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Abstract

The complement system is a complex network of proteins that plays a crucial role in 

the innate immune response. One important component of this system is the C5a-C5aR1 

complex, which is critical in the recruitment and activation of immune cells. In-depth 

investigation of the activation mechanism as well as biased signaling of the C5a-C5aR1 

system will facilitate the elucidation of C5a-mediated pathophysiology. In this study, 

we determined the structure of C5a-C5aR1-Gi complex at a high resolution of 3 Å using 

cryo-electron microscopy (Cryo-EM). Our results revealed the binding site of C5a, 

which consists of a polar recognition region on the extracellular side and an 

amphipathic pocket within the transmembrane domain. Furthermore, we found that C5a 

binding induces conformational changes of C5aR1, which subsequently leads to the 

activation of G protein signaling pathways. Notably, a key residue (M265) located on 

transmembrane helix 6 (TM6) was identified to play a crucial role in regulating the 

recruitment of β-arrestin driven by C5a. This study provides more information about 

the structure and function of the human C5a-C5aR1 complex, which is essential for the 

proper functioning of the complement system. The findings of this study can also 

provide a foundation for the design of new pharmaceuticals targeting this receptor with 

bias or specificity.

Keywords: G protein‐coupled receptor (GPCR), C5aR1, structure, complement 

system, cryo‐electron microscopy



Introduction

The tremendous success of immunotherapies in oncology has sparked renewed interest 

in identification of novel ways to modulate the immune system to enhance immune 

based anti-tumor approaches, with checkpoint inhibitors being an excellent example. 

One rich source for drug targets are the super family of G-protein coupled receptors 

(GPCRs) (Hauser et al., 2017; Hauser et al., 2018). A recent example of using GPCRs 

to improve immunotherapy is to target the adenosine A2a receptor (Solino et al., 2022; 

Sun et al., 2022; Vigano et al., 2019). More recently, it has been appreciated that 

altering innate immunity via the complement system could be an effective approach 

towards improving immunotherapy (Talaat et al., 2022). The complement system is a 

crucial component of host defense and includes antibody recognition complexes or 

pattern recognition receptors. It also contains convertases, which are enzymes 

responsible for producing a range of immune-activating pro-inflammatory peptides 

known as anaphylatoxins, among others (Merle et al., 2015). Anaphylatoxins bind in 

part to two GPCRs, C3aR and C5aR1 (CD88) (Ajona et al., 2019; Klos et al., 2009; 

Schanzenbacher et al., 2022). One of these peptides, C5a, is produced from the 

complement component C5 by the enzyme C5 convertase, which cleaves C5 into C5a 

and C5b (Horiuchi & Tsukamoto, 2016; Quadros & Cunha, 2016). C5a can serve as a 

chemoattractant for immune cells to the site of infection or injury, and it also stimulates 

the release of other inflammatory mediators (An et al., 2014; Darling et al., 2015; Li & 

Liu, 2021; Sadik et al., 2018; Zhang et al., 2021). The targeting of the C5a peptide via 

the inhibitors eculizumab and coversin among others have been used effectively to 

block binding while more recently there have been biologics developed to bind either 

peptide or receptor (Ardissino et al., 2022; Ricklin & Lambris, 2007; Woodruff et al., 

2011). C5a specifically binds to the GPCR C5aR1, while C3a selectively interacts with 

its cognate receptor C3aR. C5aR1 is found on a variety of cells, including neutrophils, 

monocytes, macrophages, and mast cells, and it plays an important role in the 

inflammatory response (Shi et al., 2021). In T-cells these receptors modulate cell 

survival via mTOR activity and ROS production (West et al., 2018). In antigen-

presenting cells they help drive secretion of key cytokines and maintain a balance of 



Th1, Th2 and Th17 T-cells vs Tregs (Arbore et al., 2016; Mehta et al., 2015). Thus, 

C5a-C5aR1 modulation represents an attractive drug target.

Drugs that target C5aR1 are being developed as a potential treatment for a variety of 

inflammatory and immune-mediated diseases, such as rheumatoid arthritis, lupus 

(Anliker-Ort et al., 2020; Tampe et al., 2022), and sepsis (Fattahi et al., 2020; 

Sommerfeld et al., 2021). These drugs work by inhibiting the activity of C5aR1, which 

can help to reduce the inflammation and immune response that contribute to these 

conditions. Some examples of drugs that target C5aR1 include avacopan and CCX168. 

Avacopan, a small molecule investigational drug, targets the complement component 

5a receptor, with a primary focus on C5aR1. It is currently being developed as a 

potential treatment option for various inflammatory and immune-mediated diseases 

such as ANCA-associated vasculitis (AAV) and hidradenitis suppurativa (HS) (Jayne 

et al., 2021; Lee, 2022; Marceau & Petitclerc, 2022). The mechanism of action of 

avacopan is through selective blocking of the activity of C5aR1, which is believed to 

have a significant role in the inflammation and immune response that contribute to the 

pathogenesis of these diseases. Through inhibiting the activity of C5aR1, avacopan may 

potentially reduce inflammation and tissue damage, thereby improving the symptoms 

of these diseases (Bruchfeld et al., 2022; Gabilan et al., 2022; Harigai & Takada, 2022). 

