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Abstract: Repeat proteins have recently emerged as especially well-suited alternative binding scaf-
folds due to their modular architecture and biophysical properties. Here we present the design of a
scaffold based on the consensus sequence of the leucine rich repeat (LRR) domain of the NOD
family of cytoplasmic innate immune system receptors. Consensus sequence design has emerged
as a protein design tool to create de novo proteins that capture sequence-structure relationships
and interactions present in nature. The multiple sequence alignment of 311 individual LRRs, which
are the putative ligand-recognition domain in NOD proteins, resulted in a consensus sequence pro-
tein containing two internal and N- and C-capping repeats named CLRR2. CLRR2 protein is a sta-
ble, monomeric, and cysteine free scaffold that without any affinity maturation displays micromolar
binding to muramyl dipeptide, a bacterial cell wall fragment. To our knowledge, this is the first
report of direct interaction of a NOD LRR with a physiologically relevant ligand.
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Introduction

The advancement of protein engineering tools, such
as synthetic libraries and evolution and selection
technologies, has allowed substantial scientific pro-
gress towards the design of protein scaffolds with
novel binding specificities.”> However, most of the
engineered protein scaffolds to date were directed
against protein targets.? Other classes of biomole-
cules such as carbohydrates and nucleic acids have
not been the focus of scaffold development until very
recently.>'! The need for alternative scaffolds with
affinity and specificity for carbohydrates is espe-
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cially pronounced since they are inefficient antigens
for the adaptive immune system, and traditional
antibodies are difficult, if not impossible, to pro-
duce.'> Most readily available carbohydrate binding
proteins, such as lectins and antibodies, typically
display either broad specificity or low affinity for
their antigen. Additionally, carbohydrate-binding
proteins are available for only a small fraction of
known glycans, in spite of their abundance and
importance.?

Recently, repeat proteins emerged as especially
well-suited binding scaffolds due to their modular
structure that facilitates the binding of a variety of
nonrelated protein and peptide ligands. Many repeat
proteins, such as ankyrin repeats (ANK), tetratrico-
peptide repeats (TPR), leucine rich repeats (LRR),
and armadillo (ARM) repeats have been successfully
used for the development of novel binding scaf-
folds.?>142° The evolutionary advantage of a modular
architecture is the possibility to evolve the function
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through not only point mutations, but also by shuf-
fling, deletion, and/or insertion of repeats. This prop-
erty makes repeat proteins a particularly attractive
system for functional protein engineering.2!2® For
example, a specific set of tandem repeats can target
a particular cellular compartment, while another set
of tandem repeats binds specific endogenous ligands.
These types of scaffolds would be beneficial for func-
tional genomics, in vivo imaging, and drug delivery
applications.

In contrast to the adaptive immune system,
which uses the immunoglobulin scaffolds for ligand
binding, the innate immune system relies primarily
on LRR protein motifs for target recognition.? In
mammals, two main protein families of such recep-
tors have been identified: extracellular Toll-like
receptors (TLRs) and cytoplasmic Nod-like receptors
(NLRs). The common feature of both families is the
presence of the LRR motif.3° Cocrystal structures of
TLR receptors with their ligand indicate that the
LRR domain is the ligand binding site.?! In analogy
to TLRs, it is proposed that NLRs also bind ligands
using their LRR motif.?° Studies of cytoplasmic
NLRs showed that these proteins bind a large reper-
toire of ligands including bacterial cell-wall peptido-
glycans, bacterial RNA, uric crystals, and antiviral
imidazoquinone.?>*2 Thus, we hypothesized that
LRR motifs from NLR proteins are especially well
poised to function as a framework for development
of glycan and nucleotide binding scaffolds since
chemically similar types of molecules are within the
repertoire of their natural ligands.

Here we describe the design of a peptidoglycan
binding protein scaffold based on the LRR domain
present in a NOD subgroup of NLR receptors of ver-
tebrates.®® The consensus sequence design resulted
in a stable, monomeric, and cysteine free scaffold
that without any affinity maturation displays micro-
molar binding to the muramyl dipeptide, a bacterial
cell wall fragment.

