
A MOLECULAR TRIAD GOVERNING ADULT
 STEM CELLS ACTIVATION:  

CRYSTALLOGRAPHIC STUDIES OF LGR5,
 R-SPONDIN 1 AND E3 LIGASE ZNRF3

dedicated to my parents

Peng Weng Chuan



The research described in this thesis was performed at Crystal and Structural 

Chemistry, Bijvoet Center for Biomolecular Research,  Utrecht University, 

Utrecht, The Netherlands.

ISBN: 978-90-8891-989-3

Cover and layout design by: Weng Chuan Peng

Printed by:  Proefschriftmaken.nl, Uitgeverij BOXPress, ’s-Hertogenbosch 

Committee:

Prof. dr. Hans Clevers
Prof. dr. Yvonne Jones
Prof. dr. Albert Heck
Prof. dr. Ineke Braakman
Dr. Madelone Maurice 
Dr. Wim de Lau 



A MOLECULAR TRIAD GOVERNING ADULT 
STEM CELLS ACTIVATION:  

CRYSTALLOGRAPHIC STUDIES OF LGR5,
 R-SPONDIN 1 AND E3 LIGASE ZNRF3

EEN MOLECULAIRE TRIADE VERANTWOORDELIJK VOOR 
ACTIVERING VAN STAMCELLEN IN VOLWASSENEN: 

EEN KRISTALLOGRAFISCHE STUDIE VAN LGR5, R-SPONDIN 1
EN DE E3 LIGASE ZNRF3

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag 

van de rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit 

van het college voor promoties in het openbaar te verdedigen op woensdag 

12 november 2014 des middags te 2.30 uur

door

Peng Weng Chuan

geboren op 10 november 1982,

te Teluk Intan, Maleisië



Promotor: Prof. dr. P. Gros

This thesis was  accomplished with financial support from Nederlandse organisatie voor 

Wetenschapelijk Onderzoek (NWO) ECHO award and NWO-Spinoza award.  



General Introduction

Structure of Stem Cell Growth Factor R-spondin 1 in Complex 

with the Ectodomain of Its Receptor LGR5

Structures of Wnt-Antagonist ZNRF3 and Its Complex with 

R-Spondin 1 and Implications for Signaling

Strategies for expression, crystallization and structure

determination of LGR5 and R-spondin 1

Summary and Discussion

Samenvatting

Curriculum Vitae

Publications

Acknowledgements

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER 5

TABLE OF CONTENTS

6

25

57

77

107





CHAPTER
GENERAL INTRODUCTION 1



8

GEN
ERAL IN

TRO
DU

CTIO
N

    1

GEN
ERAL IN

TRO
DU

CTIO
N

        1
ABSTRACT

Wnt signaling is critical for maintaining intestinal homeostasis by driving intestinal crypt cell 
proliferation to replace epithelium cells in the villi that are replaced every 3-5 days. With 
the discovery of Crypt Base Columnar (CBC) cells as intestinal stem cells, the intestinal 
compartment became an ideal system for studying the molecular basis of Wnt-driven adult 
stem cell proliferation. In this chapter, the roles of (i) LGR5, a 7-transmembrane G-protein 
coupled receptor that marks CBC cells, (ii) R-spondin, a potent Wnt agonist and (iii) 
transmembrane E3 ligases RNF43/ZNRF3 are discussed. Collectively these proteins regulate 
Wnt-receptor availability on the cell surface, a crucial factor in controlling the growth rate of 
these adult stem cells. 

Wnt signaling drives adult stem cells proliferation in intestinal crypt

Wnt signaling is involved in almost all cell fate decisions during embryonic development. Since 
a few decades we realize that it also regulates adult tissue homeostasis [1-3]. The Wnt1 gene 
(Wnt1) was originally discovered by Roel Nusse and Harold Varmus in the 1982 as Int1 gene, a 
proto-oncogene activated by mouse mammary tumour virus in breast tumors [4]. Nüsselein-
Volhard and Wieschaus had earlier in 1980, identified Wingless (Wg), a segment polarity gene 
in Drosophila [5]. Later it became evident that Wg is the homologue of Int1 in fly. Since then, 
we refer to them as Wnt1 [6]. 

The Wnt family of secreted proteins consists of 19 members in humans. All members are 
about 350 amino-acid residues long and are lipid-modified at two positions [7]. Wnts bind 
to receptor complexes consisting of Frizzled (FZD) and low density lipoprotein receptor-
related protein (LRP) 5 or -6 [8-13]. All 10 FZD receptors are 7-transmembrane (TM) proteins 
that contain a cysteine-rich ectodomain (CRD). LRP 5 and -6 are single-pass transmembrane 
proteins that contain four β-propeller ectodomains. The recently described crystal structure of 
xenopus Wnt8-mouse FZD8 revealed that the palmitoleic acid (one of the lipid modifications) 
of Wnt8 is inserted into a conserved hydrophobic groove in the Frizzled CRD ectodomain, 
which contributes to the high binding affinity of Wnt8 to Frizzled 8 [14].

Binding of Wnt to FZD and LRP5/6 leads to stabilization of β-catenin, a hallmark of Wnt signaling 
activation (Fig 1) [2,15]. In the absence of Wnt, cytoplasmic β-catenin molecules are bound 
to two scaffold proteins Axin and Adenomatous Polyposis Coli (APC) and are phosphorylated 
by Glycogen Synthase Kinase 3β (GSK3β) and Casein Kinase I (CKI). Phosphorylated β-catenin 
molecules are targeted for ubiquitination and subsequently degraded by proteasomes. 
AXIN, APC, GSK3β and CKI reside in a multi-protein complex collectively termed ‘destruction 
complex’. Upon Wnt binding, LRP6 recruits AXIN and Frizzled recruits Dishevelled (Dsh), which 
leads to inactivation of the destruction complex. As a result, β-catenin molecules accumulate 
in the cytoplasm and translocate to the nucleus where they bind to HMG-box transcription 
factors T-cell lymphoid enhance factor (TCF/LEF). This leads to activation of the transcription 
of Wnt target genes [16,17].
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Early evidence that Wnt signaling drives renewal of the intestinal epithelium comes from the 
observation that deletion of TCF4/TCF712 in mice resulted in the absence of the intestinal 
stem cell compartment [18]. Subsequently, it was shown that overexpression of Wnt inhibitor 
Dickkopf 1 (Dkk1) [19,20] blocked intestinal crypt proliferation. Similar observations were 
made with deletion of β-catenin [21,22] or TCF4 [23]. In other tissues, overexpression of Dkk1 
eliminates hair follicles and other skin appendage, such as mammary gland [24].

In recent years, the discovery of leucine-rich repeat-containing G-protein coupled receptor 
(LGR) 5 as adult stem cell marker has helped in uncovering the role of Wnt signaling in Wnt-
driven adult stem-cell compartment [25]. LGR5, a Wnt target gene, marks adult stem cells 

Fig 1. Canonical Wnt signaling pathway 
(left) In the absence of Wnt, β-catenin molecules are phosphorylated by ‘destruction complex’ 
(composed of GSK3, Axin CKI and APC). Phosphorylated  β-catenin molecules are targeted for 
ubiquitination by B-TrCP and are subsequently degraded. In the absence of β-catenin, Groucho 
represses Wnt target genes transcription. 
(right) In the presence of Wnt, β-catenin molecules escape phosphorylation and degradation. 
Free  β-catenin molecules translocate into the nuclues, bind to transcription factor TCF to activate 
transcription of Wnt target genes. 
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in intestine and colon, stomach, hair follicle, liver, kidney and mammary gland [26-28]. 
R-spondins have been identified as a potent Wnt agonist driving proliferation in the intestine. 
The observation that it is an essential growth factor in intestinal organoid culture is in line 
with this [29-31]. More recently, transmembrane E3 ligases, Zinc RING Finger (ZNRF) 3 and 
Ring Finger (RNF) 43, both Wnt target genes, were identified as negative regulators of Wnt 
signaling [32,33].

The intestinal crypt serves as an excellent system for studying adult stem cells. Much of 
the molecular basis of Wnt signaling has been investigated for the intestine. Hence, in this 
chapter, I would like to provide a brief introduction on the architecture of intestinal epithelial 
compartment, the different stem-cell models, and elaborate on the recent discoveries of 
LGR5, R-spondin and ZNRF3/RNF43 as key regulators of Wnt signaling in adult stem cells.

Intestinal compartments: Architecture and function of villus and crypt

The small intestine is part of the intestinal tract, which also includes the large intestine or colon, 
and is responsible for nutrient uptake. The small-intestinal epithelium is characterized by the 
presence of finger-like protrusions termed villi, which have an extended surface optimized for 
nutrient uptake [34,35]. The invaginations between villi are called crypts of Lieberkühn (Fig 
2). The epithelium is constantly exposed to chemical, biological and physical assaults. Hence, 
it needs to be constantly renewed. A constant supply of new cells is provided by the intestinal 
crypts, where intense cell proliferation takes place. Newly formed cells migrate onto the villus, 
perform their functions for a few days, and enter apoptosis once reaching the tip of the villus. 
In mouse, the small intestinal epithelium renews itself every 3-5 days, making it one of the 
most actively renewing tissue in the body [35]. 

Each villus is surrounded by about 6 to 10 crypts. In the bottom of each crypt, there are about 
10 Paneth cells interspersed with about 15 Crypt Base Columnar (CBC) cells [28,36]. These 
CBC cells comprise the adult stem cells of this system. They divide symmetrically to produce 
new cells that stochastically adopt a stem cell fate or transit-amplifying (TA) cell fate [37]. The 
TA compartment forms the remainder of the crypt. TA cells undergo rapid division every 24h 
[38]. Cells then migrate upward into the villus compartment and are committed to one of the 
lineages described below [28,34] (Fig 2), i.e.:

• absorptive enterocytes, the most abundant cell type in the villus epithelium, secrete 
hydrolytic enzyme to breakdown food and absorb the nutrients released.

• goblet cells that secrete mucus for lubrication.
• enteroendocrine cells, which secrete various hormones.
• Paneth cells are long-lived and occupy positions at the base of the crypt in close 

association with stem cells. They secrete lysozyme and antimicrobial peptides (such as 
cryptdin and defensins).

• Other rare cells that can reside in both crypt and villus are Cup cells and tuft cells; Peyer’s 
patch associated microfold (M) cells are involved in luminal antigen transportation 
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towards the adaptive immune system.

The identity of the adult stem cells that resides in the crypt had remained elusive for a long 
time, and two main models are discussed below. 

Intestinal crypt: Early stem cell models

Cheng and Leblond were the first to observe CBC cells in the intestinal crypt in 1974 [39] 
by electron microscopy. Slender, cycling, CBC cells are wedged between Paneth cells and 
contain a large nucleus with little cytoplasm. Exposure of CBC cells to radioactive 3H thymidine 
resulted in death of some CBC cells, which were subsequently phagocytosed by neighbouring 
surviving CBC cells. Initially, radioactive materials were found in the crypt but later in different 
epithelial lineage cells in the villi, indicating their possible origin from the crypt. Cheng and 
Leblond proposed ‘Unitarian theory of the origin of the four epithelial cell types’, suggesting 
that CBC cells are the intestinal stem cells. Subsequently in 1981, Bjerkness and Cheng 
proposed the ‘stem-cell zone model’ [40,41]. In this model, the CBC stem cells reside in ‘stem 
cell permissive environment’ in the crypt, at position 1-4 (cell at the bottom of the crypt being 
position 1). Daughter cells that migrate out of the stem-cell zone enter the ‘common origin 
of differentiation’ at position +5. These cells migrate upward into the villus to mature into 
different lineage of secretory cells, whereas as Paneth cells progenitors move downward to the 
crypt. Almost two decades later, in 1999, Bjerkness and Cheng used a chemical mutagenesis 
approach to randomly mark epithelial cells with heritable somatic mutations in a specific 

Fig 2. Architechture of the intestinal compartment
(left) Scanning electron micrograph of the intestinal epithelium, with crypt and villus indicated. 
(middle) Cartoon representation of crpyt and villus. The crypt is the stem cells ‘production factory’. 
LGR5+ Crypt Base Columnar (CBC) stem cells are located at the crypt base, wedged between Paneth 
cells that serve as the stem-cell niche for CBC cells. 
(right) CBC cells divide actively to generate Transit-amplifying (TA) cells. TA cells continue to divide 
and migrate upwards into the villus and differentiate into various lineages (enterocytes, Tuft cells, 
enteroendocrine cells, Goblet cells). The location of +4 stem cell proposed by Potten et al. [43] is 
shown in the middle panel. Reproduced with permission from reference [28].
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locus. They consistently identified ‘marked’ CBC cells among these multi-lineage secretory 
cells, suggesting CBC as the precursor of the differentiated epithelial cells [42]. 

Alternative stem-cell model: +4 cells model

Potten and colleagues (1977) proposed an alternative stem-cell model termed the ‘+4 model’ 
[43-45]. The +4 cells are cells located directly above the Paneth cells. They described these 
cells as label-retaining (LRCs), but yet actively dividing (every 24 hours) and highly radio-
sensitive cells. Potten speculated on the discrepancy between ‘label-retaining’ and ‘actively-
dividing’ characteristics of these cells. Potten proposed that LRCs selectively segregate the 
newly synthesized DNA from the old DNA template [38,44]. The ‘immortal strand hypothesis’ 
had been proposed earlier and suggested that selective segregation of DNA protects stem-
cell template DNA from damage due to replication errors [46]. However, this notion has since 
been found to be inconsistent with recent studies [47-50]. 
 
LGR5 marks adult stem cells in intestinal crypt: proof for CBC cells as origin of stem cells

The definitive proof that CBC cells are the adult stem cells comes from in vivo lineage tracing 
using LGR5 as adult stem cell marker. In the landmark experiment performed in 2007, Barker 
and colleagues showed that LGR5, a Wnt target gene, is exclusively expressed in the CBC cells 
in the crypt [25]. The expression of LGR5 in crypt was visualized by LGR5-LacZ and LGR5-EGFP-
CreERT2 in a reporter mouse. To perform lineage tracing, mice carrying LGR5-EGFP-ires-Cre-
ERT2 were crossbred with conditional reporter line R26R LacZ mice. Low dose of tamoxifen 
inducible Cre enzyme removed the roadblock for transcription of LacZ. The induction of Cre 
enzyme introduced LacZ expression as an irreversible genetic marker cell. One day after 
induction, the lacZ reporter gene activity appeared restricted to a low number of CBC cells. 
Subsequently, LacZ cells were observed throughout the villus, harboring all epithelial cell 
types. The lacZ expression persists even after a year of Cre induction. These observations 
showed that LGR5+ CBC cells are the de facto stem cells, which are, multipotent, long-lived 
and actively dividing. 

Subsequently, the same lineage tracing strategy has been used to show that LGR5 marks adult 
stem cells in colon [25], hair follicles (LGR6) [51], stomach [52], kidney [53], pancreas [54], 
liver [55] and mammary gland [56]. 

Paneth cells provide the stem-cell niche

Originally discovered by Schwalbe and Paneth more than a century ago (in 1880s), Paneth 
cells are long-lived secretory cells that reside at the crypt of Lieberkühn [36]. Paneth cells are 
involved in innate immunity, protecting us against bacteria attack [57,58]. Hence, Paneth cells 
contain large secretory granules and secrete lysozyme and antimicrobial peptides, such as 
defensins and cryptdins. Paneth cells have a lifespan of 3-7 weeks and are the only terminally 
differentiated cells that escape rapid (weekly) renewal.
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Fig 3. Stem-cell niche and minigut growth
A, Paneth cells provide the stem-cell niche for CBC cells. Activation of Wnt, EGF and Notch signaling 
pathways and inhibition of BMP signaling pathway are essential for maintaining the stemness of 
CBC cells. 
B, Single LGR5+ CBC cell grows into 3D minigut that displays crypt-villus like architecture, shown 
here in a time-course of two weeks (left to right). Reproduced with permission from reference [60]. 
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[59,60]. There are about 10 Paneth cells interspersed between 15 CBC cells in each crypt. Loss 
of Paneth cells resulted in loss of LGR5+ stem cells. Four signaling pathways are involved in 
maintaining the stemness of CBC cells (Fig 3A), i.e. 

I. Wnt for maintaining stem cell fate and drive proliferation. Wnts are secreted by Paneth cells 
[18,61]; 
II. Notch signaling prevents stem cells from differentiating into secretory cells. Paneth cells 
express Dll1+/4+ as surface receptor to activate Notch1/2 receptor on stem cells [62]; 
III. Paneth cells secrete EGF to activate Ras/Raf/Mek/Erk pathway. Stem cells express EGF 
receptors [63]; 
IV. Noggin inhibits BMP signaling in stem cells. Noggin possibly comes from non-epithelial 
sources [64].

Various studies above have contributed to our understanding of signaling pathways required 
for maintaining intestinal stem-cell growth. The molecules involved are critical for culturing 
mini-intestine organoid from single adult stem cells in vitro [31], discussed below.

Single LGR5+ CBC cell generates minigut organoid in vitro

In another landmark experiment, Sato and colleagues (2009) demonstrated that single 
LGR5+-CBC cells can be grown into self-organizing 3D mini-intestine organoid that displayed 
crypt-villus architecture [31,60]. Single LGR5+-CBC cells from mice were isolated by FACS and 
embedded in Matrigel, a laminin- and collagen rich matrix that substitute basal lamina, and 
supplemented with a cocktail of ‘stem-cell factors’, i.e. Wnt3a, EGF, Noggin and R-spondin for 
growth. In less than 2 weeks, the crypt cells spontaneously generated into organoid, in which 
a crypt-like structure points outward and a villus-like structure pointed inside the lumen (Fig 
3B). R-spondin, a Wnt agonist and a growth factor, is known to induce proliferation in Wnt-
driven cells. However, the exact mechanism by which R-spondin potentiate Wnt signaling was 
unknown at that time and will be discussed further below. Another important observation 
is that LGR5+-CBC-Paneth cells doublets have much higher efficiency to generate organoids 
compared to LGR5+ CBC cells singlets, further showing the dependence of CBC cells on Paneth 
cells to provide the stem-cell niche. 

The ability of CBC cells to generate organoids in vivo again demonstrates that LGR5+ CBC 
cells are the multipotent adult stem cells in intestinal crypt. Since then, adult stem cells from 
other tissues such as stomach, liver and pancreas have also been cultured successfully into 
organoids in vitro. With the easy availability of organoids for genetic manipulation, such as 
by infection with lentivirus, Cre-mediated deletion of in vivo floxed genes, or CRISPR/Cas9-
mediated DNA editing [65,66], they serve as a promising system for studying human disease. 

R-spondin, a stem cell growth factor, potentiates Wnt signaling
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The R-spondin family of secreted proteins consists of four members, RSPO1–4, ranging in 
length from 234-273 amino acids. R-spondin has two cysteine rich furin-like domains (Fu1 
and Fu2) at the N-terminus, a thrombospondin type I repeat (TSP-I) and a stretch of polybasic 
tail at the C-terminus (Fig 4). Kazanskaya and colleague first identified R-spondin as activator 
of Wnt/β-catenin signaling using the TOPFlash assay by screening cDNAs from a xenopus 
eye library in HEK 293T cells [29]. R-spondin, in the presence of Wnts, induced stabilization 
of β-catenin in HEK 293T cells, a hallmark of canonical Wnt signaling. Similar effects were 
observed with RSPO 1/3/4. They noted that R-spondin alone is unable to stabilize β-catenin. 
It requires the simultaneous presence of Wnt. The two Fu domains are both required for Wnt 
signal enhancement, but also sufficient. R-spondins were shown to be essential during various 
stages of xenopus and mouse embryonic development. 

Several important observations were made in this study [29]: RSPO2 functions at extracellular, 
receptor-ligand level, and its activity is enhanced by presence of Wnts, LRP5/6, and FZD, but 
not by intracellular components such as Dishevelled (Dsh) or β-catenin. In addition, R-spondin 
activity is repressed by Dkk1 (LRP6 inhibitor), XDD1 (dominant-negative form of DSH) and GSK-
3β. They postulated that R-spondin may function by directly activating the Wnt receptor or by 
de-activating a Wnt antagonist. Further, no interaction was detected with FZD1-8, LRP5/6 and 
Dkk1-3, suggesting interaction of R-spondin with a novel receptor.

Using a transgenic mouse model, Kim and colleagues showed that RSPO1 enhanced 
proliferation of intestinal crypt cells [30], through stabilization of β-catenin in the crypt. 
RSPO1 expression in knock-in mice led to abdominal distention, characterized by increase 
in diameter, length and weight of the small intestine. Similar effects were observed in small 
intestine and colon in mice injected with recombinant RSPO1 protein. 

Both studies showed that R-spondin is an important component of the Wnt signaling pathway, 
which is required during embryonic development in xenopus and mice, and enhanced intestinal 
proliferation in adult mice. In addition, R-spondin is indispensable for growing mini-intestine 
organoid in vitro [29-31]. Given the importance of R-spondin, many groups have attempted 
to search for the receptor that binds R-spondin. It has been proposed that R-spondins bind to 
FZD [67], LRP6 [68] or Kremen [69] but all these reports were later found to be inaccurate [70]. 

LGR5 and homologues associate with R-spondin to mediate Wnt signaling

In 2011–2012, four groups independently showed that R-spondins bind to orphan receptors 
LGR5 and its homologues LGR4 and LGR6 [71-74], using various approaches such as proteomic/
mass spectrometry, genome wide siRNA screen and ‘rationale candidate ligand’ screen. LGR5 
is a 7-TM G-protein coupled Receptor (GPCR) with a leucine-rich repeat (LRR) ectodomain (Fig 
4). 