The U.S. Food and Drug Administration (FDA) granted marketing approval to Tavneos 

(avacopan) on October 8, 2021, marking a significant milestone as the first FDA-

approved drug for anti-neutrophil cytoplasmic antibody-associated vasculitis in the past 

decade. Moreover, this achievement represents a groundbreaking achievement as the 

inaugural oral complement 5a receptor inhibitor sanctioned by the FDA.

Crystal structures of C5aR1 bound to an antagonist and allosteric modulators were 

reported by Robertson et al. and Liu et al., revealing the receptor’s homomeric dimeric 

state (Liu et al., 2018; Robertson et al., 2018). C5aR1 has been found to couple to both 

Gi/o alpha subunits and β-arrestin upon activation (Buhl et al., 1994; Perianayagam et 

al., 2002). Molecular basis for the activation and signaling bias of C5aR1 has been 

described recently (Feng et al., 2023; Wang et al., 2023; Yadav et al., 2023). Here we 

also report the cryo-EM structure of C5a bound to C5aR1-Gi. Structural analysis of 



C5a-C5aR-Gi complex coupled with functional characterization provides more 

information about ligand binding and signaling features of C5aR1.



Results

Overall structure 

We co-expressed C5a, C5aR1, heterotrimeric Gi protein, and scFv16 in insect cells 

using the LgBit-HiBit system and purified the complex by Ni-NTA affinity 

chromatography and size exclusion chromatography (Duan et al., 2020; Shao et al., 

2022). HiBiT tag is extremely small (only 11 amino acids) and exhibits high affinity to 

LgBiT tag, facilitating the formation of GPCR complexes without affecting protein 

function. The structure of the purified complex was determined by single-particle cryo-

EM analysis with an overall resolution of 3.0 Å (PDB ID 8IN5) (Figure 1, Figure S1, 

and “Methods”). Three structures of C5a-C5aR1-G complex were reported previously 

(Feng et al., 2023; Wang et al., 2023). Superimposition of our C5a-C5aR1-G structure 

and previously reported structures revealed highly similar conformation (Figure S2), 

with the root mean square deviation (RMSD) values ranging from 0.894 to 1.300 Å.

In our C5a-C5aR1-Gi structure, the density of C5a ligand was clearly observed in the 

extracellular part (Figure 1A and 1B). Based on this structure, an analysis of the modes 

of receptor activation and endogenous agonist binding was conducted. Using 

transfected HEK293 cells we measured the inhibition of forskolin induced cAMP 

production after stimulation of C5aR1 using the real-time cAMP pGlo biosensor 

(Figure 1C). In line with published experiments (Paczkowski et al., 1999), we found an 

EC50 of 0.1648 nM.     

The maps revealed well-defined densities for C5a in the extracellular domain and the 

orthosteric pocket (Figure S3). However, it was noted that the clear densities for the 

initial 26 amino acids (1-26 aa) and the last 46 amino acids (304-350 aa) of the C-

terminus of C5aR1 were absent, suggesting a flexible conformation for these regions 

(Figure 1A and 1B). Additionally, the alpha-helical domain of Gi displayed poor 

resolution, a characteristic commonly observed in cryo-EM structures of G protein-

coupled receptor (GPCR)-G protein complexes.

C5a binding site

C5a is a small protein that is produced as a part of the complement system, which is a 



key component of the innate immune system. The actions of C5a are mediated by its 

binding to a specific receptor, C5aR1. Dysregulation of C5a and its receptor has been 

associated with various pathological conditions such as sepsis, atherosclerosis, and 

rheumatoid arthritis (Helske et al., 2008; Matsumoto et al., 2005). Our structure 

revealed that the size and shape of C5a are well-suited for the receptor's binding region. 

All 74 amino acids of C5a were meticulously resolved, thereby facilitating a remarkable 

conformational fit within the observed density. The structure of C5a exhibits a four-

helix (alpha 1-alpha 4) bundle architecture, with the C-terminus adopting a hook-like 

conformation that deeply inserts into the orthosteric binding site (Figure 2A, S3 and 

S4). Notably, our cryo-EM structure of C5a differs significantly from previously 

reported crystal structure of C5a (Schatz-Jakobsen et al., 2014), as the alpha1 helix is 

observed to be parallel to the alpha2 helix upon binding to the receptor and interacting 

with the N-terminal domain of C5aR1 (Figure 2A). Furthermore, the C-terminal of C5a, 

which is a small alpha helix in crystal structures, adopts a hook-like loop in the C5a-

C5aR1 complex and extensively interacts with residues within the orthosteric binding 

pocket (Figure 2C). We achieved a resolution of 4 angstroms in the resolution of C5a. 