Results and Discussion

Repeat protein scaffolds

Repeat proteins are a ubiquitous class of proteins
characterized by successive homology motifs that
stack in tandem.?22"3* They are unique in the way
that their well-defined three-dimensional structure
is dominated by short-range, regularized intra- and
inter-repeat hydrophobic interactions. For several
classes of repeat proteins, analyses of amino acid
variability at different positions within a single
repeat have revealed that residues that compose the
ligand binding site are significantly more variable
than the other positions on the protein surface.?>%
This sequence-function relationship is analogous to
the complementarity determining regions (CDR) of
antibodies®” and is consistent with the notion that
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repeat proteins provide a constant framework that
displays ligand-binding residues. This spatial sepa-
ration of framework and ligand-binding function is
important for the design of binding scaffolds so that
the ligand-binding function does not compromise the
overall structure and stability.

Consensus sequence design

Consensus sequence design has emerged as a pro-
tein design tool to create de novo proteins that cap-
ture sequence-structure relationships and
interactions present in nature.?*3® Proteins created
in this way are idealized structural motifs optimized
for stability.3%*° There are two motivations for using
consensus design of repeat proteins as opposed to
randomizing the surface of one particular family
member. First, consensus design can markedly
increase stability of engineered proteins. Second,
full-consensus design in which all repeats are the
same allows for addition, deletion, and shuffling of
repeats.’*! Additionally, the design of consensus
sequences exposes principal features of the protein
architecture, which is important for subsequent
engineering and chemical coupling.

LRR domains in NLR proteins

In NLRs there is a striking correlation (not
observed for analogous TLR proteins) between gene
organization and the amino acid sequence of their
LRR domain.?®3° Thus based on their gene archi-
tecture NLRs are divided into NLRP (« and B) and
NOD subgroups.?® Specifically, in a NLRP sub-
group, LRR domains are formed by tandem repeats
of exons where each exon encodes one central LRR
repeat (B) and two halves of the neighboring LRRs
(a). In a NOD subgroup, LRR domains are encoded
by a single exon per repeat. This modular organiza-
tion may have important structural and functional
consequences and possibly allows extensive alterna-
tive splicing of the entire LRR domain. Further-
more, the remarkable gene structure of LRR
domains from NLR proteins raises their potential
as a modular scaffold for engineering multivalency
and multispecificity.

Multiple sequence alignment

We have analyzed the multiple sequence alignment
(MSA) of individual repeats in NLR proteins accord-
ing to the previously published procedure for TPR
proteins.*? Briefly, confirmed human NLR proteins
were identified in the HUGO Gene Nomenclature
Committee (HGNC) database.?* We have chosen this
database because it provides the most complete infor-
mation on both the DNA and protein level together
with exon—intron gene structure. Nineteen of the 22
NLR proteins encoded in the human genome that
contain LRR domains and follow the typical exon pat-
tern were then blasted, using the blastp algorithm
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Figure 1. Sequence conservation of NLR subgroups. (a)
Sequence logos for each NLR subgroup. The height of indi-
vidual letters indicates the frequency of occurrence of amino
acid at specific position. (b) Percent conservation for each
position in the LRR repeat sequence. NLRP-a (blue), NLRP-3
(red), and NOD (black).

from the National Center for Biotechnology Informa-
tion (NCBI) to find all homologs mammalian proteins.
Only confirmed protein products were selected from
this search. At this point the database was curated to
exclude alternatively spliced variants of the protein.
Through manual searching of selected protein
sequences, repeats were extracted and aligned in
Microsoft Excel. This procedure resulted in 311 NOD,
255 NLRP-a, and 262 NLRP-$ individual LRRs that
were then included in the MSA. Using Excel counting
functions the greatest percent of occurrence was
determined for each position of the repeat. Compar-
ing conserved and variable positions of individual
repeats for LRR domains of NLRP and NOD proteins
will indicate differences, if any, at the sequence level
between the two subgroups.
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Consensus sequence of NOD subgroup

