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The human complement system plays a crucial role in
immune defense. However, its erroneous activation contrib-
utes to many serious inflammatory diseases. Since most un-
wanted complement effector functions result from C5
cleavage into C5a and C5b, development of C5 inhibitors,
such as clinically approved monoclonal antibody eculizumab,
are of great interest. Here, we developed and characterized
two anti-C5 nanobodies, UNbC5-1 and UNbC5-2. Using
surface plasmon resonance, we determined a binding affinity
of 119.9 pM for UNbC5-1 and 7.7 pM for UNbC5-2.
Competition experiments determined that the two nano-
bodies recognize distinct epitopes on C5. Both nanobodies
efficiently interfered with C5 cleavage in a human serum
environment, as they prevented red blood cell lysis via
membrane attack complexes (C5b-9) and the formation of
chemoattractant C5a. The cryo-EM structure of UNbC5-1
and UNbC5-2 in complex with C5 (3.6 Å resolution)
revealed that the binding interfaces of UNbC5-1 and
UNbC5-2 overlap with known complement inhibitors eculi-
zumab and RaCI3, respectively. UNbC5-1 binds to the MG7
domain of C5, facilitated by a hydrophobic core and polar
interactions, and UNbC5-2 interacts with the C5d domain
mostly by salt bridges and hydrogen bonds. Interestingly,
UNbC5-1 potently binds and inhibits C5 R885H, a genetic
variant of C5 that is not recognized by eculizumab. Alto-
gether, we identified and characterized two different, high
affinity nanobodies against human C5. Both nanobodies
could serve as diagnostic and/or research tools to detect C5
or inhibit C5 cleavage. Furthermore, the residues targeted by
UNbC5-1 hold important information for therapeutic inhi-
bition of different polymorphic variants of C5.

The complement system is an important part of the hu-
man innate immune system that is involved in many
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different biological processes. During embryonal tissue
development, it plays a crucial role in cell differentiation and
proliferation (1–3). Later in life, complement is best known
for its role in clearing pathogens during infection, but also
remains involved in maintaining homeostasis, by removing
apoptotic cells and immune complexes (4). Although the
complement system is tightly regulated, unwanted comple-
ment activation is the root cause of a variety of diseases,
including paroxysmal nocturnal hemoglobinuria, atypical
hemolytic uremic syndrome, and age-related macular
degeneration. Furthermore, erroneous complement activity
contributes in more prevalent complex multifactorial dis-
eases like systemic lupus erythematosus, Alzheimer’s disease,
and coronavirus disease 2019 (5).

The complement system can be activated via three
distinct pathways: the classical pathway (CP), the lectin
pathway, and the alternative pathway (AP). Together, these
pathways result in three major effector functions: [1] opso-
nization, [2] chemoattraction of immune cells, and [3] direct
target cell lysis (6). A central complement component is C5,
which circulates in blood at a concentration of ±75 μg/ml
(7). C5 is a 190 kDa protein, consisting of two disulfide
linked chains (α: 115 kDa, amino acids 678–1676 and β:
75 kDa, amino acids 19–673) (8) and the protein contains a
core of eight macroglobulin (MG) domains, and four other
domains (“complement C1r/C1s, Uegf, Bmp1” (CUB),
C345c, C5d, and C5a) (8, 9). During complement activation,
C5 convertases (C4b2bC3b and C3bBbC3b) are formed on
the target surface, which cleave native C5 molecules in C5a
(8 kDa) and C5b (181 kDa). While C5a is released in the
fluid phase, where it functions as a chemoattractant, C5b
interacts with complement proteins C6, C7, C8, and
multiple copies of C9, forming the membrane attack com-
plex (6).

Since multiple (unwanted) complement effector functions
result from the cleavage of C5, many complement inhibitors
have been identified and developed to target this particular
molecule. Human pathogens have evolved immune evasion
proteins to specifically block the cleavage of C5. For
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Identification of two inhibitory anti-C5 nanobodies
example, Staphylococcus aureus expresses staphylococcal
superantigen-like protein 7 (SSL7), a protein that potently
binds and inhibits cleavage of human C5 (10). Furthermore,
ticks (Ornithodoros moubata, Rhipicephalus pulchellus, and
Rhipicephalus appendiculatus) contain C5 inhibiting pro-
teins OmCI (11), CirpT (12), and RaCI1, 2, 3 (13), respec-
tively, in their saliva. Moreover, different snake species have
evolved a C5-targeting molecule, called cobra venom factor
(CVF) (14). This protein structurally resembles complement
component C3b and, when bound by Bb, can interact with
and cleave human C5 molecules.

In addition to pathogen-derived C5 inhibitors, a wide
variety of C5-targeting molecules including monoclonal an-
tibodies have been developed (15, 16). Of these, the best
known is the monoclonal antibody eculizumab, that is Food
and Drug Administration approved, and which binds to C5
and prevents its cleavage by blocking the interaction of C5
with the C5 convertases (17). After the introduction of
eculizumab into the clinic, a genetic polymorphism in the
C5 α-chain was identified in a group of poor responders,
where a histidine is located in position 885 instead of an
arginine (C5 R885H) (18). The structural model of eculi-
zumab and C5 revealed that Arg885 in C5 and Phe101 in
eculizumab form a crucial interaction for binding and
inhibiting C5 (19–21).

In this study, we identify and characterize two llama-derived
nanobodies that specifically bind and inhibit human comple-
ment C5. They bind to C5 with picomolar affinities on two
distinct epitopes. Interestingly, one of these nanobodies has an
overlapping epitope with eculizumab and is still able to inhibit
C5 R885H.
Results

Identification of two C5-targeting nanobodies that interfere
with complement

To develop nanobodies targeting C5, llamas were suc-
cessfully immunized with recombinant human C5 and
nanobody phage libraries were generated (Fig. S1, A and B).
After two rounds of phage display panning, �200 clones
were produced in the periplasm of Escherichia coli, and
unpurified periplasmic fractions were used to screen for
clones that bind C5 in ELISA or inhibit complement activity
in a CP hemolysis assay. Based on the nanobody sequences
and a CP hemolysis assay used to screen for potent in-
hibitors (examples shown in Fig. S1C), two clones were
selected to further characterize, denoted UNbC5-1 and
UNbC5-2. UNbC5-1 (13.5 kDa) and UNbC5-2 (12.9 kDa)
are significantly distinct, with only 30% amino acid sequence
similarity in their complementarity determining regions
(CDR) (Fig. 1A). Next, UNbC5-1 and UNbC5-2 were puri-
fied to assess their ability to block complement activity in
human serum. Using a CP hemolysis assay (22), we
confirmed that UNbC5-1 and UNbC5-2 were potent com-
plement inhibitors (Fig. 1B). Both nanobodies blocked
complement-mediated lysis in a dose-dependent manner. As
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controls we took along in-house produced C5 inhibitors
RaCI3 and a monoclonal IgG antibody with the same pri-
mary sequence as clinically approved eculizumab (Ecu-mab).
The IC50 values of UNbC5-1 and UNbC5-2 are in the same
range as that of RaCI3 (Table 1). On a molar basis, Ecu-
mab was roughly 3 to 15 times more potent in blocking
C5 cleavage than UNbC5-1 and UNbC5-2. This might
partially be explained by the fact that Ecu-mab has two
antigen-binding domains per molecule and the nanobodies
have only one.

To confirm that UNbC5-1 and UNbC5-2 block complement
at the level of C5, we assessed their capacity to block different
steps of the complement reaction. Using an ELISA-based
complement activity assay (23), we observed that neither
UNbC5-1 nor UNbC5-2 affect the initial steps of complement
activation since there is no inhibition of C3b deposition on
IgM-coated microtiter plates that were incubated with serum
(Fig. 1C). However, UNbC5-1 and UNbC5-2 can prevent the
formation of deposited C5b-9 complexes and the release of
C5a into the supernatant. Thus, we show that UNbC5-1 and
UNbC5-2 block complement activity at the level of C5 cleav-
age. Consistent with this finding, UNbC5-1 and UNbC5-2
could also prevent complement-mediated hemolysis by the
AP (Fig. S1D).