I. de Lau and colleagues employed a proteomic approach to identify R-spondin receptors 
[71]. By tandem affinity purification and mass spectrometry analysis, they observed that LGR 
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4/5 interact with LRP 5/6-FZD Wnt receptor complex [71]. All 4 R-spondins potentiate Wnt 
signaling, in combination with Wnt3a in TOPFlash assay in HEK 293T cells. Removal of LGR4 
by siRNA abrogates signaling mediated by R-spondin but not by Wnt3a, and can be rescued 
by expression of LGR 4–6. In intestinal organoid, deletion of LGR4 and -5 or withdrawals of 
R-spondins led to organoid death, which can be rescued by overexpression of Wnt3a or by 
presence of exogenously provided GSK3 inhibitor. R-spondin 1–4 were co-immunoprecipitated 
with LGR 4–6. Antibody targeting the N-terminal part of LGR5 effectively blocked R-spondins 
binding, suggesting that R-spondin may bind directly to the N-terminal part of the LRRs. 
Surface-plasmon resonance binding studies confirmed a direct physical interaction between 
RSPO1 and the LGR5 ectodomain with a KD of 3.1 nM, indicating a high-affinity receptor-ligand 
binding. Surprisingly, R-spondin-LGR-mediated signaling is not coupled to G-protein activity. 
Mutation of ERG motif, required for interaction with G-protein, did not affect signaling. de 
Lau et al. concluded that LGR5 and homologues associate with Wnt receptor complexes and 
amplified Wnt signaling by binding R-spondins. 

II. By candidate ligand approach, Carmon et al. screened for various ligands that bind LGR4–
6 and stimulate activity in a GPCR assays, e.g. cAMP production, Ca2+ immobilization and 
b-arrestin translocation [72]. However, they failed to identify any positive hit. R-spondin was 
then selected as candidate based on strong proliferative effect on intestinal epithelium. By 
fluorescent microscopy, colocalization of R-spondin and LGR5 in HEK 293T cells was observed 
and also confirmed by FACS analysis. R-spondins potentiate Wnt signaling in HEK 293T cells 
overexpressing LGR5, which can be abolished by siRNA targeting LGR 4/5. The binding affinities 
of RSPO 1–4 to LGR5 were estimated to be in the nanomolar concentration range. They tested 
extensively the ability of R-spondins to activate GPCR assay signaling but observed that LGR5 
signaling is not coupled to hetero-trimetric G proteins or β-arrestin, and observed no cAMP 
production or Ca2+ mobilization.

III. Glinka and colleagues used a genome-wide siRNA screen to identify the R-spondin receptor 
[74]. RSPO3 and RSPO3-Wnt3a were used to stimulate Wnt signaling in TOPFlash assay in 
HEK 293T cells. A pool of siRNA’s targeting 18,500 genes were screened in HEK 293T cells to 
determine hits that abrogated activity mediated by RSPO3 but not Wnt1. LGR5 was the only hit 
identified through this procedure. LGR5-RSPO3 signaling can be inhibited by LRP6 antagonist 
Dkk1, dominant-negative Casein kinase 1γ, GSK3β and Axin. The interaction between LGR4/5 
and RSPO3 was determined at KD of 2-3 nm.
 
One interesting observation is that LGR5-RSPO1 complex was quickly internalized in Clathrin-
mediated manner, which is required for R-spondin mediated signaling. In contrast, Wnt 
internalization is caveolin-dependent. In addition, they showed that LGR4/5 is required for 
planar cell polarity (PCP) signaling in xenopus embryo. 

IV. Using a similar approach as Glinka et al., Ruffner and colleagues employed a genome-
wide siRNA screen to search for R-spondins receptor [73]. They identified LGR4 as the only hit 
for RSPO1 in HEK 293T cells, in contrast to LGR5 in the study mentioned above [74]. RSPO1 
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mediated signaling is abrogated by loss of LGR4, and can be rescued by LGR5/6. They also 
noted that RSPO1 always colocalize with LGR5 in intracellular vesicles, indicating that LGR4-
RSPO1 are internalized together. In addition, R-spondin mediated signaling does not appear 
to be dependent on G-proteins Gi, Gs or Gq. 

All four studies identified LGR 4/5 as high affinity receptor for R-spondin 1–4. A follow-up 
study also confirmed LGR6 as R-spondins receptor [75]. However, questions remain on how 
LGR5-R-spondins potentiate Wnt signaling.

Transmembrane E3 ligases ZNRF3 and RNF43 negatively regulate Wnt signaling

In 2012, Koo et al. identified novel transmembrane E3 ligases, RING finger 43 (RNF43) and 
Zinc RING finger 3 (ZNRF3), which negatively regulate the Wnt receptor complex [32]. RNF43/
ZNRF3 are single-pass transmembrane E3 ligase, with a protease-associated (PA) ectodomain 
and a RING domain on the cytoplasmic side (Fig 4). By gene expression profiling of LGR5+ cells, 
they observed up-regulation of RNF43 and ZNRF3 genes, amongst other stem-cells specifc 
genes such as Olfm4, Ascl2 and TROY. 

The roles of RNF43/ZNRF3 in Wnt signaling and intestinal crypt proliferation were investigated 
by using knockout (KO) mice. Homozygous mutants did not show any phenotype. However, 
when both RNF43/ZNRF3 were removed, intestinal crypts expanded markedly and invaded 
the villus. The hyper-proliferative compartment displayed high level of β-catenin and 
was increased in Wnt target genes expression, suggestive of aberrant Wnt signaling in the 
absence of E3 ligases. Intestinal organoid generated from double KO mice grew faster than 
wild type, even in the absence of R-spondins. Nonetheless, organoid growth was dependent 
on the Wnt ligand and can be blocked by the Porcupine (Porc) inhibitor that impaired Wnt 
secretion. RNF43 expression in intestinal organoids inhibited growth immediately. In addition, 
RNF43 mutations were identified in two cancer cell lines, RNF43 expression abrogated Wnt3a 
mediated signaling activity [32].

In HEK 293T cells, RNF43 expression abolished the effect of Wnt3a in Wnt-reporter TOPFlash 
assay, whereas RING mutants did not show any effect. Overexpression of RNF43 greatly 
reduced membrane levels of FZD1/3 and LRP5. Besides, FZDs were observed to be rapidly 
cointernalized with RNF43, suggesting that FZD is most likely a substrate for RNF43. A FZD 
variant (lacking all internal Lys required for ubiquitination) proved resistant to the RNF43 
mediated internalization, indicating a direct role for E3 ligase activity. Besides, lysosomal 
inhibition with bafilomycin A1 counteracts RNF43 mediated degradation [32]. 

RNF43/ZNRF3 role as tumour suppressor genes has been documented in various studies. Down-
regulation of ZNRF3 in gastric adenocarcinoma correlates with poor tissue differentiation. 
Overexpression of ZNRF3 suppressed proliferation in gastric cancer cells by down-regulating 
Wnt signaling [76]. Inactivating mutations of RNF43/ZNRF3 have been found in mucinous 
cancer in ovary [77], pancreatic cancer cells [78-80], endometrioid carcinoma of uterus [81] 
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and liver fluke-associated cholangiocarcinoma [82].

More recently, Moffat et al. reported the identification of E3 ligase, PLR-1, that served as 
a functional homolog of RNF43/ZNRF3 in C. elegans [83]. PLR-1 controls anterior-posterior 
neuronal activity in C. elegans. PLR-1 blocks Wnt signaling by reducing surface level of FZD, 
similar to that of RNF43/ZNRF3. The PA domain of PLR-1 is required for interaction with FZD 
cysteine-rich domain (CRD); and the RING domain is required for E3 ligase activity. FZD is 
ubiquitinated at a single lysine present in the second intracellular loop. In addition, PLR-1 

Fig 4. Domain organization of LGR5, R-spondin and E3 ligase ZNRF3/RNF43 and the signaling 
mechanism
A, Schematic representation of LGR4–6, R-spondin 1–4 and E3 ligases ZNRF3 and RNF43. Residue 
numbers for each domain are indicated for LGR5, RSPO1 and ZNRF3 (Uniprot sequences). Signal 
peptides are not shown here.
B, Regulation of Wnt receptor complex by E3 ligases ZNRF3/RNF43. (left) In the absence of 
R-spondin, LRP6 and FZD receptors are targeted for  ubiquitination and degradation by ZNRF3, 
decreasing Wnt signaling amplitude. (right) R-spondin induces formation of LGR5-RSPO1-ZNRF3 
ternary complex and promotes membrane clearance of ZNRF3 from the cell surface, leading to 
accumulation of Wnt receptor complex  and increasing Wnt signaling amplitude.
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regulates surface levels of CAM1/ROR and LIN18/RYK, both Wnt receptors, in a FZD-dependent 
manner.

R-spondins, the missing link between LGR5 and ZNRF3/RNF43

Hao and colleagues independently identified ZNRF3 by screening for genes that are correlated 
with Axin2 expression - a Wnt target gene [33]. Based on various genetic and biochemical 
assays in HEK 293T cells, the group showed that ZNRF3 served as antagonist of Wnt signaling by 
ubiquitinating LRP6/FZD receptor complex. Physical interaction between FZD and ZNRF3 were 
detected by immuno-precipitation, confirming FZD as the target for substrate recognition. 
Besides, antibody targeting of ZNRF3 enhanced surface levels of FZD. In addition, by using 
KO organisms, they showed that ZNRF3 is critical for embryonic development (dorsal axis 
patterning and anterior-posterior patterning) in zebrafish, xenopus and mice embryos. Hence, 
ZNRF3 regulates both Wnt/β-catenin and PCP signaling.

Interestingly, Hao et al. noted that R-spondins increased FZD level on membrane in a manner 
similar to ZNRF3 inhibition. They observed that RSPO1 bound to ZNRF3 ectodomain also in 
the absence of LGR4. Overexpression of ZNRF3-ectodomain mutant P103A, blocked RSPO1 
mediated FZD stabilization, indicating a direct physical interaction. Further, RSPO1 induced 
formation of a ternary complex between ZNRF3-RSPO1-LGR4. Strikingly, RSPO1 decreased 
membrane levels of ZNRF3, which is LGR4 dependent. They demonstrated that induced 
dimerization of LGR4-ZNRF3 is sufficient to induce membrane clearance of ZNRF3. In addition, 
the RING domain of ZNRF3 is required for LGR4-ZNRF3 removal from the surface. Hao et al. 
proposed that R-spondin increases Wnt availability on cell surface by inducing membrane 
clearance of antagonist ZNRF3, in the presence of LGR4. The proposed role for R-spondin is 
consistent with previous observations that R-spondin alone does not activate Wnt signaling, 
but that it shows a synergistic effect with Wnt3a and that LGR5 endocytosis is required for its 
activity [73]. The proposed mechanism is illustrated in Fig 5. 

Summary and Scope of thesis

Wnt signaling is crucial for maintaining intestinal homeostasis [3,18,34]. In the intestinal villi, 
cells are constantly exposed to biological, chemical and physical assaults. Consequently, these 
cells undergo rapid apoptosis and are regularly shed into the lumen. Active proliferation takes 
place in the crypt to supply new cells to the villi. Intestinal compartment is an ideal system for 
studying adult stem cells, due to the intense proliferation rate and well-studied architecture 
[34]. Several breakthrough discoveries in recent years, made by studying intestinal crypt, 
have contributed to our general understanding of adult stem cell proliferation driven by Wnt 
signaling [28].

LGR5 was initially identified as a Wnt target gene exclusively expressed in CBC cells in the 
intestinal crypts [25,27,28]. In vivo lineage tracing using LGR5 as marker subsequently proves 
that CBC cells act as mulitpotent adult stem cells that give rise to all intestinal epithelial cell 
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types, consistent with the model proposed by Cheng and Leblond [39]. In addition, lineage 
tracing has helped to pinpoint the identity of adult stem cells in various tissues [26,84], such 
as in colon [25], hair follicles (LGR6) [51], stomach [52], kidney [53], pancreas [54], liver [55] 
and mammary gland [56]. LGR5 was later shown to associate with R-spondin to potentiate 
Wnt signaling [71-74]. R-spondin enhanced intestinal growth [29,30] and is required for 
mini-intestine culture [31]. How R-spondin binding to LGR5 potentiate Wnt signaling remains 
unclear, especially since no G-protein activity downstream was detected [71]. 

Two transmembrane E3 ligases, ZNRF3/RNF43 were recently identified as negative regulators 
of Wnt signaling [32,33]. ZNRF3 and RNF43 function by ubiquitinating FZD receptors and 
promoting Wnt receptor complexes degradation. R-spondin was shown to induce membrane 
clearance of ZNRF3/RNF43 in an LGR4/5-dependent manner [33], which leads to increase of 
Wnt receptor on the cell surface. LGR5, R-spondin and ZNRF3 interactions at the cell surface 
determine Wnt receptor availability, which in turn determines the Wnt signaling amplitude, 
i.e. expression of Wnt target genes required to kickstart adult stem cells proliferation. 

The scope of this thesis is to elucidate the molecular interaction between LGR5, R-spondin 
and E3 ligase ZNRF3 by crystallographic studies. In chapter 2, the structural basis of R-spondin 
recognition by its receptor LGR5, which provide insights into promiscuous binding of R-spondins 
to LGR4–6, is presented. Chapter 3 describes the structural data and the mechanism of E3 
ligase ZNRF3 inhibition by R-spondin, which offers insights into regulation of Wnt signaling 
on stem-cells surface. In chapter 4, the technical details of expression, crystallization and 
structure determination of LGR5 and R-spondin is discussed. Production of large quantity 
(milligrams) of R-spondin and LGR5 proteins is critical for crystallographic studies, biochemical 
studies and antibody generation. In chapter 5, recent developments with regards to signaling 
roles of LGR5, identification of novel interacting partners and insights obtained from other 
structural studies, are discussed.
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ABSTRACT

Leucine-rich repeat-containing G protein-coupled receptors 4–6 (LGR4–LGR6) are receptors 
for R-spondins, potent Wnt agonists that exert profound trophic effects on Wnt-driven stem 
cells compartments. We present crystal structures of a signaling-competent fragment of 
R-spondin 1 (Rspo1) at a resolution of 2.0 Å and its complex with the LGR5 ectodomain at a 
resolution of 3.2 Å. Ecto-LGR5 binds Rspo1 at its concave leucine-rich repeat (LRR) surface, 
forming a dimeric 2:2 complex. Fully conserved residues on LGR4–LGR6 explain promiscuous 
binding of R-spondins. A phenylalanine clamp formed by Rspo1 Phe106 and Phe110 pinches 
Ala190 of LGR5 and is critical for binding. Mutations related to congenital anonychia reduce 
signaling, but not binding of Rspo1 to LGR5. Furthermore, antibody binding to the extended 
loop of the C-terminal LRR cap of LGR5 activates signaling in a ligand-independent manner. 
Thus, our data reveal binding of R-spondins to conserved sites on LGR4–LGR6 and, in analogy 
to FSHR and related receptors, suggest a direct signaling role for LGR4–LGR6 in addition to its 
formation of Wnt receptor and coreceptor complexes.

INTRODUCTION

Vertebrate genomes encode four secreted R-spondin proteins (Rspo1–Rspo4), each defined 
by two N-terminal Furin (Fu) domains and a thrombospondin (Tsp) domain. Functionally, 
R-spondin proteins act as potent enhancers of Wnt signals (Kazanskaya et al., 2004). Indeed, 
Rspo1 strongly promotes proliferation of the Wnt-dependent intestinal-crypt stem cell 
compartment in vivo (Kim et al., 2005) and in vitro (Sato et al., 2009). This activity can be 
attributed to the two Fu domains, because a Fu1-Fu2 fragment of Rspo1 retained full signaling 
activity (Kim et al., 2008, Li et al., 2009). R-spondin mutations have been found in two 
hereditary syndromes in humans. Rspo1 is mutated in a recessive syndrome characterized 
by XX sex reversal, palmoplantar hyperkeratosis, and squamous cell carcinomas (Schuijers 
and Clevers, 2012). Mutations in the Rspo4 gene result in congenital anonychia, a severe 
hypoplasia of fingernails and toenails (Blaydon et al., 2006, Brüchle et al., 2008, Wasif and 
Ahmad, 2013).

The Wnt target gene leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5) 
encodes a serpentine receptor that is exquisitely specific to Wnt-dependent stem cells of 
a series of adult tissues, including small intestine and colon (Barker et al., 2007), stomach 
(Barker et al., 2010), hair follicle (Jaks et al., 2008), liver (Huch et al., 2013), kidney (Barker 
et al., 2012), and mammary gland (Plaks et al., 2013). The LGRs form a small family of seven-
transmembrane (7TM) receptors that include the follicle-stimulating hormone, luteinizing 
hormone, and thyroid-stimulating hormone receptors (FSHR, LHR, and TSHR, also referred 
to as LGR1–LGR3, respectively) (Hsu et al., 1998). LGR5 (as well as its homologs LGR4 and 
LGR6) binds R-spondins with high affinity, thus mediating R-spondin input into the canonical 
Wnt pathway (Carmon et al., 2011, de Lau et al., 2011, Glinka et al., 2011). Indeed, LGR4 
and LGR5 proteins physically reside within Frizzled/LRP receptor complexes (de Lau et al., 
2011). Whereas deletion of the Lgr5 gene in the intestine has little effect, mutation of Lgr4 
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(which is expressed by all crypt cells) severely decreases crypt proliferation (Mustata et al., 
2011). Double Lgr4 and Lgr5 knockout completely abolishes proliferation (de Lau et al., 2011), 
implying that R-spondins are major drivers of Wnt-dependent crypt self-renewal.

RESULTS AND DISCUSSIONS
Structures of Free and Bound Rspo1

We sought to address the crystal structure of the Fu1-Fu2 fragment of Rspo1 and its complex 
with the ligand-binding ectodomain of LGR5. A crystal structure of Rspo1-Fu1Fu2 (residues 
31–145) was derived at a resolution of 2.0 Å (Figure 1A). Fu domains are rich in cysteine-
knotted β-hairpins. In contrast to earlier mass-spectrometry analysis (Li et al., 2009), Rspo1-
Fu1Fu2 displayed disulphide-bond patterns common to other Fu domains (Garrett et al., 1998, 
Ogiso et al., 2002). Each Fu domain formed a leaflet consisting of three β-hairpins connected 

Fig 1. Structure of Rspo1 and the complex of Rspo1 with ecto-LGR5
A, Structure of (unbound) Rspo1-Fu1Fu2 (res. 31-145) at 2-Å resolution. Indicated are disulphide 
bonds (ball and stick) and disordered residues (dash line). 
B, Overlay of bound and unbound Rspo1. Arrow indicates a hinge around which the orientation 
between the Fu1 and Fu2 domains differ by ~90° between the LGR5-bound and unbound structure 
of Rspo1. 
C, Structure of LGR5 ecto-domain (res. 22-543) in complex with Rspo1 Fu1-Fu2 domains at 3.2-Å 
resolution in two views, one without and one with surface representation. Domain compositions 
of LGR5 and Rspo1 are indicated schematically.
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by disulphide bonds (Figure S1). The sets of Fu1 and Fu2 β-hairpins were oriented at ~90° to 
each other in unbound Rspo1. Next, we determined the structure of this Rspo1 fragment in 
complex with the LGR5 ectodomain (residues 22–543) at 3.2 Å resolution (Figures 1B and 1C). 
In the complex, a twist due to a rotation around the longitudinal axis of Rspo1 aligned the two 
sets of β-hairpins, thus flattening the shape of Rspo1 when bound to LGR5.

Structure of the LGR5-Rspo1 Complex

Rspo1-Fu1Fu2 binds the ecto-LGR5 domain with a KD of 2–3 nM (de Lau et al., 2011, Glinka et 
al., 2011). We observed dimeric, 2:2, arrangements of the complex in four crystal structures, 
determined up to 3.2 Å resolution (Figure 1C and Figure S2). Size-exclusion chromatography 
indicated 1:1 complexes (Figure S3). In agreement with a physiological existence of LGR 
dimers on cells, previous mass-spectrometry analysis has revealed interactions between LGR4 
and LGR5 in the cell membrane (de Lau et al., 2011). In the absence of the cell membrane 
and the 7TM region, the interaction between the LGR ectodomains may be lost in solution. Of 
note, a similar observation was made for FSHR (Fan and Hendrickson, 2005) and TLR5 (Yoon 
et al., 2012).

The LGR5 ectodomain adopted a typical horseshoe-shaped structure consisting of the 17 
leucine-rich repeat (LRR) units (Figure 1C and Figure S4). The N-terminal and C-terminal caps 
(N- and C-caps) were similar to those of FSHR (Jiang et al., 2012) (Figures S4C and S4D). A long 
loop in the C-cap contained an α helix but was largely disordered, possibly adopting a stable 
structure upon interaction with the extracellular loops of the 7TM region. The LRR curve was 
kinked and twisted by ~20° between LRR10 and LRR11. This kink coincided with a marked 
sequence variation in LRR9 and LRR10, wherein two bulky phenylalanines occupied the 
positions of canonical leucines (Figures S4A and S5). Several LRR-containing receptors show 
curvatures similar to the N-terminal LRR1–LRR10 or the C-terminal LRR11–LRR17 (Figure S6). 
Due to the kink and twisting of the C-terminal LRR11–LRR17 (yielding an overall twist of ~45°), 
the protomers bent toward each other in the dimer. Contact points in the dimer bridged 
LRR10 to LRR17 (Figure S7A) with a large “open” area between the dimer partners, except for 
an H-bonded interaction between Tyr-361 and its dimeric partner at the center.