MSAs for NOD, NLRP-o, and NLRP-B repeats
resulted in three consensus sequences. The sequence
conservation for each subgroup is shown by
sequence logos.*® The sequence identities for the
NOD and NLRP-B consensus sequences are 57%;
however, the overall conservation in most positions
in the NLRP-B sequence exceeds the NOD. For
example, positions 6, 13, 18, 19, 21, 22, 25, 26, and
27 in the NLRP-B MSA all have significantly higher
conservation than the NOD sequence [Fig. 1(b)]. The
consensus sequence for the NLRP-a subgroup differs
from both NOD and NLRP-B, sharing a sequence
identity of 25% and 21%, respectively. However, the
sequence identity between the tandem « and B con-
sensus sequence and the previously reported consen-
sus protein based on the Ribonuclease Inhibitor (RI)
is 61%.%® This sequence similarity between NLRP
and RI LRR repeats leads us to conclude that a- and
B-repeat types do occur in tandem, that is repeating
unit is 57 amino acids long. Hence, we decided to
pursue design based on the NOD subgroup that will
allow for a shorter (28 amino acid) single repeat, a
feature preferred for design of a binding scaffold.

So-called first generation consensus sequence
design proteins were based on the most common
amino acid in each of the 28 positions. Proteins con-
sisting of 4, 5, 6, and 10 identical repeats were well
expressed in E. coli and soluble, but lacked second-
ary structure as indicated by the minima at 195 nm
in the circular dichroism (CD) spectra (Supporting
Information, Fig. 1). This was not surprising
because repeat proteins commonly contain N- and C-
terminal repeats that act as capping domains to
shield the inner hydrophobic core from solvent and
aid in solubility and folding and all previous LRR
designs contained capping repeats.!?2%4445 There-
fore, we separately constructed MSAs of individual
N- and C-terminal repeats. Interestingly, whereas in
RI LRRs capping repeats differ from internal
repeats in both amino acid composition and length,
N- and C-capping repeats for NOD LRRs have
exactly the same length as internal repeats, but
higher overall conservation (Fig. 2).

Additionally, in the MSAs of internal and termi-
nal repeats for NOD (Fig. 2, top row in each table),
only half of the positions are defined with 30% or
higher frequency of a specific amino acid. Stumpp
et al.?® observed a similar phenomenon for the RI
LRR. However, among many positions with less
than 40% frequency of one specific amino acid, the
position was readily defined by the type, that is,
physical properties of the amino acid in that posi-
tion. Thus we reanalyzed the MSA of the terminal
and internal repeats on the basis of conservation of
the amino acid’s physical properties by considering
the hydrophobicity, polarity, size, and charge for the
five most common amino acids in each position of
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Figure 2. The most frequent amino acid residues found in the statistical analysis of NOD LRRs. Top and bottom row of each
table are color coded: conservation of 50% or greater is red, 40% blue, and 30% yellow, and all position less than 30% are
white. (a) Internal repeat; rows 2-5 correspond to the second, third, fourth, and fifth most commonly preferred amino acid for
each position; (b) N-terminal repeat (c) C-terminal repeat. The top row in each table shows the frequency of occurrence of
amino acid identity. The bottom row is the consensus sequence reanalyzed and corrected for preference of amino acid physical
properties. Thus, the bottom row of each table is the amino acid sequence of repeats in CLLR2 protein used in this study.
CLRR2 protein contains one N-terminal, two internal, and one C-terminal repeat.

the alignment (Fig. 2). The bottom row of each table
shows the second generation consensus sequence
based on the reanalyzed MSA. The top row of each
panel in Figure 2 is color coded for percent conserva-
tion of each amino acid while the bottom row is
color-coded for conservation of physical properties
from the top five consensus sequences. Results indi-
cate that even with amino acid conservation appear-
ing low in many positions, physical properties
remain highly conserved. As a result of these find-
ings, the second-generation sequence took into con-
sideration the preferred physical properties in each
position of the MSA. The sequence in the top row of
each table in Figure 2 was modified in positions
where conservation of identity was less than 50%.
For example, in position three of the internal repeat
[Fig. 2(a)], the frequency of occurrence is less than
30%. However, the Glu, Lys, and Arg residues pres-
ent are highly favored. Although the frequency of a
specific amino acid is low, this position is readily
defined with a positively charged residue so Lys was
selected for this position. Lys was selected over Glu
based on the combined percent of occurrence for Lys
and Arg being greater than that of the percent
occurrence for Glu. We therefore chose the positively
charged Lys over the negatively charged Glu. On
the contrary, in position 22 of the internal repeat
Lys, Arg, and Glu are also highly favored. However,
in this case the percent occurrence of Glu exceeded
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that of both Lys and Arg together resulting in the
selection of Glu at this position.

