqueous media. The C-terminus is
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Figure 1. Deriving the consensus sequence (CS) from sequence repeats in the L. monocytogenes Inl B protein. The nine structurally conserved residues are marked in red. R is
the repeat number in the native LRR domain; ‘‘1st’’ shows the chosen amino acid at each position, and d and d* the number of times this amino acid or similar one(s) occupy
the specific position along the repeat. LRR, C, and N are the actual sequences chosen for chemical synthesis of the artificial LRR proteins.
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made of the first 10 amino acids of the CS (Fig. 1). Computational
analysis of the protein structures was performed using the I-TAS-
SER program19,20 that searches databases to identify similar aa se-
quences and uses the matched fragments as a template for
modeling the structure of the query sequence. The lowest energy
replica obtained for the three proteins showed that indeed un-
iquely folded proteins can be formed from the designed sequences,
having anti-parallel arrangements of short helices and b-strands in
each repeat and in the C-domain, and a more elongated a-helix in
the N-domain (Fig. 2 and Supplementary data). These simulations
suggest that the larger protein, N3C, would occupy a stable struc-
ture that better resembles that of the native Inl B, as observed from
the fact that longer b-strands and more well-folded helices were
obtained in its lowest energy replica, as compared to N1C and
N2C. Furthermore, in accord with the recent reports that the exis-
tence of an N-cap on LRR motifs is crucial for both correct and rapid
folding,21,22 we observed that N2C is more stable in the native LRR
structure, relative to its N-cap deficient analog 2C (Supplementary
data).
Figure 2. Lowest energy structures obtained by computational study of N2C (a) and N3
were 0.89 (N2C) and 0.93 (N3C), respectively. The less stable structures were also usual
The modular chemical syntheses of N1C, N2C and N3C were
achieved by first synthesizing their corresponding building blocks
on solid phase and then consecutive attachments by the native
chemical ligation23 (Fig. 3). The C-terminal building blocks, con-
taining free Cys residues, were made using the Fmoc methodology,
while the thioester containing N-terminal fragments by the Boc
based synthesis using the in situ neutralization protocol. All pep-
tides were purified by preparative HPLC and their identity and pur-
ity confirmed by analytical HPLC and LCMS (Supplementary data).

The synthesis of N1C (Fig. 3a) was completed after ligation of
mM concentrations of the N1 fragment, which is made of 36 aa
composing the N-terminus and one repeating unit, with the 10
aa C-terminal fragment C (see peptide sequences in Fig. 1 and Sup-
plementary data). Likewise, N2C was prepared by a single ligation
of N1 with the 32 aa 1C fragment of the C-terminus attached to one
repeating unit (Fig. 3b). The synthesis of N3C required two ligation
steps, processed from the C- to N-termini using two different
methods (Figs. 3c and d). In the first method (Fig. 3c), a single-re-
peat peptide having its Cys residue protected with Acm group
C (b) using the I-TASSER program. The c-score for these lowest temperature replica
ly similar to the presented models (data not shown).



Figure 3. Synthesis and characterizations of N1C (a), N2C (b) and N3C (two different methods, c and d, respectively). Native chemical ligations (NCL) were performed using 3–
5 mM concentration of each reactant, in unfolding conditions in MOPS buffer at pH 7.7 saturated with 6 M GnHCl, at 37 �C, and in the presence of thiophenol and benzyl
mercaptan (4% in volume each). The intermediate product (2C) and all final products were purified by preparative HPLC, and characterized by analytical HPLC (230 nm) and
LCMS, as shown next to each scheme. The measured MW in all cases was found to be ±3 molecular units from the calculated MW. After synthesis, N2C and N3C were further
subjected to Cys desulfurization, re-purification and HPLC and MS analysis (Supplementary data). In all cases, all-L amino acids peptides have been used.
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(LRR) first reacted with 1C to yield the intermediate compound 2C.
The Acm group was then removed, and 2C was purified and further
ligated with N1. In the second method, a Thz protected LRR reacted
with 1C to yield 2C, and then deprotection and further ligation
with N1 were performed in situ, as previously described.24 This lat-
ter method required careful adjustment of the mole ratio of reac-
tants at the first ligation to be exactly 1:1, since no purification
takes place after this step. After achieving such optimization, the
overall process afforded higher yields than obtained using the 1st