LGR5-Rspo1 Binding Interfaces

The ecto-LGR5 and Rspo1-Fu1Fu2 complex observed in the crystals revealed three receptor-
ligand contact sites (Figures 2A–2C). Two adjoining sites were formed by the concave surface 
of the LRR3–LRR9 of LGR5 with Fu2 and Fu1 of Rspo1, burying a total surface area of 870 Å2. 
A third site (burying 340 Å2) was formed “in trans” between Rspo1-Fu1 and the second copy 
of LGR5.

In the first contact site, phenylalanine residues 106 and 110 of the Rspo1-Fu2 domain formed 
a clamp-like arrangement around Ala190 of LGR5 (Figure 2B). Ala190 was surrounded by a 
hydrophobic rim formed by Cβ atoms and/or side chains of His166, Trp168, Gln189, Val213, 
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Val214, and His216. On the side of this hydrophobic patch, glutamates 237 and 261 of LGR5 
formed H-bonds and salt bridges with His108 and Asn109 from the 106FSHNF110 loop 
and with Arg-124 from a neighboring loop. All these contact residues of LGR5 are strictly 
conserved among LGR4–LGR6 (Figure S5). Between the R-spondins, Phe106 and Phe110 are 
fully conserved, the intervening residues are all hydrophilic or charged, and position 124 is 

Fig 2. LGR5-Rspo1 interfaces
A, Overview of three binding interfaces between Rspo1 and LGR5. Shown are contact footprints of 
Rspo1 on LGR5 with contacts of Fu2 indicated in green and for Fu1 in magenta (with ‘cis’ LGR5) and 
blue (‘trans’ LGR5). 
B, Interactions between Fu2 of Rspo1 with LGR5; 
C, idem between Fu1 of Rspo1 with LGR5 (cis). 
D, TOPFlash-assay results for purified Rspo1 mutants from 1.5 to 200 nM (with K115E as additional 
control). 
E, TOPFlash results obtained by transfection-mediated introduction of 0.012 to 15 ng of wildtype 
and LGR5 variants, mutated on residues interacting with Rspo1. One day prior to introducing LGR5 
and reporter plasmids, cells were transfected with LGR4-specific siRNA. The 15 ng results are 
shown. 
F, TOPFlash results for mutations in Rspo1 Fu2 domain (concentrations as in 2D). 
G, Small intestinal organoid growth in the presence of wildtype or Rspo1 mutants.
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either an arginine or a lysine (Figure S1B). We generated the Rspo1-Fu1Fu2 mutants F106E 
and F110E and found that these had no activity in the TOPFlash Wnt reporter assay (Figure 
2D). Mutations A190D and V214W of LGR5, disrupting the shallow hydrophobic bowl, showed 
reduced signaling activity (Figure 2E). 

Residues from Rspo1-Fu1 and LGR5 residues from the “lower” part of the concave surface 
of LRR3–LRR7 formed the second contact site (Figure 2C). This site was predominantly of 
charged character. Again, the LGR5 residues at the interface were strictly conserved between 
LGR4–LGR6. These residues were Asn123, Arg144, Asp146, Asp170, Asp171, Leu195, His218, 
and Asn219. The corresponding Rspo1 residues were Lys59, Ser78, Asp85, Arg87, Asn88, and 
Asn92. Lys59 and Arg87, at the center of this site, were conserved as lysines or arginines 
between all four R-spondins. Charge-reversal mutations R87E and K59E showed reduced 
activity, confirming their role in the interaction (Figure 2F). Mutation of the nonconserved 
Asn88 (on the side of the interface) had no effect on Rspo1 activity. LGR5 mutants D146F and 
D170F had lost all signaling activity, whereas mutants R144E and D171A showed reduced 
activity (Figure 2E). We concluded that Rspo1 utilizes both its Fu1 and Fu2 domains to bind 
the ectodomain of LGR5 at sites that are fully conserved between LGR4–LGR6. This was in 
agreement with the observed lack of specificity of each of the R-spondins for LGR4–LGR6 
(Carmon et al., 2011, de Lau et al., 2011, Glinka et al., 2011). In vitro “minigut” culture, which 
depends entirely on functional R-spondin (Sato et al., 2009), confirmed that Rspo1-FuFu2 
stimulated organoid growth and two binding-defective Rspo1-Fu1Fu2 F106E and F110E 
mutants failed to support growth (Figure 2G).

The trans Site and Dimer Interface

In the third site, Rspo1-Fu1 contacted the dimeric partner LGR5 at the last LRR and short α helix 
of the C-cap (Figure 3A). The interface was formed by LGR5 residues from the C-cap, Gln457, 
Ser458, Leu459, and Tyr477 and Rspo1 residues Asn51, Leu54, Leu64, Gln71, Asn88, and 
Met91. However, in several protein copies in the crystal structures, we observed disorder at 
this interface (Figure S8). The side chain of Rspo1 Gln71 made a H-bond to backbone carbonyl 
oxygen of the Tyr477 of LGR5 (Figure 3A); both residues are strictly conserved between 
Rspo1–Rspo4 and LGR4–LGR6, respectively. Gln71 of Rspo1 coincides with the position of one 
of the four Rspo4 mutations described in patients with congenital anonychia (Blaydon et al., 
2006, de Lau et al., 2012). The four related residues are Arg66, Arg70, Gln71, and Gly73, which 
were located in the second β-hairpin loop of Rspo1-Fu1. Anonychia mutants R66W, Q71R, 
R70C, and G73R and related mutations in Rspo1-Fu1Fu2 did not affect binding to ecto-LGR5, 
but showed reduced signaling activity (Figures 3B and 3C). Q71R and G73R point toward the 
“trans” interface and may disrupt interactions. LGR5 mutations in the trans site showed both 
reduced (S458R) and enhanced (L459R) TOPFlash activity (Figure S7); these findings could not 
be corroborated further due to lack of expression on the cell surface of the tested mutants. 
Next, we mutated LGR5 residues in the dimer interface (Figure S7). Residues Tyr289, Asp290, 
and His454 were observed at the LGR5-LGR5 dimer interface (Figure S7A). Mutation Y289A/
D290A, Y289W/D290A, or H454A did not significantly reduce TOPFlash activity (Figure S7B), 
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indicating that the receptor-receptor interface observed in the crystal structure is not critical 
and that dimer formation may depend on receptor-receptor interactions in the membrane 
(de Lau et al., 2011).

Activation by Antibody Binding to Disordered C-Cap Loop in the Absence of Rspo1

Ligand-activated signaling is well established for the glycohormone receptors FSHR, TSHR, 
and LHR (Jeoung et al., 2007, Ryu et al., 1998, Simoni et al., 1997). However, a downstream 
G-protein has not been identified for LGR5. It is unknown whether LGR5, or its homologs LGR4 
and LGR6, is directly involved in transmembrane signaling, or whether the receptor serves to 
capture its ligand and affect Wnt signaling solely through ternary-complex formation, with 
LRP5/LRP6 (Wei et al., 2007), Frizzled (Nam et al., 2006), and RNF43/ZNRF3 (Hao et al., 2012), 
for example. We tested a series of LGR5-specific monoclonal antibodies and observed that 

Fig 3. ‘Trans’ and dimer interactions
A, ‘Trans’ contact site between Rspo1-Fu1 and the neighbouring C-cap of LGR5 with positions of 
Anonychia-related (Rspo4) residues indicated by red spheres. 
B, Binding assay of Rspo1 Anonychia location-specific mutations, present in conditioned media 
(middle panel), to immobilized LGR5 ecto-domain (top panel). Bottom panel shows amount of 
protein captured. Actual patient mutations are indicated (*). G82E is used as positive control and 
F106E and F110E as negative controls. 
C, TOPFlash-assay using conditioned-media derived from wt and Rspo1 mutants. 
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three of them (1D9, RD20, and RD42) induced TOPFlash activity in human embryonic kidney 
293 cells (HEK293 cells) stably expressing LGR5 in the absence of R-spondins (Figures 4A and 
4B). The epitopes of these antibodies were mapped onto a flexible region in the ecto-LGR5 
C-cap loop (notably, the C-cap was not required for ligand binding as shown for a shortened 
construct in Figure S3). In contrast, antibody 4D11, which binds to LRR9–LRR11, showed no 
activity in the TOPFlash assay (data not shown). For the glycohormone receptors, this region 
(referred to as the hinge region) has been implied to have an autoinhibitory, reverse-agonistic 
role (Agrawal and Dighe, 2009, Majumdar et al., 2012, Mueller et al., 2010, Vlaeminck-Guillem 
et al., 2002, Zeng et al., 2001, Zhang et al., 2000). Similarly, antibodies against FSHR (Majumdar 
et al., 2012) and TSHR (Majumdar and Dighe, 2012) bind between the LRR and 7TM regions 
and activate signaling, putatively through inducing a conformational change that alleviates 
the autoinhibitory activity. The TOPFlash activity upon antibody binding may indicate a similar 
process in LGR5. Moreover, the positions of the anonychia-related mutations provide further 
indication of interactions beyond the contact sites formed by the ecto-LGR5, with residues 
Arg66 and Arg70 pointing away from the trans site to where the extended C-cap loop or 7TM 
is expected (see Figure S9 for a presentation of a hypothetical ectodomain and 7TM region 
arrangement). To verify a role of the 7TM in signaling, we rigorously substituted residues 562–
907 of LGR5 with the corresponding region of an unrelated, single-pass membrane protein, 
GPA33. Fluorescence-activated cell sorting (FACS) analysis showed that the chimeric receptor 
is expressed on the cell surface (Figure S10A), and Rspo1-alkaline phosphate staining on the 
cell surface indicates that the Rspo1 is able to bind to the chimeric receptor (Figure S10B). 
However, TOPFlash activity reduced to basal levels (Figure S10C), supporting the notion that 
binding of Rspo1 to the LGR5 ectodomain is not sufficient for signaling.

CONCLUDING REMARKS

The current structural analysis of Rspo1 in complex with the ectodomain of LGR5 provides a 
framework from which to build insights into the molecular mechanism by which these two 

Fig 4. Ligand-independent antibody activation of LGR5
A, Epitopes of antibodies RD20, RD42 and 1D9 mapped onto ecto-LGR5 (the precise location of this 
protruding region varies among crystal structures, see Fig S2B. 
B, TOPFlash-assay for  LGR5-specific antibodies RD20, RD42 and 1D9 in the absence of R-spondins. 
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molecules support a wide range of Wnt-dependent stem cell types. R-spondins have been 
reported to interact with additional membrane receptors such as LRP5/LRP6 (Wei et al., 2007), 
Frizzled (Nam et al., 2006), RNF43/ZNRF3 (Hao et al., 2012), and Syndecan-4 (Ohkawara et al., 
2011). The Wnt agonist Norrin binds LGR4–LGR6 in addition to its interaction with Frizzled4 
(Deng et al., 2013). These proteins either compete for binding or, potentially, form complexes. 
The short R-spondin Fu1Fu2 fragment suffices for full activity in assays in vitro (Kim et al., 
2008, Li et al., 2009). Though most of the Fu1-Fu2 surfaces of R-spondins will be in contact 
with LGR4–LGR6, additional interactions with Fu1 and Fu2 domains may allow the formation 
of ternary complexes with LRP5/LRP6, Frizzled, or RNF43/ZNRF3, with or without changing 
the overall arrangement of the R-spondin-LGR4–LGR6 complexes. Furthermore, in full-length 
R-spondins, the Tsp and C-terminal tail, not studied here, probably point outward from the 
complex, providing additional potential contact sites close to the membrane surface—for 
Syndecan-4, for instance (Ohkawara et al., 2011) (Figure S9). Ligand-independent signaling 
through antibody binding and residues in the C-cap region that are critical for signaling are 
features reminiscent of signaling in FSHR, TSHR, and LHR (Mizutori et al., 2008, Mueller et al., 
2010). Critical interactions beyond ligand binding to the LRR of LGR5 are further supported by 
the location of the anonychia-related (Rspo4) mutations (Blaydon et al., 2006, de Lau et al., 
2012). Taken together, our data indicate that R-spondins bind tightly to the strictly conserved 
binding sites formed by LRR3–LRR9 of LGR4–LGR6 and that monomeric 1:1 interactions are 
sufficient for this binding to occur. Full-length LGR4–LGR6 molecules, however, dimerize to 
establish the trans contact sites that are implied in signaling. Signaling may also occur upon 
antibody binding to the C-cap loop region independent of binding R-spondins. In analogy 
to FSHR, TSHR, and LHR (Mueller et al., 2010, Vassart et al., 2004), this binding may induce 
conformational changes alleviating the putative autoinhibitory, reverse-agonistic activity. 
Thus, these data suggest a direct role of signaling by the LGR4–LGR6 in addition to ternary-
complex formations. Hence, a bewildering complexity exists at the level of the initiation of 
Wnt signals at the cell surface because of the existence of 19 Wnts, 10 Frizzleds, and 2 LRP 
Wnt coreceptors. A variety of secreted and membrane-bound Wnt agonists and antagonists 
add a further level of complexity. The facultative R-spondin-LGR receptor module appears to 
represent a vertebrate invention for magnifying Wnt signal strength and thus enlarging stem 
cell compartments. Recent structures have been resolved for Wnt-Frizzled (Janda et al., 2012) 
and Dkk1-LRP (Ahn et al., 2011, Bourhis et al., 2011, Chen et al., 2011, Cheng et al., 2011). 
Many additional studies will be required for understanding the inner workings of what must 
be among the most complex receptor-ligand systems in animal biology.

EXPERIMENTAL PROCEDURES

Ecto-LGR5 (residues 22–543) and Rspo1-Fu1Fu2 (residues 31–145) proteins were produced 
recombinantly in HEK293 N-acetylglucoaminyltransferase I-deficient (GnTI−) Epstein-Barr 
virus nuclear antigen I (EBNA) cells, purified to homogeneity, and crystallized with the hanging-
drop vapor-diffusion method. Diffraction data were collected at the Swiss Light Source (SLS) 
in Villigen, Switzerland and at the European Synchrotron Radiation Facility (ESRF) in Grenoble, 
France. The structures of Rspo-Fu1Fu2 and the ecto-LGR5-Rspo-Fu1Fu2 complex were 
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determined by experimental phasing and molecular replacement, respectively. Diffraction-
data and refinement statistics are provided in Table S1; examples of the electron densities are 
shown in Figure S11. Monitoring the potential of wild-type and mutated variants of Rspo1-
Fu1Fu2 to enhance Wnt signals was done by employing the TCF-dependent TOP luciferase 
assay in HEK293T cells (Staal et al., 1999). Measuring the ability of mutated versions of the 
LGR5 to transmit Rspo1-Fu1fu2-driven signaling was performed using the same luciferase 
assay but with simultaneous small interfering RNA (siRNA)-driven knockdown of endogenous 
LGR4. The LGR5-binding ability of Rspo1-Fu1Fu2 proteins mutated in the LGR5-interacting 
domain and Rspo1-Fu1Fu2 mutants representing congenital anonychia mutations were tested 
in an immunoprecipitation experiment with the ectodomain of LGR5 coated on agarose beads. 
Additional details are available in the Extended Experimental Procedures. 
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EXTENDED EXPERIMENTAL PROCEDURES

Protein expression, purification and crystallization. All chemicals were purchased from 
Sigma-Aldrich (USA) unless specified. Ecto-LGR5 (residue 22-543 or 22-478) and Rspo1-
Fu1Fu2 (residue 31-145) constructs were cloned into pUPE vectors (U-Protein Express BV, 
The Netherlands) carrying hexa-histidine tag. The proteins were produced recombinantly in 
N-acetylglucoaminyltransferase I deficient (GnTI-) HEK 293 cells that stably expressed Epstein-
Barr virus Nuclear Antigen I (EBNA) (Durocher et al., 2000; Reeves et al., 2002). Cultures were 
harvested 6 days post transfection. Media containing the secreted proteins were concentrated 
and diafiltrated using Quickstand Hollow fiber system (GE Healthcare). Recombinant proteins 
were purified using Ni2+-sepharose FF resin, anion exchange MonoQ column and gel filtration 
Superdex 200 or 75 columns (GE Healthcare, USA). Samples were concentrated to 10-15 mg/
ml and crystallized by hanging drop vapour diffusion method at 277 K or 291 K. Crystals of 
ecto-LGR5-Rspo1-Fu1Fu2 were obtained in several conditions: I, 0.3 M sodium malonate, 0.1 
M N-(2-Acetamido)iminodiacetic acid (ADA) pH 6.5, 8% low molecular weight polyglutamic 
acid (PGA-LM); II, 1.2 M ammonium sulfate, 0.1 M sodium citrate pH 4.5; III, condition same 
as I; IV, 0.15 M ammonium sulfate, 0.1 M HEPES pH 7.0, 20% polyethylene glycol (PEG) 
4000. Rspo1-Fu1Fu2 crystals were obtained in 1.6 M ammonium sulfate, 0.1 M morpholino 
ethanesulfonic acid (MES) pH 6.5. Crystals were harvested and flash-cooled in the presence of 
mother liquor supplemented with 20% ethylene glycol. 

Analytical gel filtration and molecular weight analysis. Purified samples at 1 mg/ml 
concentration were injected into a Superdex 200 5/150 GL column (GE Healthcare, USA) 
connected to an Akta Micro (GE Healthcare, USA) coupled to a MiniDawn TREOS multi-angle 
laser light scattering (MALLS) detector (Wyatt Technology, USA) and a differential refractive 
index detector (RID-10A, Shimadzu, Japan). For the ecto-LGR5-Rspo1-Fu1Fu2 complex, a dn/
dc value of 0.18 was calculated considering 5 glycosylation sites (4 sites on ecto-LGR5 plus one 
on Rspo1-Fu1Fu2). This value was used for the molecular weight determination from MALLS 
analysis using the ASTRA package (Wyatt Technology, USA).

Mutagenesis. Ecto-LGR5 and Rspo1-Fu1Fu2 mutants were generated using QuickChange 
mutagenesis kit (Stratagene) on TOPO clones inserted in cloning vectors (pCR-TOPO, 
Invitrogen). After confirmation of successful mutagenesis by DNA sequencing, the mutated 
genes were subcloned into pUPE vectors for mammalian expression. All mutants were 
expressed and purified using the same protocol used for their wild-type variants. 

Data collection, structure determination and refinement. Diffraction data were collected 
at Swiss Light Source (SLS Villigen, Switzerland) and at the European Synchrotron Radiation 
Facility (ESRF Grenoble, France). Data were processed by MOSFLM (Leslie and Powell, 
2007), XDS (Kabsch, 2010), EVAL15/SADABS (Schreurs et al., 2010) and AIMLESS (Evans, 
2011). Resolution limits were determined by applying a cut-off based on the mean intensity 
correlation coefficient of half-datasets (CC1/2) approximately of 0.5 (Karplus and Diederichs, 
2012). The structure of Rspo1-Fu1Fu2 was determined by experimental phasing. Crystals 
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were soaked overnight in mother liquor containing 5 mM HoCl3. Initial phases were obtained 
using SHELX C/D/E packages (Sheldrick, 2008) and HKL2MAP (Pape and Schneider, 2004). 
Model building was performed by ARP/WARP (Langer et al., 2008) and completed using COOT 
(Emsley et al., 2010). The structure was refined using PHENIX (Adams et al., 2010) and two 
holmium ions at special positions were refined anisotropically. For the ecto-LGR5 - Rspo1-
Fu1Fu2 complex, the structure was solved by molecular replacement (MR) using PHASER 
(McCoy et al., 2007). An initial poor MR solution obtained using search models generated 
from the structures of distant LGR5 homologs decorin (PDB ID 1XKU (Scott et al., 2004) and 
netrin (PDB ID 3ZYN (Seiradake et al., 2011). This solution was then improved by creating 
an LGR5 homology model created through manual superposition of separate LRR fragments 
from different protein structures identified using the LRRML database (Wei et al., 2008) on 
the initial search models. The structure of Rspo1-Fu1Fu2 was then used as additional search 
model in PHASER Initial structure refinement was performed by iterative cycles of manual 
building in COOT, multi-crystal averaging using DM (1994) and jelly-body refinement using 
REFMAC5 (Winn et al., 2003). Application of ensemble refinement (Burnley et al., 2012) 
at this stage yielded more interpretable electron density maps. The structures were then 
further refined using PHENIX (Adams et al., 2010). Non-crystallography symmetry (NCS) was 
imposed throughout refinement. Electron density maps obtained at the end of the structural 
refinement are shown in Supplementary Fig. 9. Molprobity (Chen et al., 2010) and PDB-CARE 
(Lutteke and von der Lieth, 2004) were used for structure validation. Structural analysis was 
performed using various softwares of the CCP4 suite (1994), EBI PISA (Krissinel and Henrick, 
2007) and the DALI server (Holm and Rosenstrom, 2010). Figures were generated with PyMol 
(Schrodinger, 2010).