Additionally, tryptophan residues are in position
22 of the N-terminal repeat, position 4 of the inter-
nal repeat, and position 6 of the C-terminal repeat.
In the N-terminal repeat, the highest conserved resi-
due of position 22 is a phenylalanine. This prefer-
ence for an aromatic residue justified the
tryptophan substitution. Position 4 in the internal
repeat had very low conservation in physical proper-
ties, so we selected tryptophan. In position 6 of the
C-terminal repeat tryptophan and tyrosine are pre-
ferred, each with a conservation of 24%. It is impor-
tant to note that both position 4 and 6 are within
LRR canonical motif that commonly assumes a beta-
strand structure. Since, tryptophan has a high pro-
pensity for beta-sheet formation, we hypothesized
that these substitution will not disrupt the overall
fold of the repeat, but will allow us to use fluores-
cence spectroscopy for further protein analysis.

The second-generation consensus sequence pro-
tein consisted of three types of consensus sequence
repeats: N-terminal repeat, internal LRR repeat,
and C-terminal repeat. We will refer to this consen-
sus protein as CLRRx, where C stands for consen-
sus sequence and x is equal to the number of
internal repeats in the protein. For example,
CLRR2 protein consists of two internal, and N- and
C-terminal consensus LRR repeats. The actual
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Figure 3. Biophysical characterization of CLRR2, before (black) and after (blue) incubation at 50°C and irreversible unfolding
after heating (red). (@) CD spectrum of CLRR2 normalized to units of mean residue ellipticity indicates a mixed secondary struc-
ture of a-helix and B-sheet and irreversible unfolding after denaturation. (b) Thermal denaturation following changes in Trp fluo-
rescence. (c) Thermal denaturation following CD signal at 217 nm. (d) Chemical denaturation of CLRR2 monitoring changes in
Trp fluorescence with increasing urea concentration. Inset shows fluorescence spectra at OM urea (black) and 7M urea (blue).

sequence of repeats is shown as the bottom row of
each panel in Figure 2.

Biophysical characterization

For further biophysical characterization, we chose
the smallest of the designed CLRRs, CLLRZ2, since
smaller proteins are preferred for application as
binding scaffolds. CLRR2 was expressed at 37°C in
BL-21 cells and purified under denaturing condi-
tions following standard procedure.*® After on-
column refolding, CLRR2 elutes from SEC Superdex
75 column in a single symmetrical peak (Supporting
Information, Fig. 2). The apparent molecular mass
value estimated from molecular mass standards was
17 kDa and is in agreement with the expected
molecular mass of 15,977 Da as determined by
MALDI, indicating that CLRR2 is monomeric in
solution.

Secondary structure

CD spectroscopy was used to measure the secondary
structure content, showing two minima at 207 and

794 PROTEINSCIENCE.ORG

220 nm. The relative intensities of the 207 and 220
nm peaks are characteristic of alpha helical and
beta sheet secondary structure [Fig. 3(a)l. The
CDPro Software’s SELCON program predicts a
structure comprised of 24.8% alpha helix and 21.5%
beta sheet.*”*® The alpha helical content is about
10% lower than that estimated for designed RI
LRRs.2® This is not surprising because it has been
proposed that while the signature LRR motif con-
tributes to much of the beta structure in LRR pro-
teins, the helical regions may contribute to
variability between different LRR families.*® Addi-
tionally, we used MUIti-Sources ThreadER (MUS-
TER) protein threading algorithm to obtain a
predicted structural model of CLRR2 [Fig. 4(b)].?°
The homology modeling was based on protein
NLRX1 that shares 24.1% sequence identity with
CLLR2. NLRX1, also known as NOD9, is a mito-
chondrial protein thought to be involved in an anti-
viral immune response against viral ribonucleic acid
(RNA).?! Hong et al. showed that ¢cNLRX directly
binds to single and double stranded RNA.>! The