In contrast to the four low-resolution helices, the C-terminal hooked structure of C5a 

displays a higher resolution. This improvement is likely due to its interaction with 

C5aR1, which contributes to the stabilization of this specific region in the structure.

This binding configuration adopts a two-site model, which is characterized by a polar 

recognition region on the extracellular side and an amphipathic pocket within the 

transmembrane domain, a feature also observed in chemokine receptors. In Site 1, the 

structure of C5a provides an extensive interaction network with the N-terminus and 

extracellular loop 2 (ECL2). The D24 residue of the alpha2 helix in C5a forms a 

hydrogen bond with D27N-term of C5aR1, as well as a salt bridge with K28N-term of 

C5aR1 (Figure 2B). In addition, the side chain of D191ECL2 establishes a hydrogen-

bond interaction with S66 of C5a, which, along with the extensive hydrophobic 

interactions established between F182ECL2 and P183ECL2 and nearby C5a residues 

(namely, Q3, I6, Y23, and C27), contribute to the overall interactions between these 

molecules (Figure 2B). This binding mode of C5a at the N-terminus is consistent with 



previous functional studies and mutational analysis, which have revealed that the N-

terminus and ECL2 bind C5a and that the mutation of D27, K28 and other residues to 

alanine reduces the responses elicited by C5a.

The orthosteric binding pocket of C5aR1, composed of TM2, TM3, TM5-7, and C5aR1, 

serves as the location of Site 2 in the C5a binding site (Figure 2C). This site is stabilized 

by a network of polar interactions, including salt bridges and hydrogen bonds, 

established by specific residues such as R175, D191, E199, T261, D282, and S283 

(Figure S5). Mutagenesis studies have revealed the pivotal role played by a few key 

regions in the activation of G protein by C5a, including the amino acids around F2676.60, 

M2656.58, K2797.32 and E269ECL3 with particular emphasis on Y2586.51 and D2827.35. 

Notably, mutation of both the latter two residues blocked G-protein driven inhibition 

of cAMP (Figure 1C and 2C). These findings are consistent with previous studies and 

further reinforce the significance of the C-terminal loop in both the activity of C5a and 

its interaction with its receptor. The C5a binding site of C5aR1 is a well-defined pocket 

located in the extracellular N-terminal domain and transmembrane domain of the 

receptor, which serves as the binding of C5a. In a previous study, the agonist BM213 

and antagonist C089 of C5aR1 were found to bind at the same site, characterized by a 

hook-like structure similar to that of C5a, facilitating insertion into the binding pocket 

of C5aR1 (Figure 2D) (Feng et al., 2023). Upon binding to this site, conformational 

changes occur in the receptor, triggering G protein signaling activation and downstream 

inflammatory responses. 

Receptor activation

To examine the activation mechanism of C5aR1, we compared the previously reported 

C5aR1 structure in antagonist (PMX53)-bound inactive state (PDB ID 6C1Q) (Liu et 

al., 2018; Wang et al., 2023). Compared with C5aR1 in inactive state, TM6 in our 

structure has undergone an outward displacement of approximately 8.0 Å, while TM7 

has shifted approximately 6.0 Å towards TM5 (Figure 3A). These structural changes 

are typical of G protein-coupled receptors and allow for the activation of downstream 

signaling pathways (Figure 3A and 3B). At the ligand-binding site, PMX53 is a small 

molecule inhibitor of C5aR1 that binds to the receptor in a similar way as the natural 



ligand C5a, but with higher affinity and selectivity (Köhl, 2006). From the figure, it is 

evident that PMX53 shares a similar hook-shaped domain with C5a and occupies the 

binding pocket of C5aR1. However, notably, the C-terminal hook-shaped structure of 

C5a extends more profoundly (Figure S4B). The binding of the agonist to the C5aR1 

structure results in a significant conformational change, specifically, an inward 

movement of the extracellular side of TM7 by 1.5 Å (Figure 3A). This movement is 

accompanied by the shift of residues A2897.42 and N2927.45 towards TM6, which 

subsequently pushes the rotamers of W2556.48 inward (Figure 3A). It is noteworthy that 

the F6.47W6.48xP6.50 motif, of which W2556.48 is a part, represents a conserved 

mechanical activation switch within class A G protein-coupled receptors. This 

structural information can contribute to comprehending the mechanism of C5aR1 

activation and its involvement in the inflammatory response.

The movement of F6.47W6.48xP6.50 motif upon agonist binding causes a structural 

rearrangement in the P5.50I3.40F6.44 motif, which is also essential for receptor activation. 