TOPFlash-assay. The TOPFlash-assay was essentially performed as described (Staal et al., 
1999). HEK293T cells (ATCC) and routinely cultured in DMEM (Gibco) supplemented with 10% 
fetal bovine serum (FBS). Wnt3a-conditioned medium was prepared as described by Willert 
et al (Willert et al., 2003). Rspo1-conditioned medium was prepared by polyethylene imine 
(Polysciences) transfection of 107 HEK 293T cells in 15 cm culture dishes using 25 µg of pcDNA 
(Invitrogen)-based expression plasmid. After 18 hours medium was exchanged for Advanced 
DMEM/F12 (Gibco) and medium harvested 5 days later. 3’UTR-specific siRNA-induced knock 
down of LGR4 in HEK293T cells was performed as described previously (Huch et al., 2013). 
siRNA sequences specifically applied here were a mix of : gaaaguaaacuguggucaauu and 
gguaagaaacuccuaauuauu. Non-Targeting Pool siRNA was used as control. Transfection reagent 
Dharmafect-1 and siRNA sequences were all from Dharmacon/ Thermo Scientific. 

Immunoprecipitation. M2 anti-FLAG agarose (Sigma) was used to immobilize Flag-tagged of 
ecto-LGR5 present in conditioned media derived from transiently transfected HEK 293T cells. 
Upon washing beads twice with PBS, coated beads were incubated with Rspo-conditioned 
media and subsequently washed three times with PBS. Bead-attached proteins were eluted 
with SDS-PAGE sample buffer and run under reducing conditions in a 15% polyacrylamide gel. 
Blotted proteins were tested for the presence of specific tags using anti-6xHIS/HRP conjugate 
(Abcam) or a FLAG-specific M2/HRP conjugate (Sigma). For visualization of the HRP enzyme, 
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ECL (Amersham) was used.

Crypt isolation and cell culture. Crypts were released from murine small intestine by incubation 
in PBS containing 2 mM EDTA for 30 min at 4 °C in a roller platform. Isolated crypts were 
counted and pelleted. A total of 200 crypts were mixed with 25 µl of Matrigel (BDBioscience) 
and plated in 48-well plates. After polymerization of Matrigel, 250 µl of crypt culture medium 
was added. Culture medium was prepared as described previously, by supplementing 
Advanced DMEM/F12 (Invitrogen) with penicillin/streptomycin, 10 mM HEPES, Glutamax, N2, 
B27 (all from Invitrogen), 1 µM N-acetylcysteine (Sigma) and the growth factors (EGF (50 ng/
ml, Peprotech), Noggin (100 ng/ml, Peprotech) and 25 nM of Rspo1-Fu1Fu2 mutant protein as 
stated in the text.  The entire medium was changed every 2-3 days for a total period of 7 days. 
All organoid pictures were taken using a Leica DMIL inverted microscope.  
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SUPPLEMENTAL FIGURES

Fig S1. Structural features of Rspo1. 
A, Schematic representation of the Rspo-Fu1Fu2 topology with disulphide bonds and β-strands 
indicated. Separate colours for the β-hairpins reflect the absence of a common β-sheet. Dashed line 
indicates residues that were not resolved in the electron density. Shaded area indicates domains 
Fu1 and Fu2. 
B, Sequence alignment for Rspo1-4. Sequence numbering shown is according to the Uniprot entry 
for human Rspo1 Q2MKA7. Residues critical for interaction with ecto-LGR5 are given in bold red, 
Anonychia-related Rspo4 mutations in bold black. Grey shading indicates the Tsp domain. 
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Fig S2. Comparison of four crystal structures of Rspo1-FuFu2 in complex with ecto-LGR5. 
A, Cartoon representation of the asymmetric units of the ecto-LGR5 - Rspo1-Fu1Fu2 complexes 
formed in four different crystals forms I-IV (see Supplementary Table 1). 
B, Superposition of the modelled LGR5 structures showing high flexibility in an extended loop of 
the C-cap region; this region is recognized by the antibodies that activate signaling in absence of 
the R-spondin ligands. Dimeric arrangements are shown on the right side; dimers superpose with 
all-atoms RMSDs between 0.6 and 1.2 Å.
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Fig S3. SEC-MALLS analysis of ecto-LGR5 and Rspo1-Fu1Fu2 complexes. 
Gel-filtration traces of ecto-LGR5 residues 22-543 (black solid line) and residues 22-478 (grey dashed 
line) in complex with Rspo1-Fu1Fu2. The molecular weight calculated from MALLS analysis (blue 
dots) corresponds to a 1:1 heterodimer of 85 kDa. On the right, the SDS-PAGE analysis of elution 
peaks indicated the presence of both ecto-LGR5 and Rspo1-Fu1Fu2. Rspo1-Fu1Fu2 shows two 
bands, corresponding to a non-separable mixture of N-linked glycosylated and non-glycosylated 
samples.
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Fig S4. Structural features of ecto-LGR5. 
A, (left) structure of the LGR5 ecto-domain indicating the N-terminal cap (red), the 17 LRR units 
(green) with kink in between LRR10-11 and the C-terminal cap (blue). Disulphide bonds are 
shown in yellow ball-and-stick representation. (right) Kink observed between LRR10-11. Canonical 
leucines, or small hydrophobic residues, and phenylanines responsible for the packing inside the 
LRR are shown in green ball-and-stick and their van der Waals radii are indicated as dotted spheres. 
Instead of small hydrophobic residues, LGR5 has Phe264 and Phe288, which are indicated in red. 
Phe264 (of LRR9) is conserved in LGR4, -5 and -6. Phe288 (of LRR10) is conserved only in LGR5 and 
-6, whereas LGR4 has a canonical leucine at this position. An additional phenylalanine, D, Overlay 
of the C-cap of FSHR/LGR1 (blue) and LGR5 (red) with missing residues indicated by dashed lines; 
and, sequence alignment of the C-cap of these proteins with observed disulphide bonds indicated 
by solid lines. Phe295, present in LRR10 points outwards (indicated in yellow).
B, Schematic representation of domain composition of LGR5 with cysteines, disulphide connections 
and C-terminal 7-TM region indicated. The Cys480-Cys551 disulphide bond (dashed line) is based 
on the crystal structure of FSH/LGR120. 
C, FSHR/LGR1 (blue) superimposed on the N-cap and first LRR units of LGR5 (red). 
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Fig S5. Sequence alignment of LGR4, LGR5 and LGR6 ecto-domains. 
Sequence numbering according to the human LGR5 entry O75473 in the Uniprot database. Residues 
involved in the LGR5-Rspo1 interfaces are highlighted in bold red (cis). Bulky hydrophobic residues 
implicated in the LRR10-11 kink are indicated with a “k” above the sequence.
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Fig S6. Comparison of LRR-curvatures. 
DALI search31 for equivalent structural arrangements of LRR units resulted in two groups of 
proteins that fit the curvature of either the N-terminal or C-terminal end of the LRRs of LGR5. 
A, Overlay of proteins that fit the N-terminal LRR region of LGR5 with schematic representation of 
the LRR units overlaid and root-mean-square coordinate differences. 
B, idem dito for the C-terminal LRR region of LGR5.
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Fig S7. Putative signaling through dimerization. 
A, Overview of the LGR5 dimerization interface. Residues involved in the interaction according to 
PISA analysis are shown as sticks and highlighted with shading on the LGR5 surface. 
B, TOPFlash analysis of LGR5 mutants of the LGR5 dimeric interface (Y289A/D290A, Y289W/D290A, 
H454A) or the LGR5-Rspo1 trans interface (L459R, L459A, S458R). Results obtained by transfection-
mediated introduction of 0.012 to 15 ng of wildtype and LGR5 variants (conditions as in Fig 2E). 
Error bars represent SD (n=3).



51

STRU
CTU

RAL BASIS O
F R-SPO

N
DIN

 1 RECO
GN

ITIO
N

 BY LGR5

    2

Fig S8. ‘Trans’ contact site between Rspo1-Fu1 and LGR5 C-cap. 
Electron density drawn at 1σ at ‘trans’ contact sites observed in the two copies in crystal form I; 
coloured according to Fig. 1c. Contact residues are observed in density in the top panel. The bottom 
panel shows disordered side chains. This area is less resolved in all other copies in crystal forms (II 
to IV) indicating further disorder.
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Fig S9. Hypothetical model of full-length Rspo1-4 binding to full-length LGR4-6. 
Simplistic model of the overall LGR5 structure in complex with Rspo1. Shown is the observed dimeric 
crystal structure of ecto-LGR5 in complex with Rspo1-Fu1Fu2 combined with the structure of the 
7-TM dimer of the β1 adrenergic G-protein coupled receptor32 (PDB: 4GPO).  The dimeric 7-TM’s 
(dark and light grey) are placed at the ecto-LGR5 dimer axis at a distance that may be covered by 
the missing 18 residues (grey dashed lines) between the two models. The 7-TM region of LGR5 was 
generated by homology modelling of LGR5 amino-acid sequence using HHPRED33. Based on the 
location of the termini we hypothetically assigned the left-sided 7-TM (dark grey) to the right-sided 
ecto-domain and vice versa for the 7-TM on the right side (light grey). Not shown are the long and 
flexible C-cap loops (indicated by short green dashed lines); these loops are likely to bind to the 
extracellular loops of the 7-TM’s. 
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Fig S10. Analysis of the LGR5-GPA33 chimera 
A, Cell surface expression for the LGR5-GPA33 chimera. The top panel shows the specific FACS 
detection of transfected LGR5 chimera in HEK293T cells using a combination of 1D9 and anti-
rat antibody conjugated with Alexa488 (right) compared to the same experiment without using 
1D9 antibody. The bottom panel shows the strong 1D9-Alexa488 fluorescence signal detected on 
the surface of HEK293T cells transfected with the chimeric receptor (right) compared to a mock 
transfection control (left). 
B, Incubation of  COS cells, transiently transfected with cDNA for LGR5-GPA33,  with Rspo1-AP and 
alkaline phosphatase substrate, shows binding of Rspondin to this chimeric receptor. 
C, TOPFlash assay performed using the LGR5-GPA33 chimera shows reduced signaling levels in 
absence of the LGR5 7-TM region. Error bars represent SD (n=3).
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Fig S11, Electron density maps of Rspo1 and Rspo1-LGR5 complex. 
Overall 2mFo-DFc electron density maps contoured at 1σ for 
A, Rspo1-Fu1Fu2 and 
B, The complex of Rspo1-Fu1Fu2 with ecto-LGR5. 
C, Zoom-in of electron density for Rspo1 showing the two Holmium sites that stabilize the protein 
packing and the disorder observed for the C-terminal residues of Rspo1-Fu1Fu2. 
D, Zoom-in of the electron density of LGR5 showing the main interaction interface between Rspo1 
and ecto-LGR5 and both the N- and C-cap of the LRR region of LGR5.
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ABSTRACT

Zinc RING finger 3 (ZNRF3) and its homolog RING finger 43 (RNF43) antagonize Wnt signaling 
in adult stem cells by ubiquitinating Frizzled receptors (FZD), which leads to endocytosis of 
the Wnt receptor. Conversely, binding of ZNRF3/RNF43 to LGR4-6 – R-spondin blocks Frizzled 
ubiquitination and enhances Wnt signaling. Here, we present crystal structures of the ZNRF3 
ectodomain and its complex with R-spondin 1 (RSPO1). ZNRF3 binds RSPO1 and LGR5-RSPO1 
with micromolar affinity via RSPO1 furin-like 1 (Fu1) domain. Anonychia-related mutations 
in RSPO4 support the importance of the observed interface. The ZNRF3-RSPO1 structure 
resembles that of LGR5-RSPO1-RNF43, though Fu2 of RSPO1 is variably oriented. The ZNRF3-
binding site overlaps with trans-interactions observed in 2:2 LGR5-RSPO1 complexes, thus 
binding of ZNRF3/RNF43 would disrupt such an arrangement. Sequence conservation suggests 
a single ligand-binding site on ZNRF3, consistent with the proposed competing binding role of 
ZNRF3/RNF43 in Wnt signaling.

INTRODUCTION

Zinc RING finger 3 (ZNRF3) and its homolog RING finger 43 (RNF43) are trans-membrane E3 
ubiquitin ligases that negatively regulate Wnt signaling [1,2]. Mutations in ZNRF3 or RNF43 
have been linked to gastric adenocarcinoma [3], pancreatic ductal adenocarcinoma [4], 
liver fluke-associated cholangiocarcinoma [5] and mucinous ovarian tumors [6]. ZNRF3 and 
RNF43 contain an extracellular N-terminal protease-associated (PA) domain, a single pass 
trans-membrane helix and an intracellular C-terminal RING domain with E3 ligase activity 
[2]. Interaction of ZNRF3 or RNF43 with complexes of frizzled receptors (FZD) and low-
density lipoprotein receptor-related protein (LRP) 5/6 leads to Frizzled ubiquitination and 
endocytosis of the heterodimeric receptors, thereby reducing the capacity of Wnt-driven 
signal transduction [1,2].

R-spondins 1-4 (RSPO1-4) are stem cell growth factors that bind leucine-rich repeat G-protein 
coupled receptors 4-6 (LGR4-6) on adult stem cells [7-10], such as in the intestine and colon 
[11], hair follicles [12], stomach [13], kidney [14], liver [15] and mammary glands [16]. LGR4-
6 – R-spondin complexes potentiate Wnt signaling; however, the underlying mechanism is 
not completely resolved. It was recently reported that LGR4-RSPO1 complex interacts with 
ZNRF3 and facilitates the removal of ZNRF3 from the membrane, thereby indirectly increasing 
the number of Wnt receptor/co-receptor complexes on the cell surface [2]. Carmon et al., 
in contrast, observed that LGR5 forms a supercomplex with FZD-LRP5/6 upon stimulation 
with R-spondin 1 and Wnt3a and increases the rate of LRP6-FZD receptors internalization and 
degradation [17]; this model would contradict the role of LGR4/5-RSPO1 in increasing the 
number of Wnt receptors on the cell surface.

Recent crystal structures [18-21] showed that RSPO1-4 bind LGR4-6 at the concave surface 
of the extended leucine-rich repeat (LRR) region of the LGR ectodomain. The ‘phenylalanine 
clamp’ of RSPO furin-like (Fu) 2 domain is critical for binding to the hydrophobic patch on 
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LRR3-9. In addition, we observed 2:2 LGR5-RSPO1 complexes in four crystal forms [18]. 
However, such quaternary arrangement was not observed in LGR4-RSPO1 structure [20,21].
Here, we present crystal structures of the ectodomain of ZNRF3 and its complex with RSPO1. 
RSPO1 binds ZNRF3 primarily through its Fu1 domain and Fu2 exhibits domain flexibility in the 
absence of LGR4/5. Mutations in RSPO4 implicated in congenital anonychia [22] correspond 
to RSPO1 residues that mediate interactions with ZNRF3. Furthermore, superposition of the 
ZNRF3-RSPO1 with the LGR5-RSPO1 structures shows that ZNRF3 overlaps with the dimeric 
partner LGR5 in the 2:2 LGR5-RSPO1 complexes. Thus, interaction of ZNRF3 with LGR5-RSPO1 
would block or disrupt this quaternary arrangement.

RESULTS AND DISCUSSION
Structure of ZNRF3 protease-associated domain

The ectodomain of ZNRF3 was transiently expressed in HEK293 cells. The protein was 
purified by immobilized metal ion affinity chromatography and gel-filtration. Size-exclusion 

Fig 1. Crystal structure of the ectodomain of ZNRF3.
A, Cα trace of ZNRF3 ectodomain coloured from N- to C-terminus (blue through red) and structural 
elements indicated. The arrow indicates the connection to the single trans-membrane pass.
B, Overlay of the Cα trace of ZNRF3 (green) with RNF43 (purple) and RNF128 (orange).
C, Two perpendicular views of the dimeric arrangement of ZNRF3 observed in the crystal, with 
residues at the interface indicated.
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chromatography and multi-angle laser-light scattering indicated that ZNRF3 exists as monomer 
in solution (data not shown). Purified protein was crystallized and crystals exhibited space 
group P21 with cell dimensions a = 35.7 Å, b = 73.5 Å and c = 58.6 Å and β = 97.5°, contained 
two molecules per asymmetric unit and diffracted to 1.5 Å resolution. Crystallographic data 
and refinement statistics are given in Table 1; electron density is shown in Figure S1A.

The ZNRF3 ectodomain adopts a typical PA-fold, previously found in e.g. subtilases, transferrin 
receptors and vacuolar sorting receptors [23,24]. The central core of the molecule is formed 
by a parallel β-sheet, consisting of strands β3-β4-β5-β6 surrounded by three α-helices and 
two short 310-helices (Figure 1A). A disulphide bond Cys107-Cys136, which is present in both 
ZNRF3 and RNF43 connects the loop regions containing the first and second 310-helices. The 
N-terminal and C-terminal residues of the ectodomain form an anti-parallel β-sheet, β2-
β1-β7, that packs against helix α3. Consequently, the termini formed by extensions of strands 
β1 and β7 are close together in space. A linker of approx. 10 residues connects the C-terminus 
of the ectodomain (Figure 1A) to the trans-membrane helix in the lipid bilayer.

The overall fold of the ZNRF3 ectodomain is similar to the ectodomain of its homolog RNF43, 
which is in agreement with a sequence identity of 37% between the two ectodomains (Figure 
1B and S2). The Cα-positions of ZNRF3 and RNF43 (PDB code 4KNG) [19], can be superimposed 
on each other with a root-mean-square deviation (rmsd) of 0.75 Å. The largest structural 
difference between ZNRF3 and RNF43 is observed for the N-terminal strands β1 and β2. In 
ZNRF3, strands β1 and β2 form an extended β-hairpin ‘flap’, while RNF43 is three residues 
shorter and displays a flexible loop in this region. Furthermore, DALI search identified RNF128 
(also known as GRAIL) to have a related fold (Figure 1B), despite low sequence identity of 
15% and a rmsd of 5.3 Å compared to ZNRF3, suggesting that the ectodomains of the Goliath 
family E3 ligases (such as RNF13, RNF130, RNF133, RNF148, RNF149, RNF150, RNF167 and 
RNF204) [25] have related folds for ligand recognition.

In the crystal structure of ZNRF3, we observe two molecules in the asymmetric unit (Figure 
1C). The two molecules pack together making an extensive interface burying over ~1,000 
Å2 surface area. The extended β1-β2 flaps fold over the other monomer and provide small 
hydrophobic and aromatic interaction clusters with Val64, Phe66, Gly72 and Tyr74 interacting 
with Leu115’ and Y118’ preceding strand β4 and Gly150’ preceding β5 (where prime indicates 
residues from the opposing dimer), on both sides. Furthermore, a charged and H-bonded 
network is observed, which includes: Asp73-Arg145’, Tyr74-Tyr116’, Tyr74-Gln148’, Glu95-
Glu95’, Glu95-Arg178’ and Glu95-Arg202’. In addition, we observe stacking of guanidinium 
groups of Arg178-Arg204’. Both C-termini of the dimer point to the same direction, making 
such arrangement plausible on the membrane. However, at present it is not clear if such 
arrangement is physiologically relevant.

Structure of ZNRF3-RSPO1: RSPO1 binds to ZNRF3 through Fu1 domain

We co-crystallized ZNRF3 ectodomain with RSPO1 consisting of the Fu1 and Fu2 domains. 
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RSPO1 was expressed and purified as described previously [18]. Diffraction data were collected 
up to 2.8 Å resolution from crystals with space group P1 and cell dimension a = 51.7 Å, b = 
80.2 Å, c = 83.0 Å and α = 66.3°, β = 81.4°, γ = 80.7° (see Table 1 for crystallographic data and 
refinement statistics; and Figure S1B for electron density).

The ZNRF3-RSPO1 complex reveals an extensive interface, burying ~1,200 Å2, between the 
two molecules (Figure 2A,B). ZNRF3 forms a large pocket on the side of the molecule opposite 
to the C-terminus, which therefore likely faces away from the membrane surface. This binding 
platform is formed by several structural elements of ZNRF3, involving residues from strand β3, 
loop β3-β4 containing the first 310-helix, loop β4-α1 and loop α3-β7. Apart from some side-
chain rearrangements, no major conformational change is observed in ZNRF3 upon binding 
to RSPO1.

The interaction site on RSPO1 is formed by the β-hairpins 1 and 2 of the Fu1 domain, which 
form an extended face that contacts ZNRF3 (Figure 2A). An extensive network of hydrogen 

Fig 2. Crystal structure of the ZNRF3-RSPO1 complex.
A, Cα trace with transparent surface representation of ZNRF3 (green) and RSPO1 (orange). ZNRF3 
makes contacts to the β-hairpins 1-2 of the Fu1 domain of ZNRF3.
B, Two views of the binding sites with interface residues indicated.
C, Identical (red) and conserved (orange) residues between ZNRF3 and RNF43 are shown in surface 
representation; two views of ZNRF3 are shown. Identical residues are labeled.
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bonds and salt bridges mediates the ZNRF3-RSPO1 interaction. The core of the ZNRF3 interface 
includes residues Gln100, His102, Lys125 and Glu127, which have identical residues in RNF43, 
as well as residues Met101, Tyr116 and Asn196 that are not conserved in RNF43. These 
residues interact with the backbones or side chains of residues Ser48, Asn51, Cys53, Arg66, 
Arg70 and Gln71 of RSPO1 (Figure 2B), which are identical or strongly conserved (Arg70 is Lys 
in RSPO3) among RSPO1-4. Upon binding to ZNRF3, the tip of β-hairpin 2 (residues 67NDIR70) 
becomes ordered, whereas this region was highly flexible in the unbound RSPO1 [18], indicating 
possible molecular plasticity for binding diverse ligands. The hydrophobic side-chain of Ile69 
(with residues Met, Met and Ile at the equivalent position in RSPO2-4, respectively), points 
into a hydrophobic pocket formed by ZNRF3 and make contacts Ile98 (RNF43: Leu), Val195 
(Val) and Ala201 (Ala). Residues Leu46 (RSPO2-4: Ser, Thr, Ile), Leu54 (Ser, Leu, Ser), Ile62 (Phe, 
Phe, Leu) and Leu64 (Leu, Leu, Ile) lie on one side of β-hairpins 1 and 2 of RSPO1 and their side 
chains make contacts with Leu104 (RNF43: Leu), Gly105 (Tyr), Glu127 (Glu) and Leu131 (Arg) 
of ZNRF3 (Figure 2B). However, the residues making hydrophobic interactions are not strictly 
conserved in other R-spondins (RSPO 2-4). A short stretch of polar and negatively charged 
residues 108NNNDEED114, on ZNRF3 faces residues Lys93, Lys96, Lys98 and His108 on the hinge 
region of RSPO1. The charge interactions may contribute to long-range attraction between the 
molecules. However, large B-factor values for ZNRF3 residues located in this region indicate 
that these contacts are less well defined in the crystal structure.