To assess whether UNbC5-1 and UNbC5-2 are indeed
specific for C5, we studied the binding to complement
proteins C3 and C4, which share sequence and structural
homology with C5 (24). In ELISA, UNbC5-1 and UNbC5-2
showed a dose-dependent binding to C5, while no cross-
reactivity with C3 or C4 was observed (Fig. 1D). UNbC5-1
and UNbC5-2 bind C5 with EC50 values of 0.38 ± 0.2 and
0.12 ± 0.01 nM, respectively (Table 1). Altogether these data
show that UNbC5-1 and UNbC5-2 are C5-specific nano-
bodies that can interfere with complement activity.
UNbC5-1 and UNbC5-2 bind C5 with picomolar affinity and
recognize distinct epitopes

Next, we used surface plasmon resonance (SPR) to deter-
mine the affinities of UNbC5-1 and UNbC5-2 for C5. Briefly,
biotinylated nanobodies were coupled to streptavidin-coated
biosensors, and a kinetic titration with C5 was performed
to determine kon rates (Table 2). Next, a dissociation step was
performed to measure koff rates and KD values were calcu-
lated. UNbC5-1 binds C5 with a KD of 119.9 pM (Fig. 2A),
and UNbC5-2 binds C5 with a kD of 7.7 pM (Fig. 2B). As a
reference, we took along Ecu-mab and measured a C5
binding affinity of 104 pM, which is in the same range as the
published affinity of eculizumab (17.6–120 pM) (Fig. S2) (17,
19, 25). To assess whether the two nanobodies bind over-
lapping epitopes, we performed competition experiments by
ELISA. C5-coated microtiter plates were incubated with
Myc-labeled UNbC5-1 (UNbC5-1-Myc) in the presence or
absence of unlabeled UNbC5-2. After washing, binding
of UNbC5-1-Myc to C5 was quantified. We observed that
the presence of UNbC5-2 did not affect binding of
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Figure 1. Identification of two C5-targeting nanobodies that interfere with complement. A, protein sequence alignment of UNbC5-1 and UNbC5-2.
Frameworks 1 to 4 and CDRs 1 to 3 are indicated. Conserved amino acids are indicated in black and unique amino acids are indicated in red. B, CP mediated
hemolysis of antibody-coated sheep erythrocytes incubated with 2.5% normal human serum and a titration of our nanobodies UNbC5-1 and UNbC5-2 and
known complement inhibitors RaCI3 and Ecu-mab. The A405 values of the supernatants were measured; the % erythrocyte lysis was calculated using the 0%
lysis (buffer) and 100% lysis (milliQ water) control samples. C, CP complement activation on an IgM-coated microtiter plate, incubated with 4% human
serum in the presence of buffer (no inhibitor) or 1000 nM inhibitor. Deposition of complement activation products C3b and C5b-9 on the plate was
measured using specific anti-C3 and anti-C5b-9 antibodies and HRP-coupled secondary antibodies, at A450. C5a formation was measured by adding the
supernatant of the reaction to a microtiter plate coated with C5a capture antibodies, and C5a was detected with a specific C5a detection antibody and HRP-
coupled secondary antibodies at A450. Data points were normalized to the maximum levels of C3b and C5b-9 deposition and to the maximum levels of C5a
formation when no inhibitor was added. D, nanobody bind to complement protein C5 and not homologs C3 and C4. Microtiter plates were coated with
complement proteins and incubated with increasing concentrations of UNbC5-1 and UNbC5-2. Nanobody binding was measured using polyclonal rabbit-
anti-VHH QE19 antibodies and donkey-anti-rabbit-HRP antibodies, at an absorbance of 450 nm. Coating with PBS was taken along as a negative control.
Data information: (A), sequences were aligned using T-coffee (42). B–D, data represent mean ± SD of three individual experiments (B and D) curves were
fitted and IC50 and EC50 values were obtained. CDR, complementarity determining regions; CP, classical pathway; HRP, horseradish peroxide.

Identification of two inhibitory anti-C5 nanobodies
UNbC5-1-Myc to C5 (Fig. 2C). As a control, we showed that
UNbC5-1 was able to compete with UNbC5-1-Myc. These
data indicate that UNbC5-1 and UNbC5-2 can bind C5
simultaneously and not compete for the same epitope.
Cryo-EM structures of UNbC5-1 and UNbC5-2 in complex
with C5

To obtain structural insights into the nanobody binding sites
and inhibitorymechanisms,wedetermined the structure of both
J. Biol. Chem. (2023) 299(8) 104956 3



Table 1
IC50 and EC50 values for UNbC5-1, UNbC5-2, Ecu-mab, and RaCI3 for
inhibiting complement activity and binding complement C5

Inhibitor IC50 (nM) CP
EC50 (nM)
C5 WT

EC50 (nM)
C5 R885H

UNbC5-1 137 ± 83 0.38 ± 0.20 1.5 ± 0.4
UNbC5-2 24 ± 15 0.12 ± 0.01 22.4 ± 17.0
Ecu-mab 9 ± 4 0.05 ± 0.01 ND
RaCI3 42 ± 8 - -

Binding and inhibition curves were fitted using the GraphPad Prism 9.3.0 function
“[inhibitor] versus normalized response–variable slope” & “Asymmetrical Sigmoidal,
5PL, X is concentration”. IC50 and EC50 values were calculated for three individual
experiments using the fitted curves, and SD were determined.

Identification of two inhibitory anti-C5 nanobodies
nonoverlapping nanobodies in complex with C5, using single-
particle analysis cryo-EM. The micrographs collected showed
well-distributed particles in vitreous ice (Fig. S3A). Image pro-
cessing was performed in CryoSPARC, v3.3/3, where the 2D
classification already showed secondary structural features ofC5
in complex with both nanobodies (Fig. S3B). 3D classification
and refinement of the cryo-EM density map led to an overall
map resolution of 3.6 Å, which allowed the subsequent model
building of theC5:UNbC5-1:UNbC5-2 structure (Fig. S3C). The
structure was built using the previously described C5 crystal
structure (3CU7) and AlphaFold generated nanobody models
(9, 26). The final refinement of the structure in Phenix 1.20.1
(https://phenix-online.org/version_docs/1.20.1-4487/) showed
acceptable model statistics and stereochemistry (Table 3).
Fig. S4,A andB show themaps and the resultingmodels for both
C5:nanobody interfaces. Due to a lack of density, the C-terminal
C345c domain could not be modeled. A similar flexibility of this
C-terminal domain was observed in other C5 cryo-EM struc-
tures (9, 12), and the different arrangement of C345c in different
crystal structures (9, 10, 13, 19, 27).