This rearrangement is characterized by the inward rotations of the W2556.48 rotamer 

and N2927.45, resulting in the flipping of the F2516.44 towards TM5 and the significant 

displacement of F2115.51 proximal to the motif (Figure 3A). This movement is also 

responsible for the significant outward motion of TM6, subsequently leading to 

structural rearrangements in the conserved N7.49P7.50xxY7.53 and D3.49R3.50F3.51 (also 

(D/E)RY motif in other GPCRs) motifs, which are crucial for maintaining receptor 

stability and modulating receptor signaling. In the N7.49P7.50xxY7.53 motif, Y3007.53 

undergoes a significant displacement towards the intracellular core and establishes 

interactions with L1273.43, I1303.46, and R1343.50, resulting in the inward movement of 

TM7 (Figure 3B). In addition to G-protein driven signaling we also examined arrestin 

3 (β-arrestin 2) recruitment. We found WT receptor was able to recruit β-arrestin 2 in 

line with published data (Pandey et al., 2019). Intriguingly, we found that mutation of 

the methionine at M2656.58 completely abrogated β-arrestin 2 recruitment, despite this 

same mutant showing no major change in G-protein driven signaling (Figure 1C, 3C,3D 

and 5). In addition to forming a hydrogen bond with K68 on C5a, M265 in C5aR1 also 

engages in hydrophobic interactions with M70 on C5a, as well as van der Waals forces 



with R74. M265A mutation may disrupt the interaction network of M265, leading to a 

reduction in downstream β-arrestin recruitment. We then screened some of the 

surrounding residues within that interface and found numerous key contacts in that 

region that appear important for arrestin recruitment. As seen with cAMP production 

Y2586.51 and D2827.35 also showed no arrestin recruitment.  However, in addition to 

M2656.58, L277A and E269ECL3 both showed impaired arrestin recruitment despite 

showing activity in the cAMP assays (Figure 1C). These data support for the notion 

that distinct amino acid interactions drive cAMP production vs arrestin recruitment, 

thereby suggesting the potential development of ligands with conformational bias. In 

summary, the binding of C5a to C5aR1 leads to a conformational change in the receptor 

that brings the transmembrane helices closer together and activates G protein signaling 

with differential residues responsible for arrestin recruitment. 

C5aR1-Gi complex interface

Previous structural studies have shown that the binding manner of Gαi to the receptor 

is variable, with different rotations of Gαi relative to the receptor. Several different 

states, including both canonical and non-canonical, have been identified in the NTSR1 

or GHSR-Gi complex, with a rotation of 45 degrees being observed in the G-protein 

relative to the receptor (Liu et al., 2021; Maharana & Shukla, 2021). The Gαi protein 

in the structure of C5aR1 is observed to be in a canonical state. Similar to the majority 

class A GPCRs, ICL2 of C5aR1 exhibits a short alpha-helix when in the active state. 

The residue at position ICL2 has been found to play a crucial role in G-protein 

activation by binding within the hydrophobic pocket of Gαi. The interface between the 

receptor and the Gαi protein is primarily constituted by the cytoplasmic termini of TM3, 

TM6, TM7, ICL2 and ICL3 (Figure 4A and 4B) (Huang & Tao, 2014; Yang & Tao, 

2020). The key residues in C5aR1, namely R232, T240, R134, N71, N146, and Q145, 

establish hydrogen bonds with D341, F354, C351, D350, N146 and D193 in Gαi 

respectively to form a stable complex. This interface is largely conserved between the 

C5a and other Class A GPCR complex structures. We compared the structures of other 

resolved C5aR1-Gαo protein complexes (PDB ID 8IA2 and 8HPT) and found minimal 

differences in the binding positions and interaction interfaces between Gαi and Gαo 



with the receptor. Their structures largely overlap. Notably, the interaction between 

specific amino acid residues in Gαi and the receptor, as well as the positioning of a 

short alpha-helical turn in the receptor into a hydrophobic groove formed by specific 

regions of Gαi, are crucial for the overall interaction. Furthermore, the engagement 

between the receptor and Gαi is further enhanced by the interaction of specific amino 

acid residues in the receptor with specific residues in Gαi.



Discussion

Here, we present the cryo-EM structure of the human C5aR1-Gi complex bound to 

its native agonist, C5a. This structure reveals essential contacts between ligand and 

receptor, including at least one (M265) that directs arrestin recruitment. The ligand 

interaction is reminiscent of chemokine interactions, with a two-site binding 

mechanism. When C5a binds to the receptor C5aR1, it induces an outward 

movement of TM6 by 8 Å and a 6 Å shift of TM7, thereby initiating signal 

transduction within the cell and activating heterotrimeric G proteins. It highlights 

the difference in engagement of the orthosteric site between C5a and the antagonist 

PMX53, with the former binding deeper within the pocket. Notably, the region 

around M2656.58 appears to be critical for the binding of β-arrestin to C5aR1. 