A conserved binding platform in ZNRF3/RNF43 and RSPO1-4

The mode of ZNRF3-RSPO1 interaction is consistent with electrostatic interactions observed 
in RNF43-RSPO1 [19]. The majority of the identical surface-exposed residues cluster on the 
RSPO1-binding site to form an extended binding platform (Figure 2C and S3A). On the contrary, 
on the opposite side of the molecule, there are a few scattered identical exposed residues, 
such as Glu95, Leu115, Gln117 and Arg204 (with neighbouring Arg204 and Glu95 forming a 
salt bridge); whereas Gly72 and Arg149 expose main-chain atoms only. The presence of one 
predominant, evolutionary conserved binding platform would indicate that ZNRF3 and RNF43 
possibly bind ligands such as Frizzled and RSPO1 at the same or overlapping site.

On RSPO1, the residues involved in binding ZNRF3, i.e. Ser48, Asn51, Arg66, Arg70 and Gln71, 
are identical among RSPO1-4 (except for Arg70, which is a lysine in RSPO3). Hence, ZNRF3/
RNF43 should be able to bind promiscuously to all R-spondins.

Structural flexibility of RSPO1: a hinge region between Fu1 and Fu2 domain

Four copies of ZNRF3-RSPO1 are present in the asymmetric unit (Figure S3B), which are 
arranged as a dimer of dimers. The dimeric arrangement observed in the structure of ZNRF3 
is conserved in the crystal structure of ZNRF3-RSPO1; the two ZNRF3-RSPO1 dimers contact 
each other sideways through H-bond interactions made by the β1-β2 flaps of ZNRF3. The 
interactions between ZNRF3 and the Fu1 domain of RSPO1 are identical among the four copies 
of the complex. Differences, however, are observed with respect to Fu1-Fu2 orientations 
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(Figure 3A). In two copies of RSPO1 (denoted chains F and H) the Fu2 domains are less well 
packed and display higher B-factors than the other copies (chains E and G; see Figure S3B); 
these two sets differ by ~20° in Fu1-Fu2 domain orientations. An overlay of RSPO1, RSPO1-
ZNRF3 and LGR5-RSPO1-RNF43 structures, reveals a range of Fu1-Fu2 domain orientations 
with a hinge around residue Lys98. LGR4/5 make interactions with RSPO1 through both Fu1 
and Fu2 domains and the LGR4/5-RSPO1 complexes show similar Fu1-Fu2 conformations (PDB 
codes 4BSR, 4KT1, 4LI2). Binding of RNF43 to LGR5-RSPO1 complex (PDB code 4KNG) does not 
induce any further conformational change. Apparently, RSPO1 exhibits internal flexibility with 
a hinge between Fu1 and Fu2; and, this flexibility does not affect ZNRF3 binding, while binding 
to LGR4/5 straightens the arrangement of the Fu domains.

Binding studies and the role of LGR5 in interactions with ZNRF3

The RSPO1 and ZNRF3 fragments could not be co-purified by size-exclusion chromatography, 
indicative of weak binding between RSPO1 and the ZNRF3 ectodomain. To determine whether 
binding of RSPO1 to ZNRF3 is enhanced by the receptor LGR5, we performed surface-plasmon 
resonance (SPR) binding studies. LGR5-RSPO1 and RSPO1 bind ZNRF3 with KD of 2.5 ± 0.1 μM 
and 1.9 ± 0.1 μM, respectively (Figure 3B). Previously, Chen et al. determined by isothermal 
titration calorimetry a KD of 7-10 μM for RSPO1-RNF43 and observed a 10-fold increase 

Fig 3. Flexible hinge in RSPO1 and binding of ZNRF3 to RSPO1 and LGR5-RSPO1. 
A, Overlay of four representative RSPO1 structures in two orientations with unbound, or ‘free’, 
RSPO1 (grey; PDB code 4BSO), RSPO1 in LGR5-RSPO1-RNF43 complex (blue, PDB code 4KNG) and 
RSPO1 in complex with ZNRF3 (orange and red).
B, Representative SPR dose-response curve used to determine equilibrium binding affinity of 
LGR5-RSPO1 or RSPO1 to ZNRF3, as described in Material and Methods. Standard deviations are 
calculated from four experiments.
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in binding affinity (0.5-1.0 μM) in the presence of LGR5 [19]. Superposition of the ZNRF3-
RSPO1 and LGR5-RSPO1-RNF43 complexes (Figure S3C) indicates that no contacts are likely 
between LGR5 and ZNRF3 in LGR5-RSPO1-ZNRF3 either. This observation is consistent with 
the observed similar binding affinities of RSPO1 and LGR5-RSPO1 to ZNRF3. The structural 
data do not explain different affinities for binding to RSPO1 and LGR5/RSPO1 as observed for 
the RNF43. Under physiological conditions, LGR5 may function to localize R-spondins on the 
membrane. Only nanomolar concentrations of R-spondin are required for LGR4-6 binding, 
Wnt signaling activity and stem-cell driven intestinal organoid growth [7,18]. ZNRF3 functions 
to ubiquitinate Frizzled receptors, and ZNRF3 itself is targeted by R-spondins for removal 
from surface [2]. The weak binding affinity observed maybe required for balancing these two 
events, so that ZNRF3 can exist in equilibrium between RSPO1 and FZD. Previously, Hao et al. 
detected interaction of ZNRF3 and FZD8 by immuno-precipitation [2]. We tested the binding 
of ZNRF3 to FZD8 cysteine-rich domain by SPR, the domain responsible for binding to Wnt, but 
did not observe any binding (data not shown). Hence, ZNRF3 possibly binds to FZD8 outside 
the cysteine-rich domain or additional factors like Wnt are needed to establish ZNRF3-FZD8 
binding.

ZNRF3-RSPO1 interface coincides with LGR5-RSPO1 ‘trans’ interfaces

Recently, several structures of LGR4/5-RSPO1 complexes were reported [18-21]. These 
structures were fully consistent with respect to the primary LGR4/5-RSPO1 binding site 
and interactions, but the structures differed in quaternary arrangements. Whereas Wang 
et al. and Xu et al. [20,21] observed a 1:1 LGR4-RSPO1 complex, with possible side-to-side 
contacts between complex in crystal contact, we observed a 2:2 LGR5-RSPO1 complex in 
multiple crystal forms, where the LRR11-17 repeats are twisted around each other [18]. In 
the LGR5-RSPO1 dimeric structures, RSPO1 contacts the second copy of LGR5 via the ‘trans’ 
interface. Specifically, the ‘trans’ interface is formed by Fu1 domain of RSPO1 and C-cap of 
LGR5. This interface coincides with ZNRF3-RSPO1 interface, also observed in the structure 
of RNF43 bound to LGR5-RSPO1 (Figure 4). Binding of ZNRF3/RNF43 to LGR5-RSPO1 would 
therefore disrupt the 2:2 complexes. Indeed in the crystal structure of LGR5-RSPO1-RNF43 
an ‘open’ arrangement is observed, which is possibly dimerized sideways stabilized by a Ni2+ 

ion coordinated by residues His199 and His223 from both LGR5 molecules. Of note, Xu et al. 
observed a LGR4 dimer in solution [21]. Moreover, evaluation of the crystal structure (PDB 
code 4LI1) shows that LGR4 forms a related dimeric arrangement in the lattice (reminiscent of 
the reported 2:2 arrangement for LGR5-RSPO1 complexes).

Congenital anonychia is a mild disorder characterized by the absence of fingernails and toenails 
for which mutations have been identified in RSPO4 [26-29]. These mutations correspond to 
residues R66W, R70C, Q71R and G73R in RSPO1. To investigate the effect of mutations on 
Wnt signaling, we have previously performed Wnt reporter assay (TOPFlash) and observed 
reduced signaling activity [18]. Gln71 and Gly73 residues are located on the ZNRF3-RSPO1 
interface and the Anonychia-related mutations, Q71R and G73R, would affect binding to 
ZNRF3 due to steric clashes and electrostatic repulsion (Figure S3D). Based on the structural 
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data the effects of R66W and R70C are expected to be less severe, because these residues 
are located at the periphery of the ZNRF3-RSPO1 interface. Indeed, R66W mutant showed 
slightly higher activity than Q71R and G73R [18], whereas R70C mutant express minimally as 
monomeric form in HEK 293 cells (data not shown). As described previously, Q71R and G73R 
may also affect the ‘trans’ LGR5-RSPO1 interactions, whereas R66W and R70C lie outside the 
observed interface and might be accommodated. Thus, based on the structural data both 
ZNRF3-RSPO1 and ‘trans’ LGR5-RSPO1 interactions may be affected by Anonychia-related 
mutations. Moreover, distinguishing between these two types of interactions in functional 
assays, such as the TOPFlash reporter assay, likely depends critically on the molecular ratio of 
LGR4-6 and ZNRF3/RNF43 receptors in the membrane.

CONCLUSIONS

Although a dominant role of LGR4-6 in Wnt activation of adult stem cell maintenance and 
proliferation have become very clear, the specific contributions of LGR4, LGR5 and LGR6 are 
not yet fully understood. Lgr5 expression is specific to stem cell compartments in various 
tissues, whereas Lgr4 shows a broader expression pattern [30]. R-spondins have been 
identified as ligands for LGR4-6, yet signaling does not seem to be coupled to G-proteins 
[7,9,10]. One recent study reports LGR5 (but not LGR4 or LGR6) activates the G12/13-Rho GTPase 
pathway, but this activity is independent of R-spondins [31]. RNF43 and its homolog ZNRF3 
have been identified as E3 ligases [1,2] that ubiquitinate Frizzled receptors for degradation, 
whereas RSPO1 captures ZNRF3 for removal from membrane, thereby increasing Frizzled 
expression on the cell surface. Our crystal structures show that ZNRF3 adopts a typical PA 

Fig 4. ZNRF3-RSPO1 binding site coincides with LGR5-RSPO1 ‘trans’ site.
Shown in cartoon with transparent surface representation are the crystal structure of the 2:2 LGR5-
RSPO1 complex (PDB code 4BSR) and the structure of ZNRF3-RSPO1 superimposed on RSPO1 on 
the right-hand side (orange), only the Cα trace of ZNRF3 (red) is shown for clarity. The overlapping 
LGR5 chain is shown in blue. The remaining part of the 2:2 LGR5-RSPO1, i.e. left-hand side RSPO1 
and right-hand side LGR5, is shown in grey.
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domain, which does not undergo major conformational change upon binding to RSPO1. A 
dimeric arrangement of ZNRF3 is observed, which is plausible on the membrane, though 
evidence for a physiological role of such a dimer is currently lacking. The structure of ZNRF3-
RSPO1 presented here, and the LGR5-RSPO1-RNF43 structure [19], elucidate the mode of 
interaction between RNF43/ZNRF3 and RSPO1. These structures provide a framework for 
studying disease mutations, e.g. those in RSPO4 causing congenital Anonychia. RSPO1 binds 
to ZNRF3 with weak (micromolar) affinity, in contrast to strong (nanomolar) binding affinity 
for LGR4-6. LGR5 did not increase the affinity of RSPO1 to ZNRF3; this is in contrast to the 10-
fold increased affinity for RNF43 reported for LGR5-RSPO1 versus RSPO1 alone [19]. Overall, 
LGR4-6 most likely serve as recruitment receptors providing nanomolar-affinity binding sites 
for R-spondins on the membrane surface. While the strong affinity allows R-spondin to bind 
to LGR4-6 at low concentration to become effectively associated to the membrane, the weak 
affinity for ZNRF3-receptor ectodomain possibly allows for regulation of ubiquitination activity 
on Frizzled receptors, as proposed by Hao et al. [2]. Moreover, ZNRF3 most likely interacts 
with R-spondins and Frizzled receptors employing the same conserved binding platform.

In an earlier report, LGR4 has been found to interact with LGR5 and physically reside in LRP5/6-
FZD complexes on the membrane, by tandem affinity purification and mass spectrometry [7]. 
In another report, Carmon et al. observed that LGR5 forms a supercomplex with LRP6/FZD5 
receptors upon stimulation with RSPO1 [17]. Furthermore, LGR5 increased the endocytosis 
of LRP5/6 complexes in a dynamin- and clathrin-dependent manner. Crystal structures of 
2:2 complexes of LGR5-RSPO1 [18] support the observation of LGR4-LGR5 heterodimers. 
The structures of ZNRF3-RSPO1 and LGR5-RSPO1-RNF43 [19] show that binding of ZNRF3 or 
RNF43 would disrupt the 2:2 LGR5-RSPO1 complex. These data would indicate the occurrence 
of multiple types of receptor complexes with potentially different roles, some of which are 
mutually exclusive. Further, we observed activation of LGR5 by antibodies, in the absence of 
R-spondin [18], and Kwon et al. showed G12/13-Rho GTPase activation of LGR5 independent 
of R-spondin, implying a direct signaling role apart from that mediated by ZNRF3/RNF43-R-
spondin interactions. In addition, RSPO3/4 interacts with Syndecan 4 to activate Wnt/planar 
cell polarity signaling [8,32]. Other receptors/ligands are also reported to interact with LGR4-
6 and/or R-spondins, such as Norrin [33] and Troy [34]. Interestingly, Norrin binds LGR4-6; 
however, it only activates LGR4. This activation is unlikely mediated by ZNRF3 or RNF43. 
Various ligands may function to activate different downstream signaling pathway, spatially 
and temporally, during development. The multitude of proteins involved in Wnt signaling 
represent an intricate network essential for diverse activity in developmental biology.

MATERIALS AND METHODS
Protein expression, purification and crystallization

LGR5 ectodomain and RSPO1 furin-like domain were expressed and purified as described 
previously [18]. Mouse ZNRF3 construct (residue 53-205, Uniprot Q5SSZ7; human ZNRF3 
residue number was used in the text and structure, i.e. 56-208, Uniprot Q9ULT6) was cloned 
into pUPE vector (U-Protein Express BV) carrying hexa-histidine tag. All proteins were produced 
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recombinantly in HEK 293E cells that stably expressed Epstein-Barr virus Nuclear Antigen I 
(EBNA) [35,36] provided by Utrecht-Protein Express BV (Utrecht, The Netherlands). Proteins 
were purified by Ni-NTA and gel filtration. Samples were concentrated to 10-15 mg/ml in 
buffer 25 mM HEPES pH 8.0, 50 mM NaCl and crystallized by hanging drop vapour diffusion 
method at 291 K. Crystals of ZNRF3 were obtained in 0.2M ammonium formate pH 6.6 and 
20% w/v PEG 3350. Crystals of ZNRF3-RSPO1 were obtained in 0.2M sodium bromide and 20% 
w/v PEG 3350. Crystals were harvested and flash-cooled in liquid nitrogen in the presence of 
mother liquor supplemented with 20% ethylene glycol.

Data collection, structure determination and refinement

Diffraction data were collected at Swiss Light Source (SLS Villigen, Switzerland) and at 
European Synchrotron Radiation Facility (ESRF Grenoble, France). Data were processed by 
MOSFLM [37], XDS [38] and AIMLESS [39]. Resolution limits were determined by applying 
a cut-off based on the mean intensity correlation coefficient of half-datasets, CC1/2 [40]. The 
structures of ZNRF3 and ZNRF3-RSPO1 were obtained by molecular replacement [41] using 
RNF43 (PDB code 4KNG) and RSPO1 (PDB code 4BSO) as search models. Model building for 
ZNRF3 was performed by ARP/WARP [42] and completed manually using COOT [43]. Structure 
refinements were performed using PHENIX [44] and REFMAC5 [45]. Molprobity [46] was used 
for structure validation. Structural analysis was performed using various softwares of the 
CCP4 suite, EBI PISA [47] and the DALI server [48]. Figures were generated with PyMol [49].

Surface plasmon resonance

Binding studies were performed using IBIS MX96 (IBIS Technologies) according to the protocol 
described previously [7]. Briefly, ZNRF3 ectodomain or human FZD8 cysteine-rich domain 
(residue 27-150, Uniprot Q9H461) constructs carrying a C-terminus biotin acceptor peptide 
(C-BAP) tag were co-expressed with biotin ligase (BirA) in HEK293-E cells to obtain in-vivo 
biotinylation. Biotinylated ZNRF3 protein was immobilized on a G-streptavidin sensor chip 
(IBIS Technologies) at different ligand densities. Analytes were flowed on the sensor chip in 
buffer containing 25 mM HEPES pH 8.0 and 150 mM NaCl at constant temperature of 25 
°C. Binding affinities (KD) were calculated by global fitting based on a 1:1 discrete binding 
mode (SigmaPlot, Systat Software). Standard deviations were calculated from 4 experiments 
at different ligand density.
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SUPPLEMENTAL INFORMATION

Fig S1. Electron densities of ZNRF3 and the ZNRF3-RSPO1 complex.
A, Electron density (blue), 2mFo-DFc map contoured at 1 σ level, for ZNRF3. The model is shown 
in green.
B, Electron density for one of the four ZNRF3-RSPO1 complexes in the asymmetric unit with ZNRF3 
in green and RSPO1 in orange. The insert shows a zoom-in of the density at the ZNRF3-RSPO1 
interface.
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Fig S2. Sequence alignments of ZNRF3 and RNF43 ectodomains and RSPO1-4. 
A, Alignment of human ZNRF3 and RNF43. Mouse ZNRF3 differs from its human homolog at three 
positions (mouse: His77, Met91 and Leu208). 
B, Alignment of human RSPO1-4. The shaded areas correspond to the Fu1-Fu2 domains.
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Fig S3. Structural analyses of ZNRF3-RSPO1 complex.
A, Contact area (‘footprint’) of RSPO1 plotted onto the surface of ZNRF3. ZNRF3 is shown in surface 
representation with the area in contact with RSPO1 (using a distance criterium of 4.5 Å) highlighted 
in green. The orientation of the two views is identical as in Fig. 2C.
B, Arrangement of the dimer of dimers of ZNRF3-RSPO1 complexes in the asymmetric unit (left 
side) and the dimeric arrangement based on the ZNRF3 dimer observed in Fig 1C (right side). ZNRF3 
molecules are shown in blue and green, RSPO1 in orange and red; the chain labels are indicated. 
C, Superposition of the ZNRF3-RSPO1 structure (blue) onto the structure of the LGR5-RSPO1-RNF43 
complex (green; PDB code 4KNG).
D, Zoom-in of the ZNRF3-RSPO1 interface, with RSPO1 shown in orange and ZNRF3 in green, high-
lighting the four residues related to congenital anonychia mutations in RSPO4: R66W, R70C, Q71R 
and G73R. 
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ABSTRACT

LGR5, a Wnt target gene, is exclusively expressed in the Crypt Base Columnar cells in the 
intestinal crypts. LGR5 associates with R-spondin, a potent Wnt agonist, to potentiate Wnt 
signaling. Crystallographic study of LGR5 ectodomain in complex with R-spondin provides 
a molecular basis of receptor-ligand interaction. In this chapter, we described our strategy 
for large-scale production of protein for crystallization study. By co-expression of receptor-
ligand complex (consisting of LGR5 ectodomain and R-spondin Furin-like domain) and plasmid 
titration, we obtained milligrams of soluble proteins for structural studies. In addition, we 
present our strategy for structure determination of LGR5 leucine-rich repeat domain, using 
non-homologous models in Molecular Replacement searches.

INTRODUCTION

LGR4 and LGR5 are leucine-rich repeat (LRR)-containing G-protein coupled receptors (GPCR)  
identified by Hsueh’s lab in 1998 [1]. LGR4/5 are GPCRs with large ectodomains and belong 
to the class A family (subfamily A10) of GPCRs. Other receptors in the same family include 
the well-characterized glycohormone protein follicle-stimulating hormone receptor (FSHR), 
luteinizing hormone receptor (LHR) and thyroid-stimulating hormone receptor (TSHR) [2,3]. 
These receptors are also known as LGR 1-3, respectively. FSHR binds follitropin (FSH) and 
LHR binds lutropin (LH) and choriogonadotropin (CG), essential for gonad development; 
TSHR binds TSH, essential for thyroid development. FSH, LH and TSH are secreted by anterior 
pituitary gland, whereas CG is secreted by the placenta. Together, these hormones regulate 
sexual development and reproductive function [2,3]. However, the function of LGR4/5 was 
not known at the time of their discovery. Hsu et al. observed that LGR4 is expressed in tissues 
such as placenta, ovary, testis, and adrenal, spinal cord and thyroid [1]. On the other hand, 
LGR5 showed more restricted expression, with the highest expression in skeletal muscle, and 
in tissues such as placenta and spinal cord [1]. However, their ligands were not identified and 
LGR4/5 remained orphan receptors for many years.