Overall, analysis of the C5 molecule in the C5:UNbC5-
1:UNbC5-2 structure revealed interesting differences compared
to the C5 crystal structure with Protein Data Bank (PDB) 3CU7
(Fig. 3B, left panel). Most apparent was the different arrangement
of the C5a containing the C5 cleavage site, Arg751–Leu752.
While residues Asp746–Met754 are disordered in native C5
(PDB 3CU7), they adopt a helical conformation in the
C5:UNbC5-1:UNbC5-2 structure, internalizing the cleavage site,
Arg751 (Fig. 3B, right panel). Moreover, our C5 structure also
slightly deviates from the structure of C5 bound to CVF (PDB
3PVM) (Fig. S5A) (13, 19, 27, 28), with the most apparent dif-
ferences found in C5a, similar as described above for native C5
(Fig. S5B). Interestingly, the conformation of C5 in complex with
our nanobodies is similar to those observed for C5 in complex
with the antigen binding fragment (Fab) of eculizumab
Table 2
Binding affinities of UNbC5-1, UNbC5-2 and Ecu-mab for comple-
ment C5

Nanobody kon (M−1s−1) × 105 koff (s
−1) × 10−6 KD (pM)

UNbC5-1 2.713 ± 0.002 3.254 ± 0.06 119.9 ± 0.2
UNbC5-2 2.937 ± 0.008 0.227 ± 0.03 7.7 ± 0.1
Ecu-mab 3.661 ± 0.003 3.810 ± 0.10 104.0 ± 0.4

Nanobody and Ecu-mab affinities were determined by SPR using C5 as analyte and
nanobodies and Ecu-mab as a ligand. All measurements were performed in duplicate.
Kinetics were determined using Scrubber 2.0 (BioLogic Software).
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(eculizumab-Fab) (PDB 5I5K) and OmCI-RaCI3 (PDB 5HCC)
(Fig. S5C). In all these structures, the scissile loop in the C5a
domain adopts a similar helical conformation (Fig. S5D). In
conclusion, the differences between the structure of C5:UNbC5-
1:UNbC5-2 and native C5 are similar to the previously described
C5 structures in complex with known inhibitors.
Binding interfaces

UNbC5-1 and UNbC5-2 bind to the C5 α-chain on opposite
domains and with a different epitope–paratope architecture
(Fig. 3A). C5:UNbC5-1 displays a binding interface consisting
of a hydrophobic core surrounded by polar interactions,
whereas the C5:UNbC5-2 interface is mostly formed by salt
bridges and hydrogen bonds.

The interface between C5 and nanobody UNbC5-1 buried a
total area of 1535 Å2 (http://www.pymol.org/pymol). UNbC5-
1 binds to domain MG7 in C5. This domain is considered a
known target for inhibitory molecules for C5 and its homol-
ogous complement proteins C4b and C3/C3b. Reported in-
hibitors that target this domain in C5 are antibody eculizumab
(and its derivatives) (19), while nanobodies NbE3 and hC4Nb8
(22, 29) target domain MG7 in C4b, and nanobody hC3Nb1
(30) targets domain MG7 in C3/C3b. In addition, proposed
convertase models (Staphylococcal complement inhibitor-
convertase (PDB 2WIN), and CVF-C5 (PDB 3PVM)) suggest
the involvement of this domain in the convertase–substrate
interaction (28, 31). Nanobody UNbC5-1 binds to the con-
necting loops of the four-stranded antiparallel β-sheet in the
MG7 domain in C5 (Fig. 3, C and D). Most of the interface in
UNbC5-1 is formed by the extended CDR3, with limited
contribution of CDR1 and 2. Residues Tyr101–Ile104, of the
CDR3 loop, form a hydrophobic core that interacts with three
of C5-MG7 loops with residues Met853, Val888, Trp917, and
Phe918. Furthermore, nanobody residues, Arg105 forms a
cation-π interaction with residue Trp917 in C5 (Fig. 3C). The
paratope architecture is also maintained by residues Tyr32 of
CDR1 and Tyr101 of CDR3 that sandwich Phe100 of CDR3,
where Tyr101 interacts with C5-MG7 residue Lys887
(Fig. 3D). Additionally, CDR3 residues Arg107 and Asp113
form salt bridges with Glu915 and Arg885 of C5-MG7,
respectively (Fig. 3C). Finally, CDR1 helps to stabilize the
interface with interactions between CDR1 Asp31 and MG7
Thr850. CDR2 may also contribute to the interface due to its
backbone proximity to C5-MG7; nevertheless, side chain in-
teractions cannot be assigned unambiguously.

The C5:UNbC5-2 buried a surface area of 1084 Å2. The C5
binding epitope of UNbC5-2 comprises residues of several α-
helices and loops of the C5d domain (Fig. 3E). Similar as the
MG7 domain, the C5d domain is targeted by multiple com-
plement inhibitors, including OmCI and RaCI3 (13). The C5
interface is formed by the three CDRs of the nanobody with a
major contribution of CDR3. Residue Ile57 of CDR2 interacts
with a hydrophobic patch formed by residues Pro1160–
Val1162 in C5d. Additionally, some electrostatic interactions
are formed between C5d residue Lys1091 and residue Glu99 of
CDR3 and between C5d residue Asp1165 with Arg103 from

https://phenix-online.org/version_docs/1.20.1-4487/
http://www.pymol.org/pymol
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Figure 2. UNbC5-1 and UNbC5-2 bind C5 with picomolar affinity and recognize distinct epitopes. A and B, SPR curves with UNbC5-1-biotin (bio-
tinylation method [2]) (A) and UNbC5-2-biotin (biotinylation method [1]) (B) as a ligand and C5 as an analyte at concentrations of 12.5, 6.25, 3.13, 1.56, and
0.78 nM, evaluated over 4000 s. Experimental data are shown in black, and model fit in orange. C, competitive ELISA with C5-coated microtiter plates
incubated with 5 nM NbC5-1-Myc and a titration of untagged UNbC5-1 or UNbC5-2. Binding of UNbC5-1-Myc to C5 was measured using anti-Myc anti-
bodies and an HRP-coupled secondary antibody, at A450. Data were normalized on maximum binding of UNbC5-1-Myc, measured when no untagged
nanobody was added. Data information: (A and B), experiments were carried out in duplicate as individual experiments at 25 �C. C, data represent mean ±
SD of three individual experiments. HRP, horseradish peroxidase; SPR, surface plasmon resonance.

Identification of two inhibitory anti-C5 nanobodies
CDR3. Moreover, hydrogen bond interactions are formed be-
tween Arg101 from CDR3 and C5d-residue Leu1197 and be-
tween C5d residue Asp1157 and the backbones of Pro100 and
Arg101 of CDR3. Additionally, the backbone of Asp1157 also
interacts with residue Thr33 of CDR1. Other observed in-
teractions are C5d residue Gln1097 and residue Asn54 of
CDR2 and stacking of residue Arg103 with Phe1156 of C5d.

The C5-binding interface of UNbC5-2 partly overlaps with
RaCI3

The UNbC5-2 interface in C5 is close to that of RaCI3;
therefore, we next compared the structure of C5:UNbC5-
1:UNbC5-2 with C5-OmCI-RaCI3 (PDB 5HCC) (Fig. 4A).
RaCI3 binds to the cleft formed by domainMG1,MG2, and C5d,
interacting with all three domains of C5 (13). A detailed com-
parison revealed six overlapping residues between the UNbC5-2
and RaCI3 interfaces on C5d (Fig. 4B) (13). In contrast to the C5-
RaCI3 interactions, which are mostly driven by extensive van der
Waals interactions and hydrogen bonds, the C5:UNbC5-2
interface include hydrophobic interactions with residues
Pro1160–Val1162, a hydrogen bond with Gln1097 and a salt
bridge with residue Asp1165 of C5d. To investigate whether
UNbC5-2 and RaCI3 can bind C5 simultaneously, we performed
an SPR assay. Here, we used a Fab domainwith the same primary
sequence as the Fab domain of eculizumab (Ecu-Fab) as a bait to
capture C5 and sequentially injected RaCI3 and UNbC5-2. As
expected, we measured association of C5 and RaCI3 (Fig. 4C).
Interestingly, there was no increase in signal whenUNbC5-2 was
added. This indicates that UNbC5-2 and RaCI3 cannot bind C5
together. To conclude, the structural model and SPR assay
indicate that the binding epitopes of UNbC5-2 and RaCI3 on C5
partially overlap and that both inhibitors cannot bind C5
simultaneously.