method (with the Acm-protected LRR), and the detection of only
minute amounts (typically less than 10%) of undesired side prod-
ucts. The observed reaction conversions during the ligation steps
in all four syntheses were similar to previously reported, allowing
to obtain �50% yields of purified compounds. The reactions with
the LRR building blocks were found to be somewhat slower than
those observed for shorter peptides, thus required 24–48 h to
reach completion. After the synthesis, the free thiol side chains of
Cys residues that were used for ligation were subjected to desul-
furization, resulting in the CH3 side chains of Ala at the attachment
positions (Supplementary data). All the full-length proteins were
purified by HPLC, and analyzed by HPLC and LCMS (Fig. 3).

Folding of the synthetic LRR proteins into structures having the
expected secondary motifs was characterized by circular dichroism
(CD), as shown in Figure 4. Thus, 50–100 lM protein solutions
were allowed spontaneous folding by equilibrating in phosphate
buffer at pH 7, for P0.5 h. The spectrum of N1C shows that this
protein occupies mainly random coil conformations, as observed
from the minimum at �200 nm. The red shift of this minimum to-
wards 205 nm and the appearance of an additional minimum
(‘hump’) at 226 nm in the spectrum of N2C reveal that part of
the latter folded into a helix structure (�20% helicity). Interest-
ingly, the spectrum of the cyclic LRR unit 1cyc—synthetically ob-
tained by simple N to C cyclization via NCL (see sequence and
characterization in Supplementary data)—also showed these fea-
tures, suggesting that cyclization can help in getting the desired
structure for the short sequence too. As can be expected from the
structural features observed in Inl B (Fig. 1), and as was found
using the I-TASSER modeling above and in previous studies,18 only
about a quarter of the amino acids—5 in each repeat and 10 in the
N-cap—are expected to fold into helical structure, resulting in such
small peaks. Most interestingly, the structure of N3C shows in
addition to the helix characteristics minima (205 and 226 nm;
27% helicity), another minimum at 215 nm, which is a clear signa-
ture of b-sheet formation (25%). This data also correlates well with
the I-TASSER prediction, where only N3C gave a reasonable
amount of arrangement of the b-strands into small sheets
(Fig. 2). We have further characterized the unfolding stability of
N2C and N3C, by monitoring the changes in the 226 nm CD signal
at different temperatures (Fig. 4b). The results show that both pro-
teins undergo one-step conformational change from folded to un-
folded structure. Furthermore, it was observed that while N2C
completely unfolded during the measurements, allowing to calcu-
late Tm of �50 �C, N3C was found to be more stable and did not
completely unfold even at 90 �C.

We have shown in this paper the first chemical synthesis of LRR
proteins, and demonstrated that small proteins can fold to form 3D



Figure 4. Structural characterization of the artificial LRR proteins. (a) CD spectra
obtained for 50–100 lM solution of N1C (black), cyclic N1C (gray), N2C (red) and
N3C (blue), after equilibration in phosphate buffer at pH 7. (b) Thermal denaturation
of N2C (red) and N3C (blue) as deduced by following the 226 nm CD minimum at
different temperatures.
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structures that are similar to the structure of the larger native pro-
tein Inl B. Specifically, it was found that N3C that consists of the N,
3-repeat and C fragments can form quite stable structure, presum-
ably useful for future use as an artificial receptors. It was observed
for several LRR models that these proteins can bind other biomol-
ecules via interactions of solvent exposed residues on the b-
strands. Since three such residues are present on each strand
(Fig. 1), binding of N3C to potential ligand may be mediated by
the interactions of up to nine side chains. Testing this property
would be the target of our future research. Furthermore, as was
hypothesized before, the relatively easy way to form these LRR
proteins chemically may facilitate the introduction into the se-
quence of non-native amino acids which may be further used to
control folding and binding properties of such proteins.
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