In 2007, Barker et al. identified that LGR5, a Wnt target gene, is exclusively expressed in the 
Crypt Base Columnar (CBC) cells in the intestinal crypt [4,5]. By lineage tracing they observed 
that LGR5-expressing CBC cells gave rise to all other differentiated cell types, e.g. Paneth cells, 
goblet cells and enterocytes. This study identified CBC cells as the adult stem cells in the 
intestine, supporting early observation made in the 1970s by Cheng and Leblond [6]. LGR5 
serves as the adult stem-cell marker and allows tracking of CBC cells proliferation in the crypt 
and their migration into the villus. Subsequently, Sato et al. demonstrated that single LGR5-
expressing CBC cell can be cultured in vitro to form minigut, which displayed crypt-villus like 
architecture [7,8]. Gradually, lineage tracing strategy was used to identify adult stem cells 
in colon [4], hair follicles (LGR6) [9], stomach [10], kidney [11], pancreas [12], liver [13] and 
mammary gland [14]. 

R-spondin, a small secreted ligand, was identified as a Wnt agonist (activator) by Kazanskaya et 
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al. in 2004 [15]. R-spondin induced stabilization of β-catenin in HEK 293T cells, in the presence 
of Wnt and its coreceptors LRP6 and Frizzled. Kim et al. later showed that R-spondin stimulates 
growth of the intestinal tissue, providing a physiological evidence for R-spondin role in Wnt 
signaling [16].  Since then, many studies have attempted to identify the receptor that binds 
R-spondin. LRP6 and Kremen have been proposed [17,18] but the actual receptor was not 
identified till recently. In 2011, de Lau et al. and other groups independently showed that 
LGR5 and homologues (LGR4/6) associate with R-spondin to potentiate Wnt signaling [19-22], 
bridging two seemingly unrelated proteins into one pathway. However, LGR5 signaling does 
not seem to be dependent on G-proteins and signaling mechanism remained unclear [22,23]. 
Nonetheless, mass spectrometry analysis indicated that LGR5 interacts with LRP6-Fzd-Wnt 
signaling complex to potentiate Wnt signaling [23]. 

We aimed to decipher the molecular details of the LGR5-R-spondin interaction, and to 
understand how LGR5-R-spondin interaction potentiates Wnt signaling. Knowledge of this 
would allow us to modulate the activity of LGR5-R-spondin signaling pathway, which is often 
implicated in intestinal and colorectal cancers [24-28]. However, the productions of LRR 
proteins are not always straightforward, due to their intrinsic propensity to aggregate, and 
the yields of expression are usually low and insufficient for crystallization studies [29-31]. In 
this chapter, we discuss the various strategies for expression, purification and crystallization 
of recombinant LGR5 and R-spondin. In addition, we present here our strategy for structure 
determination of LGR5, using non-homologous LRR proteins. Although the expression and 
structure determination strategies are shown here for LGR5, the approach can be applied to 
other LRR proteins [33] in general.

RESULTS AND DISCUSSIONS
Domain organization and construct design

LGR5 has a signal peptide, a LRR ectodomain, a 7-transmembrane GPCR and a short cytoplasmic 
tail (Fig 1) [1]. The LRR ectodomain is characterized by N-terminal cysteine cap (LRRNT) and 
C-terminal cysteine cap (LRRCT, also called hinge region), which connect the LRRs to the 7-TM 
domain. 16 LRRs (residues 67-446) were annotated in Uniprot and predicted by SMART [32]. 
Each LRR has 22-24 residues. The consensus sequence given by SMART is shown in Fig 2. LRRs 
contain a highly conserved sequence LxxLxLxxNxL characterized by presence of Leu residues 
(or other small hydrophobic residues) at specific positions of the repeat (Fig 2), where the 
side chains face inner hydrophobic core of the LRRs, while the Asn residue forms hydrogen 
bond with neighbouring repeat [33,34]. Upon manual inspection, we identified that residues 
446-470 (26 residues), though they do not align perfectly with the rest of LRRs, match the 
consensus LRR sequence, and hence constitute the 17th LRR (Fig 2). In the LRRNT, there are 
four Cys residues, predicted to form two disulfide bonds, as observed in FSHR and TSHR (Fig 
1B). In LRRCT, there are 5 Cys residues (residues 479, 480, 485, 541 and 551). Two disulfide 
bonds are possible and a free Cys maybe present. 

The structures of FSHR and TSHR (LGR1 and 3, respectively) are composed of 9 LRRs that 
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superimpose with a root-mean-square deviation (RMSD) on Cα atoms of 1.0 Å (Fig 1B). 
Both proteins were crystallized in the absence of LRRCT, presumably to enhance chances of 
crystallization by omitting the putative disordered region [30,35]. The LRRCT of LGR5 was 
predicted to be disordered according to PSIPRED [36] analysis (data not shown), so we designed 

Fig 1. Domains organization and structures of the leucine-rich repeat G-protein coupled Receptor 
(LGR)  and R-spondin families.
A, Schematic representation of the three different classes of LGR receptors and R-spondin. 
B, Cartoon representation of LRR ectodomains of  FSHR (PDB 1XWD, green) and TSHR (PDB 2XWT, 
marine) superposed; and furin-like domain of IGFR (PDB 1IGR, orange) and EGFR (PDB 1IVO, red) 
superposed. Dilsulfide bonds in the LRRNT are indicated in yellow. LRRCT is not present in the 
crystal structures.
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construct with and without LRRCT. Since the disulfide bond assignment is ambiguous in this 
region, we designed constructs with five Cys (residue 22-553) or four Cys (residue 22-553) in 
the LRRCT. In addition, a series of constructs omitting the LRRCT were made, with truncation 
at different residues on the last LRR (Fig 2), i.e. residues 22-478, 22-472, 22-463 and 22-455 
(Uniprot O75473 sequence is used to denote residue numbers in constructs throughout the 
text). 

R-spondin is a family of secreted proteins that has four members, R-spondin 1–4 [37,38]. 

Fig 2.  Sequence analysis and constructs design for LGR5 
Consensus sequence of LRRs are shown and 17 LRRs are aligned to the consensus sequence found 
in 65% of LRRs. Residues located on Leu, Asn, Phe, Pro positions in the consensus sequence are 
shown in red. 
LRRNT and LRRCT sequences. Underscored residue on LRRNT indicate first residue in all expression 
contructs, and underscored residues on LRRCT indicate last residue in different expression 
constructs.
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R-spondin has a signal peptide, two furin (Fu) domains  (~100 residues), a thrombospondin 
type I (TSP-1) domain (~60 residues) and a polybasic tail (~60 residues). The furin domain and 
TSP-1 domain are separated by a short linker of ~10 residues. These domains are conserved 
in R-spondin 1–4 (which show ~60% sequence identity). The polybasic regions of the four 
R-spondins have varying lengths [37]. There are two additional isoforms of R-spondin; one 
isoform lacks the signal peptide yielding presumably an intracellular variant [39] and the 
other isoform lacks the TSP-1 domain [40]. The functions and cellular localization of these 
two isoforms are not clear. Furin domains are characterized by short β-strands and loops held 
by a series of disulfide bond (Fig 1B) [41,42]. Furin domains are commonly found in receptor 
tyrosine kinase, e.g. insulin-like growth factor receptor (IGFR) and epidermal growth factor  
(EGFR). In EGFR, the Fu domain mediates dimerization of the receptor [42]. TSP-1 domain was 
originally described in thrombospondin 1 protein [43], but is also found in other  proteins, 
e.g. the complement components C6, C7 and complement-regulator properdin [43,44]. 
The TSP-1 domain are characterized by presence of three anti-parallel strand held by three 
disulfide bonds and a mannosylated Trp [43,44]. Two of the three disulfide bonds cap the N- 
and C-termini. For the expression of R-spondin for structural studies, we have designed three 
constructs: full length R-spondin 1 (Uniprot: Q2MKA7, RSPO-FL, residue 21-263), Fu1-Fu2-TSP 
domains (RSPO-TSP, residue 31-145) and the two Fu domains, Fu1-Fu2 (RSPO-FF, residue 31-
145). 

Transient expression in HEK 293 E and ES cells

For structural studies, recombinant proteins are expressed in HEK 293 cells, due to the 
presence of post-translational modification and disulfide bond formation [45,46]. The HEK 
293E cell line that stably expresses Epstein-Barr viral antigen I (EBNA-I) is routinely used in 
our lab. The EBNA-I drives episomal replication of oriP containing plasmid [47]. In addition, 
the N-acetylglucosaminyl transferase I (GnT-I)-deficient HEK 293 cell line (termed HEK 293ES) 
was used to recombinant proteins with uniform Man5GlcNAc2 Asn-linked glycans [48]. All 
constructs used N-terminal human cystatin-S signal peptide (Uniprot P01036) for secretion 
in HEK 293 cells.

I. Screening of different expression constructs for LGR5 and RSPO1 in HEK 293E cells

For expression of LGR5 ectodomain, HEK 293E was used for initial screening. All LGR5 
expression constructs carried an N-terminal His6-tag, followed by a Tobacco Etch Virus (TEV) 
protease site and were purified by Ni-NTA beads. All constructs, except construct 22-455, 
showed expression at comparable level, with a major band at ~60 kDa (Fig 3A). In non-reducing 
gel, we did not observe any disulfide-linked aggregates, even in the constructs 22-553, which 
has 5 Cys residues in the LRRCT. 

For R-spondin expression, all three constructs: RSPO1-FL (MW: 27 kDa), RSPO1-TSP (20 kDa) 
and RSPO1-FF (12.5 kDa) expressed with major bands observed at 40 kDa, 27 kDa and 20 
kDa, respectively (Fig 3A). All constructs carried a C-terminus His6 tag and were purified by Ni-
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Fig 3. SDS-PAGE and native-PAGE analysis for  the expression of LGR5 and RSPO1. 
A, Expression of LGR5 ectodomains and RSPO1 constructs. 
B, Complex formation of LGR5 and RSPO1. 
C, Co-expression of LGR5 and RSPO1. 
D, LGR5-RSPO1 complexes formation. 
E, Plasmid titration for co-expression of LGR5-RSPO1 in HEK 293ES cells.          (see next page)
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NTA beads. The proteins migrated higher than their expected molecular mass in non-reducing 
gel, possibly due to elongated shape of the protein and presence of post-translational 
modifications. For RSPO1-FF, two bands were observed (at 20 kDa and 15 kDa), which 
correspond to the glycosylated and non-glycosylated forms, as a glycosylation site is predicted 
at Asn137. The expression of RSPO1-FF and RSPO1-TSP is higher than RSPO1-FL, and it was 
previously reported that full length R-spondin associates with membrane in HEK 293T cells 
and is not secreted into the medium [15]. An expression construct with mutation N137Q did 
not show any expression (data not shown), suggesting a role of glycosylation in protein folding 
[49]. 

II. Co-expression of LGR5-RSPO1 and ‘plasmid titration’ in HEK 293 ES cells improved yield and 
stability

To evaluate the behaviour of a protein (e.g. whether proteins are well-folded or aggregated), 
we used native PAGE, which provides more reliable evaluation than SDS-PAGE. In addition, 
native-PAGE can be used to detect receptor-ligand interaction. Hence, we used native-PAGE 
(Phastsystem, GE) to characterize LGR5-RSPO1 complex formation. On native-PAGE (Fig 3B), 
LGR5543, LGR5478 and RSPO1-FF can be seen as diffuse (or multiple) bands. By adding RSPO1-FF 
to LGR5543 or LGR5478, an additional well-defined band could be observed, which indicate the 
formation of the LGR5-RSPO1 complex. Excess RSPO1-FF could also be observed on the gel, 
migrating above the LGR5-RSPO1 complex band. 

LGR5543 was chosen as initial target for large-scale expression, but showed aggregation 
and purified protein had a propensity to precipitate at concentration higher than 0.5 mg/
ml. We hypothesized that LGR5 ectodomains are prone to aggregation, presumably due to 
the hydrophobic characteristic nature of LRRs [31]. Hence, we tested co-expression of LGR5 

F, Purification of LGR5-RSPO1 complexes and RSPO1. 
A, C, E, and F  are non-reducing SDS-PAGE; B and C are native-PAGE; all expression tests  were 
carried out in HEK 293E cells, except E and F in HEK 293 ES cells. Fig F (right panel) is adapted 
from chapter 2, Fig S3.
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ectodomain and RSPO1 to improve yield and stability of LGR5 proteins. All LGR5 ectodomain 
constructs (except residues 22-455) could be co-expressed with RSPO1-FF (Fig 3C). Here, it is 
also noticeable that RSPO1-FF was expressed at higher yield than LGR5 ectodomain, as judged 
from band intensities on SDS gels. In addition, LGR5543 and LGR5478 were co-expressed with an 
RSPO1-FF construct carrying an Fc tag at the C-terminus. The RSPO1-FF-Fc protein could be 
co-purified by His6 tag, indicating complex formation in the medium (Fig 3C). This is possible 
due to the high nanomolar affinity observed for LGR5-RSPO1 interaction [19,20].

For crystallization purposes, we have expressed LGR5-RSPO1 by co-expression in HEK 293ES 
cells, because recombinant proteins with uniform Man5GlcNAc2 glycans are often more 
favourable for crystallization than proteins with large heterogeneous glycans. The yield of 
LGR5-RSPO1 complex obtained from ES cells expression is lower than from E cells (Fig 3C).  To 
increase the yield of protein, we have performed ‘plasmid titration’, i.e. varying the amount 
of DNA to achieve the optimal DNA concentration for the highest yield of soluble well-folded 
protein, and to reduce protein aggregation. Plasmid titration has been previously used to 
obtain higher yield of intracellular proteins that are prone to aggregation, such as Nod-like 
receptor [31]. Various dilution factors were tested, at LGR5:RSPO1 ratio of 1:1 μg, 0.2:0.2 
μg, 0.1:0.1 μg, 50:50 ng and 20:20 ng. The total DNA amount was kept constant at 2 μg with 
dummy DNA (empty pCR4 TOPO vector, Invitrogen). At the lowest amount of DNA (20 ng), 
highest yield of LGR5543 and LGR5478 were obtained (Fig 3E). We did not test lower amount of 
DNA. At all concentrations, RSPO1-FF was expressed at higher level than LGR5. Subsequently 
the amount of LGR5:RSPO1-FF DNA was reduced to 20:4 ng for large-scale expression. The 
LGR5543-RSPO1-FF and LGR5478-RPSO1-FF complexes purified migrate as well-defined bands in 
native-PAGE analysis (Fig 3D). The complexes obtained from co-expression are less prone to 
aggregation during purification and concentration (>15mg/ml) compared to LGR5 ectodomain 
alone (<1mg/ml) and is stable at room temperature for weeks. It is likely that complex 
formation of LGR5 and RSPO1 buried a hydrophobic region on LGR5 that would otherwise 
cause aggregation and precipitation at high protein concentration. 

Large scale expression and purification

For large-scale expression, the RPSO1-FF construct was expressed in 2 L of HEK 293E cells 
with 1 mg of DNA. The culture medium was harvested 6 days post-transfection, concentrated 
and diafiltrated in binding buffer 25 mM HEPES pH 7.5, 50 mM NaCl (buffer A) for binding to 
Ni-NTA column. Non-specific proteins binding to Ni-NTA column was washed away with buffer 
A containing 25 mM imidazole, and bound RSPO1-FF was eluted in buffer A containing 0.3 M 
imidazole. Fractions containing RSPO1-FF were pooled and treated with PNGase F for removal 
of glycan. Typically 1-2 μL of enzyme (Roche) was added every day, for a few days until reaction 
was complete. Deglycosylated protein was evaluated on SDS-PAGE to ensure complete removal 
of glycan, as sample homogeneity is critical for crystallization. The protein was further purified 
by size exclusion chromatography (SEC) column Superdex 75 (GE healthcare). Monomeric 
fractions were effectively separated from aggregated materials (Fig 4). These fractions were 
pooled together and concentrated for crystallization. Initially, proteins were concentrated 
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using concentrators with MW cut off of 5 kDa  (Sartorius) with polyethersulfone membrane, 
but often this procedure resulted in low recovery of protein (~20%). This is most likely due to 
adsorption of the protein to the membrane. Subsequently, concentrators with cellulose based 
Hydrosart membrane (Sartorius) were used and almost no loss of protein observed after 
concentration. RSPO1-TSP were harvested and purified following similar protocol as described 
for RSPO1-FF, except that in size exclusion chromatography a higher NaCl concentration (200 
mM) was required to ensure high recovery from the SEC column (Fig 4). 

Fig 4. Purification of LGR5 and RSPO1. SEC and IEX chromatogram for large scale purification of 
LGR5-RSPO1 and other complexes are shown here. 
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LGR5543-RSPO1-FF and LGR5478-RSPO1-FF complexes were expressed in HEK293 ES cells. 
Typically, 10 μg of LGR5 plasmid and 2 μg of RSPO1-FF of plasmid, and 1 mg of dummy DNA 
were used for transfection of 2 L culture. Both complexes were purified by Ni-NTA column. 
Initially, LGR5543-RSPO1-FF was incubated with EndoHF (NEB) for glycan removal, and with TEV 
protease for His6 tag cleavage. Removal of glycan and His6-tag resulted in massive precipitation. 
Subsequently, these steps were skipped and complexes were purified directly by SEC column 
Superdex 200 using a buffer with 25 mM HEPES pH 8.0 and 150 mM NaCl (Fig 4). We noticed 
that using a buffer at pH 7.5 (or 6.5 and 5.5), or at lower NaCl concentration (50 mM) often 
resulted in low recovery of protein from the SEC column.  

However, LGR5-RSPO1 complexes purified from size exclusion chromatography usually 
contained trace amounts of unbound RSPO1, as judged from analytical gel filtration (not 
shown). Hence, LGR5543-RSPO1-FF samples were purified by ion-exchange column (IEX) after 
the Ni-NTA column elution (Fig 4). Samples were injected into MonoQ (GE healthcare) in a 
buffer of 25 mM HEPES pH 8.0 and 50 mM NaCl. RSPO1-FF did not bind to column and was 
eluted in the flow through, whereas LGR5543-RSPO1-FF complex was eluted at 200–250 mM 
NaCl. This purification step effectively separated the LGR5 complex from excess ligands. SDS-
PAGE indicated > 95% sample purity. Samples were concentrated in elution buffer to 10–15 
mg/ml for crystallization.

The expression yields for all the recombinant proteins were in the range of 5–10 mg/L HEK 
293 (E/ES) culture after Ni-NTA elution, and after final step of purification (SEC or IEX), about 
3-5 mg (~50%) of proteins were recovered. Purified recombinants proteins were > 90% pure 
as indicated by SDS-PAGE (Fig 3F). Chromatograms for purification of various complexes are 
shown in Figure 4. 

Oligomerization studies and functional assay

Multiple Angle Laser Light Scattering (MALS) analysis indicated that LGR5 and RSPO1-FF 
formed a complex of 85 kDa, consistent with a 1:1 monomeric complex (buffer: 25 mM HEPES 
pH 8.0, 150 mM NaCl) (Fig 5A, left panel). In the absence of R-spondin, LGR5543 is a monomer, 
as shown in the SEC chromatogram (Fig 5A, right panel) Since the TSP domains in properdin 
has been shown to oligomerize [50], we tested if RSPO-TSP or full-length R-spondin induce 
oligomerization of LGR5-RSPO1 complexes. SEC analysis indicated that these complexes 
remain 1:1 monomeric complexes (Fig 5A, right panel). 

Next, we tested the activity of purified recombinant R-spondin proteins by Wnt reporter 
TOPFlash assay in HEK 293T cells. Both RSPO-TSP and RSPO-FF (glycosylated and deglycosylated 
forms) showed comparable levels of activity (Fig 5B), indicating that the Fu domains alone are 
sufficient for binding and mediating activity of LGR5, consistent with previous report [15]. 
Hence, the LGR5-RSPO1 complex that we used for crystallization is relevant for studying 
signaling mechanism. 
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Screening and optimization of crystals  

For crystallization screening, RSPO1-FF was initially concentrated to 6-7 mg/ml and 300 
conditions were screened. Most drops (> 90%) were clear, indicating that the protein 
concentration was far from saturation.  However, in 1.6 M (NH4)2SO4, 0.1 M MES pH 6.5, 10% 
v/v dioxane (denoted condition A) many small and highly birefringent, hexogonal crystals 
were obtained (Fig 6A). These crystals were tested at ESRF ID23-1 beam and consistently 
diffracted to 2.0-2.5 Å resolution. In another condition, 0.2 M NaCl, 0.1 M phosphate-citrate 
pH 4.2, 20% w/v PEG 8000, needle clusters were observed (Fig 6B). These needles originated 
from a single nucleation spot. Crystals with similar morphology were also observed in another 

Fig 5. Oligomerization analysis of LGR5-RSPO1 complexes and functional analysis of RSPO1. 
A, SEC and MALS analysis of various LGR5-RSPO1 complexes. 
B, Wnt reporter assay for various RSPO1 constructs, performed in HEK 293T cells. Fig 5A (left panel) 
is adapted from chapter 2, Fig S3.
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related condition, 0.2 M LiCl 0.1 M citrate pH 4.0, 20% w/v PEG 6000 (data not shown). These 
crystals were easily reproduced, and sometimes appeared as many tiny needles scattered 
throughout the drop, depending on the concentration of precipitant. However, these crystals 
usually diffracted to ~20 Å, when tested at the synchrotron.