Moreover, previous literature has reported that β-arrestin predominantly binds to 

C5aR1 through its C-terminal P-X-PP motif. Given that the current structural data 

does not provide a clear view of the C-terminal P-X-PP structure, it is postulated 

that the M256A mutation may exert an influence on it. Moving forward, we will 

further investigate why the M265A mutation impedes downstream β-arrestin 

recruitment. These data suggest that design of a functionally selective compound 

could be achieved. This could be potentially advantageous to try and drive 

desensitization of the receptor or the opposite, to avoid arrestin driven 

internalization and signalling to favor cAMP production. Indeed, therapeutically, 

C5aR1 has been implicated in a number of immune-mediated diseases, including 

sepsis, acute lung injury, rheumatoid arthritis, and systemic lupus erythematosus. In 

these conditions, the activation of the C5aR1 can lead to excessive inflammation 

and tissue damage. C5aR1 is primarily expressed on the surface of immune cells, 

including neutrophils, monocytes, macrophages, and dendritic cells. The activation 

of the C5aR1 triggers a series of intracellular signaling events that lead to changes 

in the behavior and function of the immune cell. These changes include the release 

of inflammatory cytokines, the production of reactive oxygen species, and the 

enhancement of phagocytic activity. As a result, there has been significant interest 



in developing therapeutics that target the C5aR1. One approach has been the 

development of small molecule antagonists that block the binding of C5a to the 

C5aR1. These antagonists have shown promise in preclinical models of 

inflammatory diseases, and several are currently in clinical development. Another 

approach has been the development of monoclonal antibodies that target the C5aR1. 

These antibodies can bind to the receptor and block its activation, as well as promote 

the internalization and degradation of the receptor. The structure reported here is 

complementary to previous documents,39-41 and will directly aid the future 

development of both small molecules, peptides and biologics targeting this 

important receptor. 

Materials and Methods

Molecular cloning

Based on previous studies, the wild-type C5a anaphylatoxin region (residues 678-751) 

of human complement C5 was synthesized into vector pFastBac utilizing codon 

optimization techniques. Similarly, the coding sequence of human wild-type 

complement receptor C5aR1 (residues 1-350) was cloned into pFastBac vector 

followed by 10×His tag and a LgBiT submit at C-terminus. Additionally, The Gβ1 was 

fused with a C-terminal HiBiT via a 12×GS linker. Furthermore, the Dominant-

negative Gαi1 (DNGαi) and scFv16 were cloned into the pFastBac vector, while the 

Gβ1 was cloned into the pFastBac Dual vector. For the functional studies, human 

C5aR1 WT and mutants were synthesized by Twist Bioscience and cloned into their 

CMV vector.

Protein expression and purification

Using the Bac-to-Bac Expression System, recombinant viruses of C5a, C5aR1, DNGαi, 

Gβγ and scFv16 were produced and amplified in Sf9 cells. Sf9 cells at a density of 1-

2×106 cells/mL were infected with above five baculoviruses at a ratio of 1:1:1:1:1. Sf9 

cells were cultured in suspension in a 27 ℃ constant temperature shaker. The cells were 

harvested after 48 hours of expressing the complex proteins by centrifugation at 3,000 



rpm. Collected cells were stored at -80 ℃ for further purification. The cell pellets were 

resuspended in lysis buffer containing 25 mM HEPES (pH 7.5), 50 mM NaCl and 

EDTA-free protease inhibitor cocktail, and then disrupted using a tissue homogenizer. 

25 mU/mL Apyrase (Sigma) was added and incubated for 1 hour at room temperature. 

After centrifugation at 40,000 rpm for 40 min, the supernatant was discarded. The 

resulting membrane pellets were resuspended in lysis buffer containing 25 mM HEPES 

(pH 7.5), 150 mM NaCl, 1%(w/v) lauryl maltose neopentyl glycol (LMNG) with 

0.1%(w/v) cholesteryl hemisuccinate (CHS) and EDTA-free protease inhibitor 

cocktail. The mixture was then homogenized using the tissue homogenizer and 

incubated with gentle agitation for 3 hours at 4 ℃ to solubilize the membrane 

components. After centrifugation at 40,000 rpm for 40 min, supernatants were bound 

to Ni-NTA beads for 2 hours at 4 °C. The mixture was then transferred to a purification 

column and washed with buffer A [20 mM HEPES,100 mM NaCl, 0.003%(w/v) 

LMNG/0.0003%(w/v) CHS, 20 mM imidazole, EDTA-free protease inhibitor cocktail] 

and buffer B [20 mM HEPES, 100 mM NaCl, 0.003% (w/v) LMNG/0.0003%(w/v) 