Consensus LRR binder of MDP
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Figure 4. (a) Fluorescence quenching of Trp residues in CLRR2 is shown as a function of MDP concentration. Error bars are
the standard deviation from three measurements. The K4 was determined to be 2.0 = 0.4 pM. (b) The MUSTER model of
CLRR2 showing location of Trp residues (red) on the concave face of the protein that are the proposed binding site of MDP.
The terminal repeats are shown in blue and the internal repeats are shown in cyan.

alternating alpha-helical and beta-sheet segments of
each repeat in the homology model are consistent
with the CD data and CDPro structure prediction
confirming that the consensus design retains a
structure typical of natural LRRs.

Thermal denaturation

The thermal denaturation of the CLRR2 was fol-
lowed by both tryptophan fluorescence and CD spec-
troscopy [Fig. 3(b,c)]. Here, it should be taken into
consideration that Trp residues are located in both
capping repeats and internal repeats and that fluo-
rescence reports on the chemical environment of the
indole fluorophore, whereas the CD signal is indica-
tive of the overall amount of the secondary struc-
ture. Thermal denaturation of CLRR2 was
accompanied by a reduction of fluorescent signal
intensity and a shift of the emission maxima to
higher wavelengths. The plot of normalized signal
change as a function of temperature results in a
curve indicative of two transitions [Fig. 3(b)]. To
estimate the transition temperatures, we treated
each of the transitions as a single two state transi-
tion. Although an approximation, this fitting allowed
us to estimate transition temperatures of 32 and
57°C. Similarly, thermal unfolding monitored by the
change in CD signal at 217 nm shows two transi-
tions at 30 and 68°C [Fig. 3(c)]. After incubating
CLLR2 for 10 min at 50°C and then repeating the
thermal unfolding experiment, qualitatively differ-
ent melting curves are observed for fluorescence and
CD. The overall shape of the melting curve observed
in the fluorescence measurement does not change
after incubation, but the melting curve observed in
the CD experiment now shows a single sharp transi-
tion with a new transition temperature of 60°C
[Fig. 3(c)].
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Intriguingly, temperature of the first transition
in the CD, which disappears after incubation at
50°C, coincides to the first transition observed in flu-
orescence experiments. Similarly, the temperature of
the second transition in the CD experiment is 10°
higher than the T, for the second transition in fluo-
rescence experiment before incubation, but only 3°
higher after incubation. The overall CD signal and
fluorescence intensity are the same before and after
incubation of CLLRZ2 indicating no change in the
overall amount of secondary structure [Fig. 3(a)l.
Spectra taken before and after the thermal melt
with or without incubation suggest irreversible
unfolding [Fig. 3(a)].

Although the thermal stability observed in fluo-
rescence and CD experiments is qualitatively simi-
lar, the curves from these two experiments are not
superimposable. This leads us to conclude that
unfolding does not follow a simple two-state mecha-
nism and that stable intermediates are formed dur-
ing thermal unfolding. Additionally, the difference in
fluorescence and CD curves indicates that the cap-
ping repeats and internal repeats may not unfold in
a concerted manner. Because of the presence of Trp
in each repeat, fluorescence unfolding curves provide
a more complete picture of the unfolding process.

Chemical denaturation

The equilibrium denaturation of the designed
CLRR2 was followed by observing the change in Trp
fluorescence with increasing concentration of urea.
The denaturing curve shows a broad transition
around 3M urea [Fig. 3(d)]. Fitting this curve to a
two state model results in a midpoint of denatura-
tion of 2.6M urea, but cooperativity of the protein is
only 2.5 kd/mol M. This value is less than expected
for highly cooperative unfolding proteins of this size,
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confirming the conclusions from the thermal denatu-
ration. CLRR2 displays similar cooperativity to the
designed RI LRR but is much less cooperative than
previously studied YopM LRR (22.6 kJ/mol M) and
Internalin B LRR (10.25 kJ/mol M).28:52:53