We attempted to produce more crystals for heavy atom soaking for experimental phasing. 
However, in the same condition we have always observed clear drops, indicating that the 
protein is far below the concentration required for saturation. Since the protocol for 
purification of RSPO1-FF was improved, more proteins could be obtained for rescreening 
crystallization at higher concentration: 12 mg/ml (1000 conditions tested), 20 mg/ml (300 
conditions) and finally 40 mg/ml (400 conditions). None of these trials yielded any new crystal 
form, apart from needle clusters observed earlier.  

After several failed attempts to reproduce the hexagonal crystals, we reasoned that the lack 
of globular structure, and presence of many loops in R-spondin, may have precluded proper 
crystal packing (as observed in needle clusters). Hence we designed a new construct: RSPO1-
FF with Fc protein at the C-terminus. The rationale of this approach is that Fc may enhance 
protein-protein contacts required for crystal packing. The hinge region of the Fc protein was 
omitted to reduce the flexibility of the fusion protein. The fusion protein was expressed at 
high yield (> 10 mg/L from HEK 293E cells) and purified with SEC (Fig 4), concentrated to 10 
mg/ml for crystallization, but did not yield any crystals. We observed that, although in most 
screens many drops  (> 90%) were clear, in screens containing PEG as precipitant (e.g. PACT 
and PEGION screens), > 50% of the drops showed precipitation. Hence, we added a small 
amount of PEG 3350 to the original condition A, and observed crystal formation when 1-2% 
w/v PEG 3350 was added. It is likely that in the original condition the mother liquor was 
contaminated by traces of PEG.  

For crystallization of RSPO-TSP, screening was performed at an initial concentration of 7.3 
mg/ml (700 conditions). Since most of the drops (>90%) are clear, screening was performed 
at higher concentration: 45 mg/ml (300 conditions) and 80 mg/ml (300 conditions). Granular 
precipitate was observed (data not shown) and optimization did not yield crystals. This 
construct did not crystallize, presumably due to the flexibility between the Fu and TSP domain 
that may have hindered crystal-packing interactions.

For LGR5543-RSPO1-FF, screening was performed at 15 mg/ml (800 conditions). An initial 
hit was obtained in 0.8 M (NH4)2SO4, 0.1 M citrate pH 4.0. Microcrystalline precipitate was 
observed throughout the whole drop. By varying the pH from 3.5 to 9.0, and increasing the 
drop size to 1 μL or 2 μL (original drop size: 0.3 μL), we are able to obtain needle clusters 
at 0.1 M citrate pH 4.5. Since the formation of needle clusters is often associated with fast 
nucleation resulting in improper crystal packing, we set up crystallization drops at 4 °C, to 
reduce the nucleation rate. Here, we obtained isolated single hexagonal crystals in precipitant 
from 0.8 M-1.2 M (NH4)2SO4 and 0.1 M citrate pH 4.5 (Fig 6J). The crystals were easily 
reproducible, and sometimes grew up to 0.2-0.3 μm in size. These crystals were screened 
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extensively at synchrotrons but diffraction was typically limited to 10 Å resolution. However, 
one crystal diffracted to 4.3 Å resolution. From Matthew analysis, this crystal form contained 
67% volume solvent content. Protein crystals typically exhibit 27-67% solvent content, with an 
average of 43% [51]. A high-solvent content of a crystal usually indicates less protein-protein 
contacts when compared to crystals with low-solvent content, and is often associated with 
poor diffraction, due to poor crystal packing. 

In another condition, 0.15 M (NH4)2SO4, 0.1 M MES pH 6.0, 20% w/v PEG 4000, non-amorphous 
precipitate that appeared like ‘crumble’ was observed (Fig 6E). Closer inspection revealed that 
this precipitate consisted of clusters of tiny crystalline plates. We were able to obtain crystals 
by lowering the precipitant concentration to 8-12% w/v PEG 4000 (Fig 6H). These crystals 
were typically plate or rod-like with multiple crystals stacked onto each other, making the task 
of isolating them for diffraction studies difficult. Subsequent streak seeding or microseeding 
yielded many small plate-like crystals and needle clusters. Setting up crystallization drops at 
lower temperature (4 °C and 12 °C) did not yield isolated single crystals. Subsequently, the 
multiple crystals were carefully broken apart and tested at the synchrotron. These crystals 
diffracted to medium resolution (to ~4 Å resolution), with streaky spots and sometimes 
multiple spots due to overlapping crystal lattices. We managed to obtain a few datasets at 3-4 
Å, with the best dataset integrated up to 3.2 Å resolution.

In addition, we performed rescreening with a novel crystallization screen (Molecular 
Dimension), which used poly-glutamic acid (PGA) polymer as a precipitant. In condition 0.3 
M sodium malonate, 0.1 M cacodylate pH 6.5, 8% w/v PGA we observed solid objects that 
grew larger over time at the edge of the drop (Fig 6F). However, these objects did not appear 
to have defined shape, and were not translucent, as one would expect for crystals. However, 
upon optimization, single crystals were obtained at 4 °C (Fig 6I) and the best crystal diffracted 
to 3.2 Å resolution. For LGR5478-RSPO-FF, non-amorphous precipitates were observed (Fig 6K) 
that did not yield any crystals after optimization.

In recent years, several labs have shown that Fab fragments and nanobodies can been used 
to enhance crystallization [52,53]. We have previously produced several antibodies that bind 
to the LRRCT of LGR5 to activate Wnt signaling (described in chapter 2). Fab from antibody 
‘1D9’ was generated by papain digestion and the ternary complex of LGR5-RSPO1-Fab was 
co-purified by SEC (Fig 4).  We set up co-crystallization screens at 10 mg/ml and obtained 
crystals, which diffracted to 2 Å resolution. Unfortunately, these crystals contained only Fab 
(data not shown). 

Structure determination of LGR5-RSPO1 complex by Molecular Replacement

We obtained a native diffraction dataset at 4.3 Å resolution from a crystal that belonged to 
space group P6122 (Fig 6J). For structure determination, Molecular Replacement (MR) strategy 
can be used when homologous structures are available. In general, homologous models with 
sequence identity >30% and with a RMSD within 2.0 Å (from the target structure) are usually 
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Fig 6. A-J, Crystallization of LGR5-RSPO1 and RSPO1 in conditions as indicated. Crystals grown in 
conditions H, I, and J were optimized from conditions E, F, and C,  respectively.
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required for successful MR solutions [54,55]. The structures of FSHR and TSHR (LGR5 family 
class A) are composed of 9 LRRs and show only 10% sequence identity to LGR5 (LGR family 
class B) with 17 LRRs, suggesting strong sequence divergence and possibly large structural 
deviation between the two classes of receptors. In general, LRR domains are assembled 
from tandem repeats of LRR (20-30 residues) that form a curved solenoid structure [33], 
with different curvatures and twists, resulting in variation of tertiary structures. Hence, we 
reasoned that non-homologous structures can be used as search models, if they have tertiary 
structure resembling LGR5. We performed model search using protein-blast software (NCBI) 
against all structures in PDB, and did not obtain any hits with 17 LRRs. However, we identified 
some LRR domains that matched the N-terminal half of LGR5 (consisting of 10 to 12 LRRs), with 
22-24 residues in each repeat, matching those of LGR5. The search models that we selected 
based on high sequence identity (>30% of the aligned region) were Lingo-1, Netrin-G ligand 
3 (termed ‘Netrin’ here), Decorin core protein (Deco) and Nogo receptor (NogoR), shown in 
Fig 7A. These domains contain 9-12 LRRs with 30-35% sequence identity. The LRRCT regions, 
when present in the search models, were truncated.

We performed MR using the crystallographic CCP4 software PHASER [55]. A correct MR 
solution is usually a single solution with rotation function z-score (RFZ) higher than 5 and 
translation function z-score (TFZ) higher than 8 [54]. Log-likelihood gain (LLG) scores are used 
to rank solutions with higher LLG scores indicating better solutions. A large gap is expected to 
be present between the correct and wrong solutions [54]. However, these parameters are only 
indicators of the quality of solutions, and a right solution can only be verified by inspecting 
electron density after performing many cycles of building and refinement.
 
The Matthew analysis indicated that 2-4 copies of LGR5 were present in the asymmetric 
unit (ASU) based on solvent content analysis [51]. Hence, we searched for 2 copies of LGR5.  
Search with Lingo-1 produced 38 solutions (three highest LLG: 73, 73, 73), NogoR produced 
22 solutions (LLG 94, 93, 81), Netrin produced 2 solutions (LLG 155, 153), and Deco produced 
3 solutions (LLG 212, 200, 184). These solutions are shown in Fig 8A. In all cases RFZ and TFZ 
scores are 2.5-3.3 and 4.7-9.2, respectively. At this stage, with many solutions generated it 
is hard to identify the right solution based on RFZ, TFZ and LLG scores, which showed only 
small gaps between different solutions. Interestingly, by inspecting Deco and Netrin solutions, 
we observed an identical ‘head-to-head’ (N-N) arrangement in all 5 solutions. Superposition 
of these solutions showed minor shift in positions between different solutions (Fig 8A). 
Crystal packing of the two Decorin molecules (Fig 8B) showed that there was enough space 
to accommodate the C-terminal of LGR5, indicating such crystal packing would be plausible. 
To improve the electron density map and corresponding phase information, we performed 
density modification with PARROT for Deco [56], the solution with the highest LLG of all. 
Strikingly, the resulting electron density map revealed additional contiguous density for the 
unmodelled C-terminal half of LGR5 (Fig 8B), which is a good indication that the MR solutions 
was indeed correct. From the density it appeared that the C-terminal half of LGR5 extended 
towards each other. By searching for Deco-dimer, as shown in the rectangular box (Fig 8B), 
we obtained a single solution with RFZ 9.1, TFZ 32.4 and LLG of 867, which can be refined in 
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Fig 7. Search models of LGR5 ectodomain. A, N-terminal half  and B, C-terminal half.
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Fig 8. Analysis of MR solutions. 
A, MR solutions using various search models. 
B, Crystal packing for Deco molecules, the top solution with highest LLG is shown here. Rectangular 
box indicates asymetric unit (ASU) that contains 2 copies of search model (upper).  Density modified 
map contoured at 1.5 σ level (lower). N and C indicates N- and C-termini, respectively. 
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REFMAC5 [57] to an R-free of 0.46 (while an R-free of 0.54 indicate random solution).

With the N-terminal half of LGR5 correctly placed, we proceeded to search for the C-terminal 
half of LGR5 (LRR 11-LRRCT). By protein-blast against residues 280-543, we identified several 
search models: (i) designed scaffold protein 3RFS, (ii) nogo Receptor, (iii) engineered protein 
4PSJ; and, (iv) 4PQ8. 4PSJ and 4PQ8 are the same protein (with 8 LRRs); 4PSJ is truncated to 6 
LRRs, while 4PQ8 is truncated to 7 LRRs. The LRRNT, present in these models, were truncated 
(Fig 7B).

Here we performed MR search for 2 copies of the molecules. The search with 3RFS (6 LRRs) 
produced a single solution, however with only 1 copy placed (RFZ 1, TFZ 7.6, LLG 121), see 
Fig 9. Initial search for 2 copies of NogoR produced no solution. Therefore the threshold for 
clashes was relaxed to 25%, i.e. allowing for 25% of NogoR residues (Cα atoms) to clash with 
the Deco molecules, which was already placed in the ASU. This strategy produced 3 solutions, 
each with only 1 copy of NogoR placed. By inspecting the solution, we observed that the 3 
solutions (with LLG 126, 104, 102) were placed in the same area and that these solutions 
yielded plausible connections to the Deco model. The solutions showed minor shift in the 
positioning of LRRs. The first, second and third solutions have 1, 2 and 3 LRRs overlapped 
with the last LRRs of Deco molecules, respectively. The search with 4PSJ (6LRRs) produced 5 
solutions, with 2 copies placed. The top two solutions were plausible solutions, i.e. they were 
connected to the Deco molecules, while the third solutions had 1 copy placed away from the 
Deco molecules, indicating a wrong solution. The search with 4PQ8 (7 LRRs) produced a single 
solution with 2 copies placed (RFZ 0.9, TFZ 9.9, RFZ 1.2, TFZ 8.8, LLG 225). Both copies of 
molecules were placed such that they are connected to the Deco models (Fig 9). 

Superposition of solutions from 4PQ8 and NogoR showed that they were placed in the same 
area, with the C-terminal part of the models extended towards each other, creating an 
‘embracing dimer’ (Fig 9). The best solution from Deco-4PQ8 (LLG 225) could be refined to an 
R-free of 0.42, which improved from R-free of 0.46 previously, indicating that this was likely 
the right solution. The MR search strategy allowing 25% of clashes (default is 5% of Cα atoms) 
was crucial to ensure that the right solutions were not rejected during packing test. A hybrid 
model was generated by combining Deco and 4PQ8, creating a model containing 16 LRRs, 
with a noticeable kink between LRR10-LRR11 (Fig 9).   

Subsequently, we obtained crystals (Fig 6I) that diffracted to 3.2 Å resolution and belonged 
to space group P22121. The hybrid-model was used to search for 2 copies of molecule, and 
PHASER unambiguously placed the two molecules with a LLG of 910 (1st copy: RFZ 3.3, TFZ 
9.9, 2nd copy: RFZ 3.6, TFZ 9.4). The two molecules form an ‘embracing dimer’, identical to 
the dimer that we observed in earlier searches. This solution was further refined in REFMAC5 
to an R-free of 0.43. The resulting electron density map showed that the 16 LRRs are placed 
in the correct position (Fig 10). In general, the β-strands on the concave side placed fitted 
well within the electron density, indicating that ‘actual’ LGR5 structure did not deviate much 
from standard LRRs model. The convex side showed more deviations from the density, which 
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Fig 9. MR solutions for the C-terminal half of LGR5 ectodomain, using various search models. The 
hybrid-model of Deco-4PQ8 used for subsequent MR is also shown here in the last panel (right).
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Fig 10. Electron density maps for LGR5-RSPO1 complex. Electron density maps after MR, with Deco-
4PQ8 model placed, are shown in the left panel. For comparison, final electron density maps for 
LGR5-RSPO1, after many cycles of tracing and refinement, are shown in the right panel. 
Electron density maps (2mFo-DFc) are shown in blue contoured at 1.2 σ level. mFo-DFc density 
maps are shown in green and red, contoured at 3.0 σ level. Green density (where density is 
positive) indicates where model is missing and red density (where density is negative) indicates 
where model should not be present.
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was expected since they are composed of short disordered loops and the sequences are 
less conserved. In addition, we could identify extra density that corresponded to LRRNT and 
LRRCT, e.g. a disulfide bond in the LRRNT could be traced here, which was not present in the 
search model (Fig 10). At this stage, many cycles of manual tracing (i.e. placing the right amino 
acids in the electron density) were performed to modify the starting model (Deco-4PQ8) to 
the actual residues of LGR5. With each cycle of rebuilding and refinement, the model became 
closer to the actual structure and the resulting electron density map improved.  LRRNT and 
LRRCT were modeled according to the new FSHR structure (PDB 4MQW) [58], which became 
available during our refinement stage (the initial FSHR structure did not include LRRCT). 
Although density for R-spondin became visible, manual tracing of R-spondin was difficult due 
to lack of a homologous model. As can be observed in the final structure, R-spondin does 
not have a globular structure, but contains many loops and short strands held together by 
disulfide bonds, which made chain tracing difficult. 

We crystallized RSPO1-FF that diffracted to 2.0 Å resolution and belonged to space group I222 
(Fig 6A). Initially, we attempted to determine the structure of RSPO1-FF by MR, using a search 
model comprised of Fu domains, e.g. based on PDB 1IGR and 1EVO. The MR searches, using 
1IGR and 1EVO were not successful, possibly due to large structural deviation from the actual 
structure given the low sequence identity of 10-15% The lack of secondary structure, such as 
helices, also makes the MR search more difficult. 

After extensive trials and unsuccessful attempts to solve the R-spondin structure with MR, 

Fig 11. Structure of LGR5-RSPO1 and Deco-4PQ8 model. 
A, Superposition of Deco-4PQ8 model and LGR5. Cα traces are shown in ribbon representation. 
B, Cartoon representation of LGR5-RSPO1 complex in two orthogonal views.
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we managed to reproduce R-spondin crystals for experimental phasing experiments. An 
attempt to determine R-spondin structure by sulfur SAD phasing, which exploits the intrinsic 
anomalous scattering of native proteins [59,60], was not successful. Subsequently, crystals 
were soaked overnight in heavy atoms, i.e. 5 mM of holmium chloride (HoCl3), samarium 
chloride (SmCl3), ytterbium chloride (YbCl3) or gadolinium chloride (GdCl3). Of all the heavy 
atoms tested, only HoCl3- and GdCl3-soaked crystals displayed anomalous scattering, indicating 
that the heavy atoms were successfully bound to the protein molecules. The heavy-atom 
soaked crystal diffracted to ~2.0 Å resolution. The structure determination of R-spondin is 
described in chapter 2. The R-spondin structure was placed into LGR5 structure by MR [55]. 
A 90° rotation in Fu2 domain, was observed in the LGR5 bound structure and was manually 
adjusted to fit into the density (described in chapter 2, Fig 2 and Fig S11). The resulting LGR5-
R-spondin was refined to an R-work of 0.23 and R-free of 0.26. An overlay of the Cα traces of 
Deco-4PQ8 model and LGR5 structure (RMSD 4.5 Å) are shown in Fig 11A and the 2:2 dimeric 
complexes of LGR5-RSPO1 is shown in Fig 11B. The data collection and refinement statistics 
are shown in chapter 2, Supplementary Table 1. Structural analysis and biological implications 
of LGR5-RSPO1 were described in chapter 2.  

CONCLUDING REMARKS

The production of protein in large quantity (~miligrams) is often required for structural study 
and therapeutic development and applications [61]. However, overexpression of recombinant 
proteins in mammalian system is not always straightforward and  may result in aggregation 
of proteins [31]. Here, we showed that optimization strategy, such as co-expression of LGR5-
RSPO1 complex and ‘plasmid titration’ improved yield, stability and solubility of LGR5. The 
availability of large amount of LGR5-RSPO1 allowed us to perform extensive crystallization 
screening, biochemical study and antibody generation. In addition, co-expressions of high-
affinity (KD of nanomolar) complexes of secreted proteins  by transient expression in HEK 293 
cells are now routinely used in our lab to improve yield and stability of recombinant proteins. 

In addition, we present here our method for structure determination of LGR5 with MR, 
using non-homologous LRR models. We demonstrate that, fragments of LRR proteins with 
similar twist and curvature, can be used as partial models for successful MR, despite showing 
low sequence identity (i.e. partial models of ~30% sequence identity matching half of the 
target structure). This method eliminates the needs for cumbersome heavy atoms soaking 
experiments required for experimental phasing. The success of LGR5 case study suggests that 
this approach may be suitable for proteins consisting of structural repeat elements like the 
LRR proteins.

MATERIAL AND METHODS

Cloning of constructs and transient expressions of proteins in HEK 293 E and ES cells were 
performed as described previously [31,62]. All protein purification steps were performed on 
AKTA systems (GE healthcare) or Prominence  UFLC system (Shimadzu). All columns were 
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purchased from GE healthcare. MALS analysis was performed with Minidawn Treos detector 
(Wyeth). Wnt reporter assays were performed according to protocols described earlier [62,63]. 
Crystallization screens were purchased from Molecular Dimension or Hampton Research. 
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INTRODUCTION

LGR5 is a 7-transmembrane receptor from the ‘Leucine-rich repeat-containing G-protein-
coupled Receptor’ (LGR) family [1]. LGR5 was first identified as one of a set of 80 Wnt target 
genes, essential for the high self-renewal capacity of the intestinal epithelial layer [2]. 
Subsequently, it was identified as a unique marker of Crypt Base Columnar (CBC) cells. These 
cells, residing at the bottom of the intestinal crypt compartment, function as adult stem cells 
enabling the continuous production of new cells populating the villus compartment. LGR5 
marks not only adult stem cells in the intestine and colon, but also in the stomach, skin, hair-
follicle, pancreas, kidney and mammary gland [3-9]. While LGR5 expression is restricted to CBC 
cells in the crypt, LGR4 showed broader expression  throughout the crypts [10]. The intestinal 
epithelial layer, due to its well-characterized architecture and high regenerative capacity, 
serves as an excellent model system to study adult stem cell biology. Since Wnt signaling is the 
major driving force of this tissue renewal, it also constitutes an excellent resource for studying 
the fundamental aspects of this signaling pathway. 

LGR5 and homologues LGR4 and LGR6 associate with R-spondin to potentiate Wnt signaling 
[11-14]. R-spondins are a family of small, secreted proteins consisting of four members 
(RSPO1–4).  R-spondin is a potent Wnt agonist that induces β-catenin stabilization in HEK 
cells in the presence of a low-level of Wnt, and stimulates intestinal cell proliferation [15,16]. 
In line with this, R-spondin is an essential growth factor in minigut organoid cultures [17,18]. 
However, the mechanism LGR5-RSPO1 signaling remains unclear as it appeared independent 
from G-proteins coupled signaling. 
    
More recently, stem-cells specific transmembrane E3 ligases ZNRF3 and homologue RNF43 
were identified as negative regulators of Wnt signaling [19,20]. Both E3 ligases are Wnt target 
genes that ubiquitinate LRP6 and FZD receptors, serving as a negative feedback to restrict 
stem cells population. Intriguingly, R-spondin 1 was found to induce the formation of a ternary 
complex between LGR5 and ZNRF3/RNF43. The formation of such a ternary complex induced 
the membrane clearance of E3 ligases. Removal of E3 ligases resulted in an increase of Wnt 
receptor availability on cell surface, hence potentiating Wnt signaling [20]. The discovery of 
E3 ligases ZNRF3 (and RNF43) thus elucidates the mechanistic role of LGR5-RSPO1 in Wnt 
signaling. 