CHS, 50 mM imidazole, EDTA-free protease inhibitor cocktail] of 10 column volumes 

each, after which the supernatant was exhausted. Protein was then eluted with elution 

buffer [20 mM HEPES, 100 mM NaCl, 0.003%(w/v) LMNG/0.0003%(w/v) CHS, 

EDTA-free protease inhibitor cocktail] containing 300 mM imidazole. After 

concentration, the protein was further purified by Superose 6 Increase 10/300 GL 

column (GE Healthcare) in SEC buffer [20 mM HEPES,100 mM NaCl,0.003%(w/v) 

LMNG/0.0003%(w/v) CHS]. The peak fraction corresponding to the C5a-C5aR1-

DNGαi protein was collected and concentrated to 5 mg/mL for electron microscopy 

experiments using a 100 kDa Centrifugal Filter Unit (Millipore).

Cryo-EM sample preparation and data acquisition

To prepare cryo-EM grid of the C5a-C5aR1-DNGαi complex, 3 μL of samples at 5 

mg/mL were added to 300 Mesh R1.2/1.3 Au Quantifoil grids (glow discharged at 

15mA for 40 seconds with a Glow discharge cleaning system). Grid were blotted with 

qualitative filter paper in a Vitrobot Mark Ⅳ (Thermo Fisher Scientific) at 4 ℃ and 

100% humidity for 3.5 second using a blot force of -2 prior to plunging into liquid 



ethane. Cryo-EM grids were loaded on a Thermo Fisher Scientific 300 kV TEM Titan 

Krios equipped with Gatan K3 direct electron detector. Raw movies were collected in 

super-resolution mode at a magnification of 105,000, with a super-resolution pixel size 

of 0.415 Å. Each image was stored in 32-frame gain normalized stacks with a total dose 

of 46 e−/Å2.

Cryo-EM data processing

For the C5a-C5aR1-DNGαi complex, a total of 2092 movies stacks were imported into 

cryoSPARC v3.3.2. After motion corrected, electron-dose weighted and CTF 

estimation, the initial particle was performed by cryoSPARC blob picker. 953,448 

particles were selected after several rounds of 2D classification from 1,526,097 

particles. The following ab initio reconstruction, heterogeneous refinement, and 

nonuniform refinement enable us to reconstruct the 3.52 Å structure with 217,636 

particles, from which we generated the template to auto-pick particles. With processing 

1,550,865 particles, the map quality was significantly improved with the application of 

heterogeneous refinement and nonuniform refinement, resulting in the final 3.41 Å map 

with 326,548 particles. To further improve the resolution, the final particle sets being 

used for nonuniform refinement from blob picker and template picker were combined 

after removing the duplicated particles, the following additional round heterogeneous 

refinement. The best class yielded a final dataset of 281,573 particles, which were re-

extracted and applied for final nonuniform refinement and local refinement in 

cryoSPARC, a density map was obtained with overall resolution of 3.01Å (determined 

by gold standard Fourier shell correlation (FSC) using the 0.143 criterion).

Model building and refinement for cryo-EM structures

The initial templates for resolving the structure of C5a-C5aR1-DNGαi were the crystal 

structure of C5aR1 (PDB ID C1Q) and the cryo-EM structure of the CCR1-Gαi 

complex (PDB ID 7VL8). The models were first docked into the cryo-EM density map 

of the C5aR1 complex using Chimera, and then iteratively manually adjusted and 

reconstructed in Coot and ISOLDE based on the cryo-EM electron density map. 

Realspace and reciprocal refinement, along with model statistical validation, were 

conducted using PHENIX. The statistics for 3D reconstruction and model refinement 



are summarized in Table 1. Structural figures were exported using ChimeraX and 

PyMOL.

cAMP measurements

Human embryonic kidney 293 (HEK293) maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM)-high glucose (Sigma Aldrich). supplemented with penicillin (100 

U/mL), streptomycin (100 g/mL) and heat inactivated fetal bovine serum (FBS, 10%) 

(PAN-Biotech). The HEK293 cells were cultured using T75 flasks, with an area of 

growth of 75 cm2 (CELLSTAR) (5% CO2 atmosphere, 37 ℃). Once the HEK293 cells 

had reached approximately 80% confluency, they were transiently transfected using 

reverse transfection with Lipofectamine 3000 (ThermoFisher) per the manufactures 

guidance in white clear bottom 96-well plate (Greiner Bio-One) coated with poly-D-

lysine (Sigma-Aldrich). The plate was then incubated (5% CO2 atmosphere, 37 ℃, 24 

hours) prior to performing cell signalling assays. After 24 hours of incubation, the 

transfected HEK293 cells were then subject to starvation in DMEM containing no 

supplementation of antibiotics or FBS for 2 hours. The 96-well plate was then incubated 

(5% CO2 atmosphere, 37 ℃, 2 hours). Cells were then equilibrated in cAMP Buffer 

(1× HBSS, 24 mM HEPES, 0.1% (w/v) BSA, 3.96 mM NaHCO3, 1 mM MgSO4, 1.3 

mM CaCl2·2H2O), supplemented with Firefly D-Luciferin free acid (0.45 mg/mL) 

(NanoLight Technology). The 96-well plate was then incubated (28 ℃, 1 hour). 