Binding affinity of CLLR2

Proteins of the innate immune system differ from
antibodies of the adaptive immune system in that
they detect pathogen associated molecular patterns
(PAMPS) instead of one specific antigen.®* In other
words, NLRs recognize the global features of a fam-
ily of pathogens. This characteristic of the NLR fam-
ily led us to hypothesize that the consensus design
method may result in a protein that retains similar
recognition properties. To test this hypothesis, we
measured the affinity of CLLR2 for a muramyl
dipeptide (MDP). MDP is a known ligand for the
NOD2 protein family of NLRs. Recently, Grimes
et al. showed that human NOD2 binds directly to
MDP?® They analyzed the binding of full-length
human NOD2 to MDP using surface plasmon reso-
nance and determined an affinity of 51 + 18 nM.%®
However, there is no clear evidence that the LRR
domain mediates this interaction. Here we used fluo-
rescence quenching and fluorescence anisotropy to
investigate the affinity of dsigned CLRR2 for the
biologically relevant L-D isomer of MDP.%¢

We investigated the ligand binding properties of
CLLR2 by observing quenching of the fluorescence
signal at 340 nm in the presence of MDP. The bind-
ing curve in Figure 4(a) is obtained by plotting the
fraction of the bound ligand as a function of MDP
concentration. Fitting of this curve to the single-site
binding isotherm resulted in a K3 of 2.0 = 0.4 uM
for an average of two trials. Closer inspection of the
homology model of CLRR2 structure shows that the
Trp residue from the two internal repeats and
C-terminal repeat form a cluster on the concave face
of the protein [Fig. 4(b)]. Similar carbohydrate recog-
nition through tryptophan residues was seen by Luo
et al. in recognition of Thomsen-Friedenreich anti-
gen by a VLR protein.'® Although our observed
affinities are an order of magnitude lower than
reported for the full-length NOD2 protein®® it is
important to note that CLRR2 is representative of
the entire NOD family and shares only 70%
sequence identity with NOD2.

To confirm that the observed interaction is not
an artifact of collisional tryptophan quenching, we
performed a fluorescence anisotropy experiment,
where we now observed the change in the signal
originating on FITC labeled MDP. Fluorescence ani-
sotropy change was measured as a function of
increasing concentration of CLRR2 titrated into a
solution of FITC-MDP. Fitting of the binding curve
to a single-site binding isotherm resulted in a K3 =
20 = 10 pM (Supporting Information, Fig. 3). This
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difference in the observed Ky values is not unex-
pected when comparing two techniques. Addition-
ally, fluorescein is attached to MDP through a
flexible linker on the N-acetylmuramic acid and the
overall change in the anisotropy signal is low thus
affecting the overall signal-to-noise ratio for the ani-
sotropy experiment.

As a control experiment, we investigated the
binding of CLRR2 to the D-D isomer of MDP, which
is unable to stimulate NOD2 in vivo.?® While results
indicate that tryptophans of CLLR2 are quenched in
the presence of D—-D MDP, the data is representative
of random collisional quenching and does not follow
the expected trend of a single-site binding isotherm
(Supporting Information, Fig. 4). This control experi-
ment leads us to conclude that under the concentra-
tion regime tested, CLLR2 is a specific binder for
physiologically relevant L—D isomer of MDP2.

Thus, through the consensus sequence design,
and without the evolution and selection step, we
have developed a scaffold with micromolar affinity
for a glycopeptide. This result indicates that consen-
sus sequence LRRs based on the NOD protein family
are a good starting point for the design of glycopep-
tide binding scaffolds. Moreover, this is the first
report, to our knowledge, of direct interaction of
NOD LRR with a physiologically relevant ligand.

Conclusion

Through consensus-based design, we have developed
a novel LRR protein CLRR2. Structural and physical
analysis of this protein indicate that it preserves
important features of natural LRRs as well as the
desired biophysical properties needed for use as a
binding scaffold. We have shown that the consensus-
based design resulted in a construct that retains
binding information of natural NOD proteins.

The mechanism of pathogen sensing by NLRs is
still largely unknown. By creating a LRR protein
based on structurally and functionally homologous
NODs we have developed a protein that can serve as
a model structure for this class of NLRs. In the
future, analysis of variable residues in the sequence
alignment will allow for engineering diverse binding
affinities for the development of new binding scaf-
folds as well as further elucidation of the role of
LRR in NLR pathogen recognition.