The discoveries of LGR5, R-spondin and E3 ligases ZNRF3/RNF43 provide valuable insights into 
the role of Wnt signaling in adult stem cell proliferation and regulation (described in chapter 
1). Crystallographic studies, by our group and others, provide molecular basis for RSPO1-
LGR4/5 and RSPO1-ZNRF3/RNF43 interactions [21-26]. Various biochemical and functional 
studies offer insights into the dynamic of receptor-ligands interaction on the membrane. In 
addition, identification of novel interacting partners have shed light on other possible signaling 
mechanisms of LGR5 in adult stem-cells proliferation [27-29].  
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Fig 1.  Crystal structures of LGR4/5, RSPO1/2 and ZNRF3/RNF43 complexes.
A, LGR5-RSPO1 (PDB 4BSR). B, LGR4-RSPO1 (PDB 4KT1). C, LGR5-RSPO1-RNF43  (PDB 4KNG). 
D, ZNRF3-RSPO1 (PDB 4CDK). E, RNF43-RSPO2  (PDB 4C9V). F, LGR4 (PDB 4LI1). 
G,  Contact footprints of LGR5 on RSPO1 (green) and RNR43 on RSPO1 (blue). RNF43-RSPO1 
interface overlapped with  trans LGR5-RSPO1 dimer interface. Figure is reproduced from  de Lau 
et al., Genes and Development 28:305-316.
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Structure of Wnt agonist R-spondin

R-spondin has a signal peptide, two furin (Fu) domains  (~100 residues), a thrombospondin 
type I (TSP-I) domain (~60 residues) and a polybasic tail (~60 residues). The sequence 
homology of the four R-spondins is about 60% [30]. Crystal structures of RSPO1 and RSPO2, 
comprising of the two Fu domains, were determined at a 2 Å resolution [21,25]. Both Fu1 
and Fu2 domains contain three similarly constructed cysteine-knotted β-hairpins each with 
disulfide bond patterns that appear common to furin domains seen in insulin growth factor 
receptor (IGFR) and epidermal growth factor receptor (EGFR) (Garrett et al. 1998; Ogiso et al. 
2002) (described in chapter 2). Overall, the two furin repeats that form a signaling-competent 
fragment (Kazanskaya et al. 2004) yield an extended structure, although a flexible hinge in 
between furin-1 and furin-2 results in various relative domain orientations [26]. 

Structural basis of R-spondin recognition by its receptor LGR4/5 offers insight into 
promiscuous receptor-ligand interaction

The ectodomain of LGR4/5 forms an anticipated horseshoe-like structure with 17 LRRs, 
flanked by LGR1-type N-terminal and C-terminal cysteine-rich caps [21,23,24,31] (Fig 1A-C). 
However, the horseshoe shape is twisted and kinked between LRR10 and LRR11. The binding 
interface of RSPO1 to the concave surface of LGR4 and LGR5 comprises LRR domains 3–9. The 
first β-hairpin of the Furin-2 repeat of RSPO1 contains a 106FSHNF110 loop, of which aromatic 
residues Phe106 and Phe110 form a hydrophobic clamp (that we termed Phe-clamp) targeting 
Ala190 and participate in hydrophobic interaction with surrounding residues of LGR5. Single 
F106E or F110E mutations in the Phe-clamp completely abrogate receptor-ligand binding 
as well as the functional activity of R-spondin, as tested in Wnt reporter assays and small 
intestinal stem cell cultures [21]. Similarly, F106A and F110A mutations disrupt interaction 
with LGR4 [23]. A second LGR5 interaction site in R-spondin has a hydrophilic character and is 
mediated by Lys59 and Arg87 of Fu1 domain. Mutation of these residues reduced signaling, 
but the effects are less severe than above-mentioned mutations in Fu2. The R-spondin1/LGR 
interface is highly conserved among all four R-spondins and LGR4–6 in various species. Taken 
together, these studies provide a structural basis for the promiscuous interaction of LGR4-6 
with RSPO1-4 [32] (described in chapter 2).

Structural basis of E3 ligase ZNRF3/RNF43 inhibition by R-spondin interaction offers insights 
into signaling mechanism

We and others presented the structure of RNF43/ZNRF3 alone, RSPO1 in complex with its 
co-receptor ZNRF3/RNF43, or ternary complex of LGR5-RSPO1-ZNRF3 [22,25,26] (Fig 1C-E). 
RNF43 and ZNRF3 ectodomains adopt a typical PA domain fold, similar to that of Grail (RNF 
128), despite showing only 15% sequence identity. RSPO1 engages RNF43/ZNRF3 through its 
Fu1 domain, and only minimal contact is observed with Fu2. RNF43/ZNRF3 forms a shallow 
binding pocket for interaction with RSPO1. The key elements of the electrostatic interactions 
in RNF43/ZNRF3 are Gln84, His86, Lys108, and Glu110 (positions 100, 102, 125, and 127 in 
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human ZNRF3, respectively). Conserved residues in this interface on RSPO 1 are Ser48, Asn51, 
Arg66, and Gln71. Hence, RSPO1 interacts with LGR5 predominantly through Fu2 domain and 
with E3 ligase through Fu1 domain. In the ternary complex, LGR5 and RNF43 appear to be 
bridged by R-spondin, without any physical contact between the receptors [22], implying that 
the two receptors do not interact in the absence of R-spondin. 

The structures of RSPO1-ZNRF3 provide a framework for understanding how disease mutations 
affect Wnt signaling and development. In anonychia patients, mutations in RSPO4 are found at 
the interface with ZNRF3 [22,25,26]. In Wnt reporter assays, these mutants showed abrogated 
signaling despite intact LGR5 binding [21]. In another study [33] and based on our unpublished 
observations, R66A and Q71A mutations in the Fu1 domain completely abolished binding to 
ZNRF3, and hence would explain the inactivity in signaling. Taken together, these structures 
provide the molecular basis of E3 ligase RNF43/ZNRF3 removal by R-spondin (described in 
chapter 3).

Quaternary arrangements of LGR4/5-RSPO1, RSPO1/2-ZNRF3 binary complexes and LGR5-
RSPO1-ZNRF3 ternary complex

A puzzling aspect of the crystallographic analysis of several complexes is a variation in 
observed quaternary arrangements. In solution, LGR4/5-R-spondin complexes are monomeric 
[21,23,24], whereas LGR4 ECD by itself has been reported to behave as a dimer [24]. Xu et al. 
describe two ‘N-C’ LGR4 ectodomain arrangements in the asymmetric unit (ASU) of the crystal 
(Fig 1F, left panel) [24]. Inspection of this crystal lattice again shows a C-terminally “embraced” 
arrangement (Fig 1F, right panel). LGR4-RSPO1 complex, however, is a monomeric complex 
[24].

In multiple crystal forms of LGR5/R-spondin-1 complexes, we consistently observed dimeric, 
“embracing” complexes [21] (Fig 1A). R-spondin Fu1 domain in the complex appeared to 
bind in trans to the LGR5 C-terminal cysteine caps to mediate the formation of 2:2 complex. 
This arrangement has not been observed in LGR4 crystal structures reported by others. The 
RNF43/ZNRF3 interaction site on R-spondin overlaps with the dimer interface (Fig 1G), and 
hence binding of ZNRF3 to RSPO1 would disrupt the observed LGR5-RSPO1 dimers. How the 
2:2 dimeric LGR5-RSPO1 complex arrangement affects binding of ZNRF3 is currently unclear. 

In addition, we and Zebisch et al. observed dimers of ZNRF3 alone and 2:2 ZRNF3-RSPO1 
complexes [25,26] in many crystal forms, but not in RNF43. A model for LGR5-RSPO1-ZNRF3 
dimer based on ZNRF3-RSPO1 dimer was proposed [25]. It is currently unclear what the 
physiological relevance is of higher-order organization of the receptors studied. It has been 
reported that in many E3 ligase, RING domain dimerization is required for ubiquitination 
activity [34]. ZNRF3 RING domain shared 30-33% sequence identity with the RING domains 
of RNF4 and RNF8.  Homodimers of RING domain of RNF4 and RNF8 have been reported by 
crystallographic studies [35,36]. It may be possible that dimerization of E3 ligase ZNRF3 PA-
domain has a functional implication and is not merely a coincidence of crystals packing.
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Frizzled receptor, a substrate for E3 ligase

Frizzled receptor is a substrate for RNF43/ZNRF3 ubiquitination and FZD:ZNRF3/RNF43 
were co-immunoprecipitated [19,20]. Antibody binding to ZNRF3 ectodomain prevents E3 
ligase activity on FZD, indicating that the ectodomain interaction is required for substrate 
recognition [20]. In the absence of crystal structures, the molecular detail of FZD-RNF43/
ZNRF3 interaction is unknown. The FZD:ZNRF3 interaction could also be indirect, requiring 
one or more additional factors. Further, the mechanism and regulation of FZD ubiquitination 
by E3 ligases is not well characterized. Study on C. elegans E3 ligase PLR-1 shed some light on 
this aspect [37]. FZD-CRD domain is required for interaction with PLR-1, while the Lys residue 
in the second intracellular of FZD is required for ubiquitination by PLR-1 [37]. In addition, PLR-
1 is observed predominantly in the endosome with FZD, indicating that co-internalization and 
degradation process is constitutively active. Notably, PLR-1 is not detected on the membrane 
when FZD is present, but accumulates on cell surface when FZD expression is suppressed. 

Frizzled receptor family, which consists of 10 members (FZD 1-10), is involved in both canonical 
and non-canonical Wnt signaling [38]. The substrate specificity for stem-cell specific E3 ligases 
ZNRF3/RNF43 is currently not known. Hao et al. detected ZNRF3 interaction with FZD4, FZD6 
and FZD8 through co-immunoprecipitation [20]. Koo et al. detected FZD5 ubiquitination by 
RNF43 and observed FZD 1-3 downregulation after RNF43 overexpression [19]. Based on these 
observations it is possible that both E3 ligases recognize multiple FZD members. In addition, 
LRP5 abundance on the membrane decreases when RNF43 is present and LRP6 lacking its 
ectodomain is not inhibited by RNF43 [19], suggesting that LRP6 is targeted by E3 ligase for 
degradation along with FZD. At present, it is not clear if E3 ligase targets only free LRP6/FZD 
receptors, reducing the number of receptors available for signaling, or also targets activated 
Wnt-LRP5/6-FZD ternary complex, directly ‘switching off’ signaling. 

The current mechanism of LGR5-RSPO1 mediated E3 ligase removal suggests a molecular 
competition between LGR5-RSPO1 complex and FZD receptor for E3 ligase. Since R-spondin 
prevents FZD ubiquitination, the affinity of LGR5-RSPO1:ZNRF3 interaction must be higher 
than or comparable to the FZD:ZNRF3 interaction.  ZNRF3 would be expected to associate 
weakly with FZD, in a reversible manner that can be blocked upon R-spondin binding to ZNRF3. 
This is consistent with structural analysis that ZNRF3 has only one conserved binding platform, 
and possibly ZNRF3 binds FZD or R-spondin using the same or an overlapping interface. 

RSPO1-LGR5 versus RSPO1-ZNRF3 binding affinity and implications for signaling

LGR5 and homologues bind R-spondin with high affinity (KD of 2-5 nM) as determined by 
several studies [10,13,39]. On the contrary, RSPO1 interacts weakly with RNF43 (KD of 7-10 
µM) [22] and ZNRF3 (KD of 0.8-2.0 µM) [26,33]. The ~1000-fold difference in RSPO1-LGR5 and 
RSPO1-ZNRF3/RNF43 binding affinities can partly be explained by different characteristics of 
the Fu1 and Fu2 binding interfaces, i.e. hydrophilic in RSPO1-ZNRF3/RNF43 and hydrophobic 
in RSPO1-LGR5. On the other hand, presence of the LGR5 ectodomain did not change the 
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binding affinity of RSPO1 to E3 ligase ZNRF3/RNF43 significantly, which can be attributed to 
the lack of physical contact between LGR5 and E3 ligases. This observation prompted Chen et 
al. to suggest that LGR5 served solely as an high-affinity engagement receptor for R-spondins 
[22]. It is likely that the nanomolar binding affinity allows R-spondin to associate efficiently with 
LGR4-6 (almost irreversibly) at low concentration, resulting in a greater local concentration on 
the membrane and enhanced R-spondin interaction with E3 ligase. The ternary complex is 
subsequently removed from the cell surface by endocytosis [20]. 

The weak binding of R-spondin to E3 ligase ZNRF3/RNF43 has some broad implications 
on stem-cell proliferation. E3 ligases function as negative regulators of adult stem cell 
proliferation [18,19]. Down-regulation of ZNRF3/RNF43 or inactivating mutations are often 
found in adenoma and cancer [40-42]. E3 ligases are targeted by LGR5 for removal, upon 
R-spondin binding. The lack of physical interaction between the two receptors, LGR5 and E3 
ligases, ensures that E3 ligase is not removed by LGR5 in the absence of R-spondin. Hence, 
regulation of  E3 ligase activity by R-spondin activity is critical for stem-cells proliferation. 
A strong association of R-spondin to E3 ligase is undesirable, as R-spondin would bind 
to (and inhibit) E3 ligase activity when (and where) LGR5 is not present. On the contrary, 
weak association of R-spondin to ZNRF3 allows its activity to be modulated by LGR5, e.g. up-
regulation of LGR5 expression to kickstart proliferation, or down-regulation of LGR5 to slow 
down proliferation. Interestingly, LGR5 and ZNRF3 are both Wnt target genes with opposing 
functions. LGR5 functions to stimulate stem-cell proliferation (yielding a positive feedback 
loop), while ZNRF3 serves as a ‘brake’ to restrict stem cell population size (negative feedback 
loop). How the expression of these two receptors are regulated to achieve optimal stem-cell 
proliferation remains a matter of interest. 

In addition, R-spondin-induced membrane clearance of ZNRF3 is dependent on E3 ligase 
RING domain and presence of LGR4/5, suggesting that E3 ligase activity is required for self-
internalization. Clathrin-mediated internalization has been reported for LGR5 [13,39], which 
may serve as a mechanism by which ZNRF3 is removed from the cell surface. It is currently 
unknown if LGR4/5 itself is ubiquitinated by E3 ligase.  

LGR4 engages IQGAP to phosphorylate LRP6 for activating Wnt signaling

In a very recent development, IQ-motif containing GTPase-activating protein 1 (IQGAP1) was 
found to bridge LGR4-RSPO1 to the Wnt receptors complex. LGR4-RSPO1 engage IQGAP to 
enhance LRP6 phosphorylation, mediated by MEK1/2 [29]. Physical interaction between LGR4 
and Wnt signaling complex was detected, which may explain the earlier observation made by 
mass-spectrometry analysis [10]. This study provides an additional signaling role for LGR4-
RSPO1, in addition to the removal of E3 ligase.

G-protein coupled signaling by LGR5

LGR4-6 belong to the family of GPCR proteins with large ectodomains, which includes 
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glycoprotein hormone receptors such as follicle-stimulating hormone receptor (FSHR), 
luteinizing hormone receptor (LHR) and thyroid-stimulating hormone receptor (TSHR) 
[43,44] (also known as LGR1-3, respectively). G-protein coupled signaling through Gαs is well 
established for the glycohormone protein receptors. However, several studies reported that 
LGR5-R-spondin signaling is not coupled to G-proteins (Gi, Gq and Gs) and is not associated 
with cAMP elevation or β-arrestin internalization. 

In a recent study, Snyder et al. reported that LGR5, but not LGR4 or LGR6, possesses “NPXXY” 
motif, which is important for G-protein signaling and engaging β-arrestin [45]. They observed 
β-arrestin2 recruitment by LGR5, mediated by G-protein coupled receptor kinase (GRK 4-6). 
In addition, an “SSS” motif present on the C-terminal tail of LGR5 is required for β-arrestin2 
recruitment. In another study, Kwon et al. observed that LGR5 activates G12/13-Rho GTPase 
signaling, but not LGR4/6 [46]. Surprisingly, both studies observed that LGR5 exhibits a classical 
GPCR behavior, which is not present in LGR4 or LGR6 and is independent of R-spondin. The 
physiological relevance of GPCR signaling would require further verification and may depend 
on yet unidentified ligands.

Beyond E3 ligase: LGR5, a multi-task regulator

Norrin, a small secreted cysteine-rich ligand interacts with FZD4 receptor and LRP5 co-receptor 
in the presence of transmembrane protein TSPAN12 to activate canonical Wnt signaling [47-
49]. Norrin is expressed in the retina, ear, fetal and adult brain, and is functionally similar to 
Wnt [47], i.e. it induces β-catenin stabilization. 

In drosophila, dLGR2, the invertebrate orthologue of LGR4-6, has been found to associate with 
heterodimeric ligand Bursicon [50]. In a recent study, Hsueh and colleagues noted that Norrin 
is an orthologue for invertebrate Bursicon [27] and associates strongly with LGR4-6. However, 
Norrin only activates Wnt signaling through LGR4. The mechanism of LGR4-Norrin remains 
unclear, and is likely to be different from LGR5-RSPO1. Norrin may function to bridge LGR4 to 
LRP5/FZD4 complex, leading to the formation of a signalosome complex.  Notably, this study 
provides concrete evidence that LGR4-6 can interact with ligands other than R-spondin to 
potentiate Wnt signaling. 
 
In another study, TROY, a tumor necrosis tumor family member, was identified as a negative 
regulator of Wnt signaling in the intestine [28]. The authors also noted that TROY is inhibited 
by LGR5. Proliferation of TROY-knockout organoid is less dependent on exogenous R-spondin 
than wild-type organoid. Although the mechanism is not known, it could be similar to E3 
ligase removal by LGR5-R-spondin. 

CONCLUDING REMARKS

Adult stem cell marker LGR5 and transmembrane E3 ligase ZNRF3/RNF43 are Wnt target genes 
exclusively expressed in Wnt-dependent adult stem cells. In the absence of R-spondin, E3 ligase 
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targets FZD receptor for degradation, negatively regulating Wnt signaling. LGR5 associates 
with R-spondin, a potent Wnt agonist to induce membrane clearance of E3 ligases. This leads 
to membrane accumulation of Wnt receptor and consequently boosts Wnt signal strength to 
kickstart stem cell proliferation. Crystallographic, biochemical and functional studies depict 
how LGR5 receptors serve to efficiently recruit R-spondin ligands to the membrane and bring 
them into position for interaction with RNF43/ZNRF3. The canonical Wnt signaling cascade is 
encoded by all animal genomes and a RNF43/ZNRF3 homologue capable of down-regulating 
Frizzled surface expression has been described in at least one invertebrate; i.e. PLR-1 in the 
roundworm C. elegans. However, the LGR5-RSPO1 module appears to be a relatively recent 
evolutionary “add-on” seen only in vertebrates. In addition, LGR4-6 are versatile receptors, 
interacting with many other ligands, such as Norrin and TROY, suggesting multiple roles and 
signaling mechanisms of LGR5 in activating Wnt signaling. Interestingly, more studies have 
shown that LGR5 exhibits classical GPCR behavior, despite early observations that LGR5-RSPO1 
signaling is not mediated by downstream G-proteins. It would be fascinating to understand 
how these different signaling mechanisms come together to regulate Wnt signaling.  
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SAMENVATTING

De wand van de dunne darm is geplooid en bestaat uit vingervormige uitstulpingen, de villi 
en daartussen gelegen instulpingen, de crypten. De dunne darm is verantwoordelijk voor de 
opname van voedingsstoffen. De hierbij benodigde enzymen brengen ook schade toe aan 
de darmwandcellen. Dit veroorzaakt een sterke beperking in de levensduur van deze cellen. 
Deze celdood maakt het noodzakelijk dat de epitheelcellen aan de oppervlakte van het 
darmweefsel voortdurend vernieuwd worden. De crypt is een “celproductiefabriek”, waarin 
door deling vanuit stamcellen uiteindelijk gedifferentieerde cellen worden aangemaakt. De 
meesten hiervan migreren naar het villus compartiment waar ze hun gespecialiseerde functie 
uitvoeren. De drijvende kracht voor dit massieve proces van zelfvernieuwing wordt gevormd 
door een evolutionair oud moleculair mechanisme, Wnt signaling genaamd. Het is belangrijk 
dat de stamcelproliferatie nauwkeurig geregeld is zodat er een balans bestaat tussen het 
aantal dode cellen en het aantal nieuw geproduceerde cellen in gezond darmweefsel. Dit 
wordt ook wel homeostase genoemd. Als er teveel nieuwe cellen worden geproduceerd 
vergroot dit de kans op de vorming van een tumor. Wnt signaling wordt “aangezet” wanneer 
Wnt eiwitten, aanwezig buiten de cel, binden aan Frizzled receptoren en hun hulpreceptoren 
LRP5/6, aanwezig op het oppervlak van de stamcel. Wnt signaling wordt sterk gereguleerd 
door LGR5, R-spondin en E3-ligase ZNRF3. Dit proefschrift beschrijft de moleculaire interactie 
van LGR5 met R-spondin en van R-spondin met ZNRF3 door kristallografische studies te 
combineren met functionele analyses. Samenvattend geeft deze studie inzicht in de regulatie 
van Wnt signaling door LGR5, R-spondin en ZNRF3 op moleculair niveau.
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