UNbC5-1 competes with eculizumab on binding the MG7
domain of C5

A comparative analysis of C5-eculizumab-Fab and
C5:UNbC5-1:UNbC5-2, showed an extensive overlap of both
the eculizumab–Fab and UNbC5-1 epitope (Fig. 5A), with six
overlapping residues (Fig. 5B). The eculizumab-Fab epitope
extends through the antiparallel β-strands of the C5-MG7
domain, while the UNbC5-1 epitope is shifted downward and
binds part of the β-strands and their connecting loops (19).
Eculizumab binds the critical C5 residue Arg885 through a
hydrophobic core formed by eculizumab residues Trp33,
Phe101 and Trp107 (21). Instead, UNbC5-1 forms a salt bridge
with C5-Arg885, at the edge of the epitope interface (Fig. 3D).
Both, UNbC5-1 in our structural data and biochemical data
J. Biol. Chem. (2023) 299(8) 104956 5



Table 3
Cryo-EM data collection, refinement, and validation statistics

Data collection and processing
C5:UNbC5-1:UNbC5-2

PDB-8CML, EMDB-16730

Microscope Talos Arctica
Camera Gatan K2 Summit + GIF
Magnification 130,000
Voltage (kV) 200
Exposure time frame/total (s) 0.2/8.0
Number of frames 40
Electron exposure (e−/Å2) 54–57
Defocus range (μm) −0.8 to −2.6
Pixel size (Å) 1.04
Micrographs (no.) 1253; 1840
Initial particle images (no.) 1,483,794
Final particles images (no.) 193,009
Map Resolution (Å)
0.143 FSC threshold

3.60

Map resolution range (Å) 3.1–7.4
Refinement
Model Resolution (Å)

0.143 FSC threshold
3.60

Map sharpening B factor (Å2) −120.3
Model composition

Non-hydrogen atoms 13,594
Protein residues 1728
Ligands NAG: 2

B factors (Å2)
Protein 52.71
Ligands 50.80

RMS deviations
Bond lengths (Å) 0.005
Bond angles (o) 0.842

Validation
MolProbity score 2.41
Clashscore 13.01
Rotamer outliers (%) 2.91

Ramachandran plot
Favored (%) 93.35
Allowed (%) 6.01
Outliers (%) 0.64

Identification of two inhibitory anti-C5 nanobodies
with eculizumab (21), show interactions with C5-residues
Trp917, Arg885, and Lys887, indicating a binding overlap for
both inhibitors (19, 21). To confirm with an in vitro experi-
ment that UNbC5-1 competes with eculizumab for C5 bind-
ing, we performed a competition ELISA. Briefly, we coated C5
and measured binding of UNbC5-1 in the presence of a
titration of Ecu-mab. As a negative control we added RaCI3
instead of Ecu-mab. Consistent with the structural data, we
observed a decrease in UNbC5-1 binding in the presence of
Ecu-mab, but not with RaCI3 (Fig. 5C).

UNbC5-1 and UNbC5-2 bind and inhibit the human C5 variant
R885H and are not cross-reactive with murine C5

Next, we wondered if UNbC5-1 could recognize the genetic
variant C5 R885H (18) that is not targeted by eculizumab.
First, we coated microtiter plates with C5 WT and C5 R885H,
added UNbC5-1 or Ecu-mab, and measured their binding. As
described for eculizumab (18, 20), we observed in ELISA and
SPR that Ecu-mab binds C5 R885H poorly (Figs. 6A and S6A).
Interestingly, UNbC5-1 binds C5 R885H efficiently (Fig. 6B
and Table 1), with a binding affinity of 15.5 nM (Fig. S6B). This
affinity is roughly 100 × lower compared to the affinity for C5
WT, which confirms that residue 885 is involved in the
binding interface of UNbC5-1 and C5, but is not crucial for its
interaction, like it is for eculizumab. Next, we assessed whether
UNbC5-1 was also able to prevent complement-mediated
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erythrocyte lysis with C5 R885H. To assess this, we incu-
bated antibody-coated sheep erythrocytes with C5-depleted
serum, replete with physiological concentrations of C5 WT
or C5 R885H. Consistent with the binding data, we observed
that Ecu-mab failed to inhibit complement activity via C5
R885H (Fig. 6C). On the contrary, UNbC5-1 inhibits com-
plement activity with C5 R885H and C5 WT to a similar
extent (Fig. 6D). Furthermore, for UNbC5-2, which binds C5
to an epitope unrelated to amino acid 885, we also observed
similar binding efficiencies in ELISA (Fig. S6C). Next, we show
that UNbC5-2 inhibits complement-mediated lysis with
comparable potencies using C5 R885H and C5 WT (Fig. S6D).
Finally, we assessed if UNbC5-1 and UNbC5-2 are cross-
reactive with murine C5. Therefore, we performed an AP
erythrocyte lysis assay with rabbit erythrocytes and mouse
serum. Next to control C5-inhibitors Ecu-mab and RaCI3, we
included SSL7, a C5 inhibitor that is described to be cross-
reactive with murine C5 (32). UNbC5-1 and UNbC5-2 did
not prevent erythrocyte lysis with murine serum (Fig. S6E). As
expected SSL7 potently inhibited erythrocyte lysis with murine
serum, while RaCI3 only inhibited in the two highest con-
centrations tested and Ecu-mab did not inhibit at all. A
sequence alignment of human and murine C5 confirmed that
cross-reactivity would be unlikely, since multiple amino acids
involved in the C5:nanobody interfaces are different in C5
from mouse compared to C5 from human (Fig. S6F). Alto-
gether, these data show that UNbC5-1 and UNbC5-2 bind and
inhibit human C5 WT and the genetic variant C5 R885H, but
are not cross-reactive with murine C5.
Discussion

With the identification of UNbC5-1 and UNbC5-2 as spe-
cific, high affinity C5 targeting nanobodies, this study adds two
new C5 inhibitors to the field. We determined the structure of
C5 in complex with both nanobodies UNbC5-1 and UNbC5-2
simultaneously to identify their binding interfaces and poten-
tially get insight into the modes of action. This approach was
chosen for experimental efficiency and was performed simi-
larly for C5 in complex with inhibitors CirpT, OmCI, and
RaCI1, 2, 3 (12, 13).

For UNbC5-1, the mode of action is likely similar to that of
eculizumab, since both the cryo-EM structure and competitive
binding experiment reveal overlapping C5-binding sites. For
eculizumab, it was suggested that binding to the MG7 domain
sterically hinders the interaction between C5 and the C5
convertase, preventing C5 cleavage (19).

For UNbC5-2, the inhibitory mechanism is less evident.
Because the binding interface of UNbC5-2 partially overlaps
with RaCI3 (13), the inhibitory mechanism could be similar
to RaCI. For the RaCI family, it is suggested that binding to
C5d (together with OmCI) induces a conformational change
in C5 in which the disordered and exposed scissile loop
(residues Asp746–Met754) is altered into an ordered α-helix
with the cleavage site (Arg751–Leu752) unavailable for C5
cleavage (13, 19, 27, 33). As observed for eculizumab–Fab
(derived from mice (19)), OmCI–RaCI3 (derived from ticks



Figure 3. Cryo-EM structures of UNbC5-1 and UNbC5-2 in complex with C5. A, cryo-EM density map of the C5:UNbC5-1:UNbC5-2 complex at 3.6 Å
resolution is depicted with C5 colored in gray, UNbC5-1 in green, and UNbC5-2 in orange. B, comparison of the C5 structure excluding the C345c domain
(3CU7, blue) to the C5 of the C5:UNbC5-1:UNbC5-2 structure (gray). Left panel shows both structures in cartoon representation, superimposed and aligned
by the C5 MG-ring. Domains C5a, C5d, and CUB of the C5:UNbC5-1:UNbC5-2 structure shows a displacement when compared to the C5 structure. Right
panel shows a zoom in of the domain C5a reoriented and aligned, both structures with residue R751 showed as sticks in orange for the C5:UNbC5-1:UNbC5-
2 structure and in cyan for C5 (3CU7). C–E, zoom in on the C5 interface with nanobodies UNbC5-1 (C and D), and UNbC5-2 (E), in the same colors introduced
in panel A. Amino acids that likely contribute to the interface are shown as sticks representation and annotated. Data information: (A), cryo-EM density map
visualized in ChimeraX and (B–E) figures produced in PyMOL from refined structure. CUB, complement C1r/C1s, Uegf, Bmp1; MG, macroglobulin.