Material and Methods

Consensus design and multiple sequence
alignment

The 22 genes known to encode for NLR proteins in
humans were retrieved from the HUGO Gene
Nomenclature Committee (HGNC) database. Each
confirmed gene sequence was translated into its cor-
responding protein sequence and input into the
National Center for Biotechnology Information

Consensus LRR binder of MDP



(NCBI) basic local alignment search tool (BLAST).
Alignment of repeats that followed the canonical
LRR motif of XLXXLXLXXNXL(X),L. was accom-
plished wusing Microsoft Excel. Repeats were
extracted by manually searching the LRR domain of
the selected NLR sequences. We aligned repeats fol-
lowing a pattern of XLXXLXLXXNXL(X),L(X)s. In
the canonical motif L is defined as Leu, Ile, Val, or
Phe, and X is any other naturally occurring amino
acid.?® N can also be defined as Arg, Cys, Ser, or
Thr, and n is equal to 7. Repeats were aligned using
Microsoft Excel and the consensus sequence was
obtained by determining the amino acid with the
highest frequency of occurrence in each position of
the repeat by using the Microsoft Excel counting
function. Consensus amino acid sequences were
found for the top 5 most preferred amino acid in
each position.

Cloning

For cloning of the LRR protein, a gene was designed
consisting of an N-terminal repeat, internal repeat,
and C-terminal repeat. Synthetic genes were synthe-
sized by GENEWIZ and cloned into plasmid
pProExHtam by ligation of restrictions sites BamHI
and HindIII. Gene identity was confirmed by sequenc-
ing at the Virginia Tech Bioinformatics Institute.

Protein expression and purification

Overnight cultures of BL21 (DE3) cells were diluted
1:100 in 1 L of Terrific broth media at 37°C, with
shaking at 250 rpm, and were grown to an ODggg of
0.5-0.8. Expression was induced with 1 mM IPTG,
followed by 4 h of expression at 37°C. The cells were
harvested by centrifugation at 5,000 rpm for 15 min
and the pellets were frozen at —20°C until purifica-
tion. To purify proteins, the cell pellet was resus-
pended in lysis buffer consisting of 50 mM Tris, 300
mM sodium chloride, 0.1% Tween 20, and 8M urea.
After 1 min sonication at 30% power using a micro-
tip and Mison sonicator, lysed cells were centrifuged
at 16,000 rpm for 30 min and the protein superna-
tant was collected. Proteins were purified under
denaturing conditions using standard Ni-NTA affin-
ity purification protocol and eluted with 300 mM
imidazole in lysis buffer with 8M urea. Proteins
were then refolded on the size-exclusion column in
50 mM sodium phosphate buffer pH 8 with 150 mM
sodium chloride. Protein identity was confirmed
with MALDI indicating a molecular weight of 15,977
Da. Proteins were quantified by absorption at 280
nm using an extinction coefficient of 27, 960 M !
em L, calculated from the amino acid sequence using
the Expasy Protparam tool.>”

Size exclusion chromatography

Akta Prime Plus FPLC was used for size exclusion
chromatography. Refolding of denatured proteins
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after affinity purification was completed on the
Superdex 75 16/600 Prep Grade column in 150 mM
sodium chloride and 50 mM sodium phosphate
buffer pH 8 at a flow rate of 0.5 ml/min. The Super-
dex 75 10/300 analytical column was used for analy-
sis of molecular weights under the same conditions.
A comparison to known standards (Bio-Rad) allowed
for determination of the molecular weights and oli-
gomeric states of each LRR protein.

Circular dichroism

CD spectra were acquired using 5-10 pM protein
samples in 10 mM phosphate buffer pH 7.4 with 10
mM NaCl using a Jasco J-815 CD spectrometer. Far-
UV CD (190-260 nm) spectra were recorded at 25°C
to assess the secondary structure of CLRR2. Each
sample was recorded three times, from 190 to 260 nm
in a 2 mm pathlength cuvette, and averaged. Data
collected using a 1 nm bandwidth, 2 nm data pitch,
and a data integration time of 1 s, was normalized to
units of mean residue ellipticity for all samples. Ther-
mal denaturation curves were recorded by monitoring
molar ellipticity at 217 nm while heating from 20 to
90°C in 2°C increments with an equilibration time of
10 min at each temperature.