Luminescence was then measured using the CLARIOstar® Plus Plate Reader (BMG 

LabTech, Germany). Prior to injecting C5a (R&D Systems), approximately 5-10 basal 

readings were performed until stabilization was reached. Luminescence was measured 

for a total of 45 cycles (1 minute per cycle, 1 second integration time, without filter, a 

fixed gain of 3,000 and auto-focus).

Arrestin recruitment assays

β-arrestin 2 recruitment to the plasma membrane was measured using a bystander 

NanoBiT-β-arrestin assay using SmBiT-β-arrestin and LgBiT-CAAX constructs. 

Human embryonic kidney 293 (HEK293) adherent cells were passaged and transfected 

as above with a plasmid mixture consisting of 2.5 ng SmBiT-β-arrestin 2, 12.5 ng of 

LgBiT-CAAX and 100 ng of C5aR1 construct in Opti-MEM (Thermo Fisher 



Scientific). The transfection mix (50 L/well) was added to a white bottom 96-well 

plate (Costar) coated with poly-D-lysine (Sigma-Aldrich) followed by HEK293 cell 

suspension (100 mL/well). The plate was then incubated (5% CO2 atmosphere, 37 ℃, 

24 hours) prior to performing cell signalling assays. After 24 hours of incubation, the 

transfected HEK293 cells were removed from the wells and equilibrated with standard 

buffer (1× HBSS, 24 mM HEPES, 0.1% (w/v) BSA, 3.96 mM NaHCO3, 1 mM MgSO4, 

1.3 mM CaCl2·2H2O, 90 L) for 1 hour at 37 ℃. After incubation, NanoFuel® GLOW 

Assay for Oplophorus Luciferases (25 L) was then added to all wells. 

Bioluminescence was then measured using the CLARIOstar® Plus Plate Reader (BMG 

LabTech, Germany). Prior to injecting the treatment ligands, approximately 3-5 basal 

readings were performed until stabilization was reached. Bioluminescence was 

measured for a total of 30 cycles (1 minute per cycle, 1 second integration time, without 

filter, a fixed gain of 3,000 and auto-focus). 
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Figure 1 Overall structure of C5a-C5aR1-Gi complex. (A) Cryo-EM density map of human C5a-
C5aR1-Gi. (B) Two ribbon diagrams of the human C5a-C5aR1-Gi complex model are presented in 
side views, with C5a, C5aR1, Gαi, Gβ, and Gγ colored in yellow, green, wheat, cyan, and magenta, 
respectively. Each subunit is labeled with its name. (C) The inhibition of forskolin induced cAMP 
production was measured in HEK 293 cells by using a real-time cAMP pGlo biosensor to activate 
nine C5aR1 mutants, including L118A, Y258A, M265A, F267A, L268A, E269A, L277A, K279A 
and D282A. (D) The EC50 values for the wild-type C5aR1 and nine mutations were determined in 
the aforementioned experiments.



Figure 2 C5a binding site. (A) Comparison between the structure of C5a (yellow) in our cryo-EM 
structure and the previous reported crystal structure of C5a (magenta; PDB ID 4P3A) is shown. (B 
and C) Two sites are presented. Site 1: a polar recognition region on the extracellular side (B), where 
the structure of C5a (yellow) interacts extensively with the N-terminus and extracellular loop 2 
(ECL2) of C5aR1 (green). Salt bridge is shown as cyan dashed line. Hydrogen bond is shown in 
black dashed lines. Hydrophobic interactions are shown in red dashed lines. Site 2: an amphipathic 
pocket within the transmembrane domain composed of TM2, TM3 and TM5-7 in C5aR1 (green) 
(C). (D) Small molecules BM213 peptide (yellow) and C089 peptide (pink) bind in the same pocket 
as C5a (green) (PDB IDs 7Y66 and 7Y67).



Figure 3 Receptor activation mechanism of C5aR1. (A) TM6-7 in our C5aR1 structure (green) was 

compared with that in previously solved crystal structure of C5aR1 (left; violet; PDB ID 6C1Q), 

revealing a shift in F2115.51, F2516.44, A2897.42, N2927.45, and W2556.48 (right). (B) Comparison of 

TM3-7 between the two structures (left). Y3007.53 undergoes a significant displacement towards the 

intracellular core, resulting in an inward movement of TM7 (right). (C) The mutation of M2656.58 

completely abrogated the recruitment of β-arrestin 2. (D) The interaction between M265 in C5aR1 

and the residues K68, M70 and R74 in C5a. Hydrogen bonding interaction is shown in dashed line.