Identification of two inhibitory anti-C5 nanobodies
(13)) and knob K92 (derived from cows (27)), our llama-
derived nanobodies similarly induce a conformational
change that leads to the formation of an ordered scissile
loop in C5a. The formation of an α-helix is comparable to
the conformational change described for small molecule
inhibitor (compound 7), which directly interacts with the
scissile loop in C5a (34). Since we generated a combined
structure with both nanobodies, it is impossible with our
data to attribute this proposed mechanism of inhibition to
either UNbC5-1, or UNbC5-2, or both. Nevertheless, this
structural change in C5 has been suggested to be part of the
inhibitory mechanism for the RaCI family, and more
recently also for knob K92 (27). This, together with our
data, suggests that this partial molecular movement of the
α-chain and helical rearrangement of the scissile loop is a
common inhibitory mechanism that can be triggered by
various C5-inhibitors from different sources and targeting
different epitopes across the molecule (12, 19, 27).
J. Biol. Chem. (2023) 299(8) 104956 7



Figure 4. The C5-binding interface of UNbC5-2 partially overlaps with RaCI3. A, superposition of the C5:UNbC5-1:UNbC5-2 and the C5-RaCI3 complex in
surface representation with UNbC5-2 in orange, RaCI3 in yellow, most of the C5 domains in light gray, MG1 in medium gray, and C5d in dark gray. B, left panel
shows a 45� rotation view of panel A where footprint of epitopes of UNbC5-2, RaCI3, and their overlapping residues (red) are colored according to panel A.
Right panel shows a zoom in of UNbC5-2 and RaCI3 epitopes where overlapping residues are annotated. C, competition SPR between UNbC5-2 and RaCI3.
Ecu-Fab was used as a bait followed up by injections of 100 nM C5, RaCI3, and UNbC5-2, at time points 60, 360, and 900 s, respectively. Injection of RaCI3
shows binding to C5 bound to Ecu-Fab. Additionally, sequential injection of UNbC5-2 at 900 s showed no signal increase, denoting competition. Figure also
shows a zoom-in of RaCI3 and UNbC5-2 injections from time 0 to 1500 s where response units (RU) 300 to 380 are shown. Data information: (A and B),
figures produced in PyMOL. C, experiments performed in duplicate. MG, macroglobulin; SPR, surface plasmon resonance.

Identification of two inhibitory anti-C5 nanobodies
Although eculizumab is proven to be an effective therapy
in controlling diseases like atypical hemolytic uremic syn-
drome, a drawback is the therapy resistance in a small pro-
portion of patients with C5 polymorphism (18). This was
explained by the fact that the interaction of eculizumab with
the Arg885 residue is essential for binding (21). Interestingly,
we observed that UNbC5-1 can bind and can inhibit the
R885H variant of C5. Even though UNbC5-1 does interact
with Arg885, the structure suggests that mutation of Arg885
into a histidine has less impact on the C5:UNbC5-1 interface,
because Arg885 interacts mostly with a polar patch (formed
by residues Glu915 of MG7 and Arg107 and Asp113 of
CDR3 at the edge of the interface) and a His-885 variant
could probably still establish a polar interaction. In contrast,
Arg885 extends into a hydrophobic pocket in the eculizumab
interface surrounded by bulky side chain amino acids such as
Trp33, Phe101, and Trp107 where a histidine side chain
might be too small to extend inward and interact, therefore
disrupting the core interaction of the interface (19, 21). We
propose that the detailed binding interface of UNbC5-1 and
C5 is a good starting point to further optimize reactivity of
UNbC5-1 toward the genetic variant of C5 R885H and obtain
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more insight in the requirements for efficient C5 inhibition
in general.

In the last decades, diverse C5 targeting molecules have been
identified and developed, including monoclonal antibodies, sin-
gle domain antibodies, small molecules, nucleic acid-based
therapies, pathogen derived proteins and peptides, but no
nanobodies (16). In contrast, nanobodies against other comple-
ment components (C1q (35), C3/C3b (30, 36, 37), C4b (22, 29),
properdin (38, 39)), and a complement receptor (CRIg (40, 41))
were previously identified. The use of nanobodies as therapeutic
molecules has gained increasing interest in many different fields,
especially since the successful introduction of the first nanobody
in the clinic, caplacizumab (targeting plasma protein von Wille-
brand factor) (42). Compared to conventional antibodies, nano-
bodies lack an Fc-tail to activate the immune system, which is
favorable when complement inhibition is the goal. At the same
time, the lack of an Fc-tail shortens the half-life of nanobodies in
circulation while improving tissue penetration. In addition to
their therapeutic potential, nanobodies are increasingly used as
tools in research and diagnostics because they are easy to produce
and label with for example fluorophores (43, 44) or to conjugate
to solid matrixes for chromatography (45). Also, the presented
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Figure 5. UNbC5-1 competes with eculizumab in binding to the MG7 domain of C5. A, superposition of the C5:UNbC5-1:UNbC5-2 and the C5-
eculizumab-Fab complex structure. Surface representation shows epitope overlap between UNbC5-1 and eculizumab-Fab. UNbC5-1 is shown in green,
UNbC5-2 in orange, eculizumab-Fab in blue, most domains of C5 in light gray, and domain MG7 in dark gray. B, left panel shows a 45� rotation of panel A.
Right panel shows a zoom in of the epitope of UNbC5-1 (green) and eculizumab-Fab (blue) on the MG7 domain (dark gray) with an extensive overlap (pink)
of the epitope between the interface of both molecules in C5. The overlapping amino acids for both interfaces are indicated, with residue R885 in bold. C,
competition ELISA with C5-coated microtiter plates incubated with 300 nM UNbC5-1 and a titration of Ecu-mab or RaCI3 (5.49–4000 nM, 3-fold). Binding of
UNbC5-1 to C5 was measured using polyclonal rabbit-anti-VHH QE19 antibodies and donkey-anti-rabbit-HRP antibodies at A450 nm. Data information: (A
and B) figures produced in PyMOL, (C), data represent mean ± SD of four individual experiments. MG, macroglobulin.

Identification of two inhibitory anti-C5 nanobodies
C5-specific nanobodies could be developed for specific detection
of C5 in complex with biological specimens or for affinity puri-
fication of C5 from human plasma. Furthermore, their inhibitory
action makes them suited as tools to inhibit the complement
system at level of C5 cleavage, thereby studying the role of
complement in diseases.

To conclude, in this study we developed and characterized
two anti-C5 nanobodies that bind C5 with picomolar affinities
and efficiently inhibit complement at the level of C5 cleavage.
Both nanobodies can be used to detect C5 and inhibit C5
cleavage for diagnostic and/or research purposes. Finally, both
nanobodies have the potential to be further developed for
therapeutic purposes, and detailed binding interfaces obtained
here could help to further develop high affinity C5 inhibitors
that are reactive to different genetic variants of C5.