Urea denaturation

Tryptophan fluorescence was monitored using a
Cary Eclipse Fluorometer. Excitation of samples
occurred at 295 nm and spectra were recorded from
310 to 380 nm with the excitation and emission slits
equal to 5 nm. A 10M urea in 10 pM protein stock
solution was titrated into a 10 pM protein sample.
After a 10 min equilibration period for each addi-
tion, 3 scans were collected and averaged.

Fluorescence anisotropy

To determine the binding affinity, increasing
amounts of protein CLLR2, were titrated to a FITC-
labeled MDP (Purchased from Invivogen) in 10 mM
Na,HPO, pH 7.4 and 10 mM NaCl, buffer. Binding
was performed at 10 nM peptide concentration in a
10 mm path-length cuvette at 25°C, and the fluores-
cence anisotropy was recorded after a 30 min equili-
bration period. Fluorescence anisotropy experiments
were recorded in a Cary Eclipse Fluorometer
equipped with excitation and emission polarizers.
Excitation was achieved with a 5 nm slit-width at
495 nm and the emission recorded at 515 nm with a
slit-width of 5 nm. For excitation at the vertical ori-
entation (0°) the anisotropy (r) is:

o= Uw-Ipyv)~G(lyu—Ipvn) 1
(Ivv—Ipyvv)+2G(Iva—Iva—Isvn)

where G is the G-factor, Iyv and Iy are the vertical
and horizontal emission of the sample, respectively,
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and I yy and Ipyy are the intensity of the emission
of the blank with emission polarizer at vertical and
horizontal orientation, respectively. The G-factor cor-
rections were calculated using the equation: G =
(IHV - IB,HV)/(IHH - IB,HH); where IHV is the vertical
emission (0°) of a standard solution with excitation
in horizontal orientation (90°), I'gy is the horizontal
emission (90°) of a standard solution with excitation
in vertical orientation (0°), I ;v is the vertical emis-
sion (0°) of a blank solution with excitation in hori-
zontal orientation (90°) and I gy is the horizontal
emission (90°) of a blank solution with excitation in
vertical orientation (0°) using phosphate buffer as a
blank solution and a 10 nM FITC labeled MDP as a
standard solution. The fraction of ligand bound at
each point in the binding curve was calculated by
the equation.

r—rg

(2)

Fraction bound=

v —rf

where r is the observed anisotropy of the peptide at
any protein concentration, r¢ is the anisotropy of the
free peptide, and r, is the anisotropy of the ligand in
the plateau region of the binding curve. The data
was fit using nonlinear regression analysis with Ori-
gin software based on the equation.

_ [P
Kq+[P]

3)

where r is equal to the fraction of bound peptide, r},
is equal to the maximum signal, Ky is the dissocia-
tion constant, and [P] is the concentration of protein
in the sample.

Fluorescence quenching

Fluorescence quenching experiments were completed
using a Cary Eclipse Fluorometer. Samples of 10 uM
protein with MDP (purchased from Invivogen) from
0 to 30 uM were incubated in a 96 well plate for 30
min. Spectra were recorded with an excitation wave-
length of 295 nm and excitation and emission slits
equal to 10 and 20 nm. Each sample was measured
from 310 to 380 nm. Three spectra were recorded
and averaged for each trial. The binding curve was
obtained by plotting fluorescence signal against
MDP concentration where the percent of bound
ligand was calculated using the equation.

F,—F

— (4)
Fo _Fmin

Fraction bound=

where F, is the fluorescent signal without MDP, F is
the signal at any ligand concentration, and F,,;, is
the fluorescent signal at saturation. The data was fit
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using nonlinear regression analysis with Origin
Software using the equation.

[P

" Kyt [P ®)

where r is equal to the fraction of bound ligand, r}, is
equal to the maximum signal, K4 is the dissociation
constant, and [P] is the concentration of peptide in
the sample.
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