Figure 4 C5aR1-Gi complex interface. (A) Side view of the interface between C5aR1 (green) and 

Gi (wheat), which is formed by the cytoplasmic ends of TM3, TM6, TM7, ICL2, and ICL3. The 

close proximity of these structural elements creates a complex network of interactions that are 

essential for the proper functioning of the complex. (B) Interactions between C5aR1 (green) and Gi 

(wheat). Specifically, several residues contribute to the stabilization of the complex structure and 

maintenance of its orientation through the formation of hydrogen bonds and hydrophobic forces. 

These interactions are crucial for downstream signaling pathways to be activated. (C) Comparison 

of the interaction interface with C5aR1-Gαo (PDB ID 8IA2).



Figure 5 Schematic model of C5aR1 activation by C5a and M265. The activation mechanism 

of ligand C5a binding to C5aR1 involves displacement of TM6 outward by about 8.0 Å and inward 

shifting of TM7 by about 6.0 Å when C5a combines with C5aR1. These structural changes are 

typical for GPCRs and enable downstream signaling pathways to activate. Despite of no significant 

change in G-protein drived signaling, mutation of M2656.58 completely abrogated β-arrestin 2 

recruitment.



Supplementary Figures

Figure S1 The biochemical characterization of C5a-C5aR1C5aR1-Gi complex construct. (A) 

Sequence of the full-length human C5aR1 aligned with other complement subfamily members are 

shown. Key residues were indicated and transmembrane helices were labeled. Clustal Omega was 

used for sequence alignments. (B) Size exclusion chromatography of the C5a-C5aR1-Gi complex. 

Retention volume and the peak corresponding to C5a-C5aR1-Gi complex are indicated (left). 

Protein samples from the indicated C5a-C5aR1-Gi complex protein fraction were subjected to SDS-

PAGE and Coomassie-blue staining, with lane 1 and 2 containing protein collected from the target 

peak.



Figure S2 Structural comparison of C5aR1-C5a-G complexes. (A) Comparison of our human  

C5a-C5aR1-Gαi structure (green) with the structure of human C5a-C5aR1-Gαo complex (pink, 

PDB ID 8IA2). (B) Comparison of our structure with the structure of mouse C5a-pep-C5aR1-Gαo 

complex (yellow, PDB ID 8HPT). (C) Comparison of our structure with the structure of human 

C5a-C5aR1-Gαi complex (light-blue, PDB ID 8HK5).



Figure S3 Flow chart for cryo-EM data processing and structure determination. (A) 

Representative image of the purified C5a-C5aR1-Gi complex protein, including 2D class averages 

of complex particles (top), side views of the 3D reconstructions from cryoSPARCM 3D 

classification and final 3D reconstructions from 3D auto-refinement (bottom). (B) The Fourier shell 

correlation (FSC) curve of the complex protein 3D reconstruction, showing an overall resolution at 

3.0 Å. (C) Local resolution estimation of C5a-C5aR1-Gi complex.



Figure S4 The density map of C5a and the distinctions between the binding pocket of C5a and 

PMX53 in C5aR1. (A) Two perspectives of the density map of C5a. (B) A comparison of the small-

molecule antagonist PMX53 (PDB ID 6C1R) and C5a in the binding pocket of C5aR1. PMX53 is 

colored in blue, while C5a in yellow and C5aR1 in green. (C) β-arrestin2 recruitment results of the 

wild-type C5aR1 and its nine mutated variants.



Figure S5 Key residues involved in the interaction between C5a and C5aR1. C5a and C5aR1 

are colored in yellow and green, respectively. Key residues include K68, M70, Q71, G73, R74 of 

C5a, and E269, F267, M265, D282, Y258 of C5aR1. Salt bridges or hydrogen bonds are indicated 

as black dashed lines.

Table 1. Cryo-EM data collection, refinement and validation statistics

 C5a-C5aR1-DNGi
(EMD35587) (PDB 8IN5)

Data collection and processing  
Magnification   105,000
Voltage (kV) 300
Electron exposure (e–/Å2) 46
Defocus range (μm) -1.8 - -2.2
Pixel size (Å) 0.83
Symmetry imposed C1
Initial particle images (no.) 1,550,865
Final particle images (no.) 281,573
Map resolution (Å) 3.01



  
Refinement  
Initial model used (PDB code) 7VL8
Model resolution (Å) 3.0
Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands

 
7440
952
0

R.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)

0.0143
1.37

 Validation
    MolProbity score

 
1.69

 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)

 
96.22
3.78
0.00

Research Highlights
 The structure of human C5a-C5aR1-Gi was determined at a high resolution of 3 Å.
 Structure analysis revealed the mechanism of C5aR1 activation.
 M265 on transmembrane helix 6 of C5aR plays a crucial role in recruiting β-arrestin.
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