Experimental procedures

Serum, proteins, and complement inhibitors

Normal human serum was obtained from a pool of healthy
donors as previously described (46). C5-depleted serum was
obtained from Complement Technology. Complement protein
C3 was isolated and purified from freshly obtained human
plasma, as described before (47). Complement protein C4 was
obtained from Complement Technology. Complement pro-
teins C5 WT (unless stated differently) and C5 R885H and
complement inhibitor RaCI3 were recombinantly produced
and purified in our lab, using Expi293F cells.

C5 WT and C5 R885H

For C5 expression, we used the pcDNA 3.4 TOPO vector
(Thermo Fisher Scientific). This vector was made circular by
inserting a multiple cloning site (pcDNA34-MCS) using the
pcDNA 3.4 TOPO TA cloning kit (Thermo Fisher Scientific).
The XbaI and AgeI restriction sites, adjacent to the original
pcDNA34-TOPO site, were used to clone the cystatin(S) signal
peptide (coding for MARPLCTLLLLMATLAGALA) with an
upstream Kozak (ACCACC) sequence and a downstream NheI
and NotI cloning site, followed by a C-terminal sequence
coding for a linker (GGGGS), an LPETGG site, and a 6x his-
tidine tag (pcDNA34-Cystatin(S)-Linker-LPETG-HIS vector).
The 13 and 15 bp sequences, adjacent to the XbaI and AgeI
site and the original pcDNA34-TOPO site, were left intact.
Subsequently, the C5 gene (a kind gift from U-Protein Express)
without start and stop codon was cloned into this vector, using
the NheI and NotI sites (Table 4). For cloning the C5-R885H
mutant, we used overlap extension PCR to introduce the
J. Biol. Chem. (2023) 299(8) 104956 9
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Figure 6. UNbC5-1 binds and inhibits C5 variant R885H. A and B, binding of Ecu-mab (A) and UNbC5-1 (B) to C5 WT and C5 R885H, using C5 WT- or C5
R885H-coated microtiter plates, incubated with increasing concentrations of Ecu-mab or UNbC5-1. Binding was assessed with a monoclonal anti-human-
kappa antibody (A) or polyclonal rabbit-anti-VHH QE19 antibodies (B) and donkey-anti-rabbit-HRP secondary antibodies (A and B) at A450. C and D, CP
mediated hemolysis of antibody-coated sheep erythrocytes incubated with 2.5% C5-depleted human serum and repleted with physiological concentrations
of C5 WT or C5 R885H and a titration of Ecu-mab (C) or UNbC5-1 (D). The A450 values of the supernatants were measured, and the % erythrocyte lysis was
calculated using a 0% (buffer) and 100% (milliQ water) control sample. Data information: (A and D), data represent mean ± SD of three individual ex-
periments and curves were fitted. CP, classical pathway.

Identification of two inhibitory anti-C5 nanobodies
R885H mutation using the pcDNA34-Cystatin(S)-C5-Linker-
LPETG-HIS vector as a template. Primers used were the
following: 5-XbaI: 50GACCGATCCAGCCTCCGG ACTCT
AGAGGATCGAAC and 3-R885H: 50 GAGCCCTCTAC
TTTCTGGTGCACACAT TTGGAGGACTTTG combined
with 5-R885H: CTCCAAATGTGTGCACCAGAAAG TAGA
GGGCTCCTC and 3-AgeI: 50 GATATCAAACTCATTAC
TAACCGGTAGGGATC GAAC, with R885H mutations
depicted in bold. The final C5-R885H PCR product was cloned
into the XbaI and AgeI site of the pcDNA34-MCS vector using
Gibson assembly (New England Biolabs). After verification of
the correct sequences, the C5 and C5-R885H plasmids were
used to transfect Expi293F cells (Thermo Fisher Scientific).
Expi293F cells were grown in Expi293 medium (Life Tech-
nologies) in culture filter cap Erlenmeyer bottles (Corning) on
a rotation platform (125 rotations/min) at 37 �C, 8% CO2. One
day before transfection, cells were diluted to 2 × 106 cells/ml.
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The next day, cells were diluted to 2 × 106 cells/ml using
SFM4Transfx-293 medium, containing UltraGlutamine I
(VWR International) prior to transfection using PEI HCl MAX
(Polysciences). Therefore, 0.5 μg DNA/ml cells, containing
50% empty pcDNA34-MCS “dummy” vector, was added to
Opti-MEM (1:10 of total volume; Gibco) and gently mixed.
After adding PEI (1 μg/ml) in a PEI/DNA (w/w) ratio of 5:1,
the mixture was incubated at room temperature (RT) for
20 min and then added dropwise to the cells while manually
rotating the Erlenmeyer culture bottle. After 3 to 5 h, 1 mM
valproic acid was added to the transfected cells. After 5 days of
expression, the cell supernatant was collected by centrifuga-
tion and filtration (0.45 μM). C5 and C5-R885H supernatants
were concentrated and buffer exchanged to 25 mM Hepes,
500 mM NaCl, 5 mM benzamidine, pH8.2 using the Quix-
Stand benchtop system (GE HealthCare) and 25 mM imid-
azole was added before application to a HiTrap Chelating



Table 4
Constructs and sequences used for protein purifications

# Description/sequence

1 pcDNA34-Cystatin(S)-C5-Linker-LPETG-HIS vector sequence from the XbaI up to the AgeI sequence, in which the NheI and NotI site are depicted
in gray, the start (ATG) and stop (TAA) codon are underlined and the 13 bp and 15 bp sequences adjacent to the XbaI and AgeI sites are in bold.

TCTAGAGGATCGAACCCTTACCACCATGGCAAGACCTCTTTGTACCCTGCTTCTGCTCATGGCGACACTGGCTGGGGCCCTCGCCGCTAGCCA
GGAGCAAACATATGTCATTTCAGCACCAAAAATATTCCGTGTTGGAGCATCTGAAAATATTGTGATTCAAGTTTATGGATACACTGAAGCAT
TTGATGCAACAATCTCTATTAAAAGTTATCCTGATAAAAAATTTAGTTACTCCTCAGGCCATGTTCATTTATCCTCAGAGAATAAATTCCAAAA
CTCTGCAATCTTAACAATACAACCAAAACAATTGCCTGGAGGACAAAACCCAGTTTCTTATGTGTATTTGGAAGTTGTATCAAAGCATTTTTC
AAAATCAAAAAGAATGCCAATAACCTATGACAATGGATTTCTCTTCATTCATACAGACAAACCTGTTTATACTCCAGACCAGTCAGTAAAAG
TTAGAGTTTATTCGTTGAATGACGACTTGAAGCCAGCCAAAAGAGAAACTGTCTTAACTTTCATAGATCCTGAAGGATCAGAAGTTGACATG
GTAGAAGAAATTGATCATATTGGAATTATCTCTTTTCCTGACTTCAAGATTCCGTCTAATCCTAGATATGGTATGTGGACGATCAAGGCTAAA
TATAAAGAGGACTTTTCAACAACTGGAACCGCATATTTTGAAGTTAAAGAATATGTCTTGCCACATTTTTCTGTCTCAATCGAGCCCGAATAT
AATTTCATCGGCTACAAGAACTTTAAGAACTTCGAGATTACCATCAAGGCCAGATACTTCTATAATAAGGTAGTCACTGAGGCTGACGTTTA
TATCACATTTGGAATAAGAGAAGACTTAAAAGATGATCAAAAAGAAATGATGCAAACAGCAATGCAAAACACAATGTTGATAAATGGAATTG
CTCAAGTCACATTTGATTCTGAAACAGCAGTCAAAGAACTGTCATACTACAGTTTAGAAGATTTAAACAACAAGTACCTTTATATTGCTGTAA
CAGTCATAGAGTCTACAGGTGGATTTTCTGAAGAGGCAGAAATACCTGGCATCAAATATGTCCTCTCTCCCTACAAACTGAATTTGGTTGCTA
CTCCTCTTTTCCTGAAGCCTGGGATTCCATATCCCATCAAGGTGCAGGTTAAAGATTCGCTTGACCAGTTGGTAGGAGGAGTCCCAGTAACA
CTGAATGCACAAACAATTGATGTAAACCAAGAGACATCTGACTTGGACCCAAGCAAAAGTGTAACACGTGTTGATGATGGAGTAGCTTCCTT
TGTGCTTAATCTCCCATCTGGAGTGACGGTGCTGGAGTTTAATGTCAAAACTGATGCTCCAGATCTTCCAGAAGAAAATCAGGCCAGGGAAG
GTTACCGAGCAATAGCATACTCATCTCTCAGCCAAAGTTACCTTTATATTGATTGGACTGATAACCATAAGGCTTTGCTAGTGGGAGAACAT
CTGAATATTATTGTTACCCCCAAAAGCCCATATATTGACAAAATAACTCACTATAATTACTTGATTTTATCCAAGGGCAAAATTATCCACTTTG
GCACGAGGGAGAAATTTTCAGATGCATCTTATCAAAGTATAAACATTCCAGTAACACAGAACATGGTTCCTTCATCCCGACTTCTGGTCTAT
TACATCGTCACAGGAGAACAGACAGCAGAATTAGTGTCTGATTCAGTCTGGTTAAATATTGAAGAAAAATGTGGCAACCAGCTCCAGGTTCA
TCTGTCTCCTGATGCAGATGCATATTCTCCAGGCCAAACTGTGTCTCTTAATATGGCAACTGGAATGGATTCCTGGGTGGCATTAGCAGCAG
TGGACAGTGCTGTGTATGGAGTCCAAAGAGGAGCCAAAAAGCCCTTGGAAAGAGTATTTCAATTCTTAGAGAAGAGTGATCTGGGCTGTGG
GGCAGGTGGTGGCCTCAACAATGCCAATGTGTTCCACCTAGCTGGACTTACCTTCCTCACTAATGCAAATGCAGATGACTCCCAAGAAAATG
ATGAACCTTGTAAAGAAATTCTCAGGCCAAGAAGAACGCTGCAAAAGAAGATAGAAGAAATAGCTGCTAAATATAAACATTCAGTAGTGAAG
AAATGTTGTTACGATGGAGCCTGCGTTAATAATGATGAAACCTGTGAGCAGCGAGCTGCACGGATTAGTTTAGGGCCAAGATGCATCAAAG
CTTTCACTGAATGTTGTGTCGTCGCAAGCCAGCTCCGTGCTAATATCTCTCATAAAGACATGCAATTGGGAAGGCTACACATGAAGACCCTG
TTACCAGTAAGCAAGCCAGAAATTCGGAGTTATTTTCCAGAAAGCTGGTTGTGGGAAGTTCATCTTGTTCCCAGAAGAAAACAGTTGCAGTT
TGCCCTACCTGATTCTCTAACCACCTGGGAAATTCAAGGCGTTGGCATTTCAAACACTGGTATATGTGTTGCTGATACTGTCAAGGCAAAGG
TGTTCAAAGATGTCTTCCTGGAAATGAATATACCATATTCTGTTGTACGAGGAGAACAGATCCAATTGAAAGGAACTGTTTACAACTATAGGA
CTTCTGGGATGCAGTTCTGTGTTAAAATGTCTGCTGTGGAGGGAATCTGCACTTCGGAAAGCCCAGTCATTGATCATCAGGGCACAAAGTCC
TCCAAATGTGTGCGCCAGAAAGTAGAGGGCTCCTCCAGTCACTTGGTGACATTCACTGTGCTTCCTCTGGAAATTGGCCTTCACAACATCAA
TTTTTCACTGGAGACTTGGTTTGGAAAAGAAATCTTAGTAAAAACATTACGAGTGGTGCCAGAAGGTGTCAAAAGGGAAAGCTATTCTGGT
GTTACTTTGGACCCTAGGGGTATTTATGGTACCATTAGCAGACGAAAGGAGTTCCCATACAGGATACCCTTAGATTTGGTCCCCAAAACAGA
AATCAAAAGGATTTTGAGTGTAAAAGGACTGCTTGTAGGTGAGATCTTGTCTGCAGTTCTAAGTCAGGAAGGCATCAATATCCTAACCCACC
TCCCCAAAGGGAGTGCAGAGGCGGAGCTGATGAGCGTTGTCCCAGTATTCTATGTTTTTCACTACCTGGAAACAGGAAATCATTGGAACATT
TTTCATTCTGACCCATTAATTGAAAAGCAGAAACTGAAGAAAAAATTAAAAGAAGGGATGTTGAGCATTATGTCCTACAGAAATGCTGACTA
CTCTTACAGTGTGTGGAAGGGTGGAAGTGCTAGCACTTGGTTAACAGCTTTTGCTTTAAGAGTACTTGGACAAGTAAATAAATACGTAGAGC
AGAACCAAAACAGCATCTGCAACAGCTTATTGTGGCTAGTTGAGAATTATCAATTAGATAATGGATCTTTCAAGGAAAATTCACAGTATCAAC
CAATAAAATTACAGGGTACCTTGCCTGTTGAAGCCCGAGAGAACAGCTTATATCTTACAGCCTTTACTGTGATTGGAATTAGAAAGGCTTTCG
ATATATGCCCCCTGGTGAAAATCGACACAGCTCTAATTAAAGCTGACAACTTTCTGCTTGAAAATACACTGCCAGCCCAGAGCACCTTTACA
TTGGCCATTTCTGCGTATGCTCTTTCCCTGGGAGATAAAACTCACCCACAGTTTCGTTCAATTGTTTCAGCTTTGAAGAGAGAAGCTTTGGT
TAAAGGTAATCCACCCATTTATCGTTTTTGGAAAGACAATCTTCAGCATAAAGACAGCTCTGTACCTAACACTGGTACGGCACGTATGGTAG
AAACAACTGCCTATGCTTTACTCACCAGTCTGAACTTGAAAGACATCAACTACGTGAACCCAGTCATCAAATGGCTATCAGAAGAGCAGAGG
TATGGAGGTGGCTTTTATTCAACCCAGGACACAATCAATGCCATTGAGGGCCTGACGGAATATTCACTCCTGGTTAAACAACTCCGCTTGAG
TATGGACATCGATGTTTCTTACAAGCATAAAGGTGCCTTACATAATTATAAAATGACAGACAAGAATTTCCTTGGGAGGCCAGTAGAGGTGC
TTCTCAATGATGACCTCATTGTCAGTACAGGATTTGGCAGTGGCTTGGCTACAGTACATGTAACAACTGTAGTTCACAAAACCAGTACCTCT
GAGGAAGTTTGCAGCTTTTATTTGAAAATCGATACTCAGGATATTGAAGCATCCCACTACAGAGGCTACGGAAACTCTGATTACAAACGCAT
AGTAGCATGTGCCAGCTACAAGCCCAGCAGGGAAGAATCATCATCTGGCTCCTCTCATGCGGTGATGGACATCTCCTTGCCTACTGGAATCA
GTGCAAATGAAGAAGACTTAAAAGCCCTTGTGGAAGGGGTGGATCAACTATTCACTGATTACCAAATCAAAGATGGACATGTTATTCTGCA
ACTGAATTCGATTCCCTCCAGTGATTTCCTTTGTGTACGATTCCGGATATTTGAACTCTTTGAAGTTGGGTTTCTCAGTCCTGCCACTTTCAC
AGTGTACGAATACCACAGACCAGATAAACAGTGTACCATGTTTTATAGCACTTCCAATATCAAAATTCAGAAAGTCTGTGAAGGAGCCGCGT
GCAAGTGTGTAGAAGCTGATTGTGGGCAAATGCAGGAAGAATTGGATCTGACAATCTCTGCAGAGACAAGAAAACAAACAGCATGTAAACC
AGAGATTGCATATGCTTATAAAGTTAGCATCACATCCATCACTGTAGAAAATGTTTTTGTCAAGTACAAGGCAACCCTTCTGGATATCTACA
AAACTGGGGAAGCTGTTGCTGAGAAAGACTCTGAGATTACCTTCATTAAAAAGGTAACCTGTACTAACGCTGAGCTGGTAAAAGGAAGACAG
TACTTAATTATGGGTAAAGAAGCCCTCCAGATAAAATACAATTTCAGTTTCAGGTACATCTACCCTTTAGATTCCTTGACCTGGATTGAATAC
TGGCCTAGAGACACAACATGTTCATCGTGTCAAGCATTTTTAGCTAATTTAGATGAATTTGCCGAAGATATCTTTTTAAATGGATGCGCGGC
CGCAGGAGGAGGCGGTTCCCTGCCTGAAACGGGCGGTCACCATCACCATCACCATTAAAAGGGTTCGATCCCTACCGGT

2 pcDNA34-Cystatin(S)-RacI3-LPETG-HIS vector sequence from the XbaI up to the AgeI sequence, in which the NheI and NotI site are depicted in
gray, the start (ATG) and stop (TAA) codon are underlined.

TCTAGAGGATCGAACCCTTACCACCATGGCAAGACCTCTTTGTACCCTGCTTCTGCTCATGGCGACACTGGCTGGGGCCCTCGCCGCTAGCAG
CGGAGAGTCTCAGTCAATTCAGAGGAAAGGGCAATGTGAGGAAGTCATTTGTCACCGAAAATTGAACCATCTCGGGGAAAGGGTCACCAGC
GGATGCCCGACCGGTTGCCTCTGTGTCATAAGGGAGCCAGATAATGTCGATAATGCTAACGGGACATGCTATGCTCTGATGAGCAGTACGA
CCACGACCACAACAACACCGGACGGCACAACCACCAGTGAGGAGGAGGAAGCGGCCGCACTGCCTGAAACGGGCGGTCACCATCACCATC
ACCATTAAAAGGGTTCGATCCCTACCGGT

3 Ecu-mab VH+ constant region gBlock, with the HAVT20 signal peptide depicted in bold:
GATCCAGCCTCCGGACTCTAGAGGATCGAACCCTTGAATTCACCACCATGGCTTGCCCTGGCTTCCTGTGGGCATTGGTAATCAGCACT
TGCCTGGAGTTTTCTATGGCTCAGGTACAACTTGTGCAATCTGGGGCTGAAGTTAAAAAACCAGGTGCTAGTGTTAAAGTGAGCTGCAAAG
CCAGCGGTTACATCTTCAGTAACTATTGGATACAATGGGTGCGACAAGCGCCCGGACAAGGCTTGGAGTGGATGGGCGAAATTCTGCCCGG
AAGCGGTAGCACAGAATACACTGAGAACTTTAAAGATCGAGTAACGATGACCCGAGATACCAGTACTTCTACGGTTTATATGGAACTGTCAT
CACTGCGCTCTGAAGACACCGCGGTGTATTACTGTGCCAGGTATTTTTTTGGTAGTTCCCCTAACTGGTACTTCGACGTGTGGGGGCAGGGC
ACGCTGGTTACGGTCAGCTCCGCTAGCACCAAGGGCCCATCGGTCTTCCCCCTGGCGCCCTGCTCCAGGAGCACCTCCGAGAGCACAGCCG
CCCTGGGCTGCCTGGTCAAGGACTACTTCCCCGAACCGGTGACGGTGTCGTGGAACTCAGGCGCCCTGACCAGCGGCGTGCACACCTTCC
CGGCTGTCCTACAGTCCTCTGGATTGTATTCTTTGTCATCCGTCGTAACGGTGCCCAGTAGCAATTTCGGCACACAAACATATACTTGCAAT
GTAGATCATAAGCCAAGCAACACCAAGGTCGATAAGACCGTGGAAAGAAAGTGTTGCGTCGAGTGTCCTCCTTGCCCGGCACCACCCGTGG
CGGGTCCCAGTGTCTTCCTGTTCCCACCGAAACCCAAGGATACTCTCATGATATCTCGAACCCCCGAGGTGACATGCGTCGTCGTGGATGTC
TCTCAGGAAGACCCGGAGGTCCAATTTAACTGGTATGTTGATGGAGTAGAAGTACATAATGCAAAGACCAAACCACGGGAGGAGCAGTTTAA
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Table 4—Continued

# Description/sequence

TAGCACCTACAGAGTAGTGAGCGTACTGACGGTGCTTCATCAAGACTGGCTCAACGGAAAAGAATACAAATGTAAAGTGAGTAATAAGGGCC
TTCCTAGCTCTATCGAAAAGACGATTTCAAAGGCCAAAGGCCAGCCCAGAGAGCCTCAAGTTTACACGCTTCCGCCATCCCAAGAAGAAATG
ACAAAGAACCAAGTATCACTCACGTGTTTGGTTAAAGGGTTCTATCCGTCAGACATCGCGGTAGAGTGGGAGTCTAATGGACAGCCTGAGA
ACAACTATAAAACCACTCCACCCGTTCTCGATTCCGATGGCAGCTTTTTCTTGTACAGTCGCCTGACCGTTGACAAAAGCCGCTGGCAGGAG
GGCAACGTGTTCTCCTGTAGTGTGATGCACGAGGCGCTTCACAATCACTACACACAAAAGTCACTTTCT
TTGAGCCTGGGCAAATGAACCGGTTAGTAATGAGTTTGATATCTC

4 Ecu-mab VL+constant region gBlock, with the HAVT20 signal peptide depicted in bold:
GACCGATCCAGCCTCCGGACTCTAGAGGATCGAACCCTTGAATTCACCACCATGGCTTGCCCTGGCTTCCTGTGGGCATTGGTAATCAGCAC
TTGCCTGGAGTTTTCTATGGCTGATATACAGATGACACAGTCTCCCAGTAGTTTGTCTGCTTCAGTAGGGGATCGAGTCACGATTACATGC
GGCGCTTCCGAAAATATCTATGGAGCACTCAACTGGTATCAGCAGAAACCCGGAAAGGCGCCAAAGTTGCTGATTTACGGGGCGACCAACC
TGGCTGACGGGGTGCCTAGCAGGTTTAGCGGATCTGGCAGCGGCACAGACTTCACTCTTACAATTTCTTCTCTCCAACCGGAGGACTTCGCT
ACTTACTACTGCCAAAATGTGCTGAATACGCCATTGACGTTCGGCCAGGGAACCAAGGTCGAGATTAAGCGTACGGTGGCTGCACCATCTG
TCTTCATCTTCCCGCCATCTGATGAGCAGTTGAAATCTGGAACTGCCTCTGTTGTGTGCCTGCTGAATAACTTCTATCCCAGAGAGGCCAAA
GTACAGTGGAAGGTGGATAACGCCCTCCAATCGGGTAACTCCCAGGAGAGTGTCACAGAGCAGGACAGCAAGGACAGCACCTACAGCCTC
AGCAGCACCCTGACGCTGAGCAAAGCAGACTACGAGAAACACAAAGTCTACGCCTGCGAAGTCACCCATCAGGGCCTGAGCTCGCCCGTCA
CAAAGAGCTTCAACAGGGGAGAGTGTTAGAAGGGTTCGATCCCTACCGGTTAGTAATGAGTTTGATATCTC

5 Ecu-Fab VH+constant Fab region gBlock, with the HAVT20 signal peptide depicted in bold:
GATCCAGCCTCCGGACTCTAGAGGATCGAACCCTTGAATTCACCACCATGGCTTGCCCTGGCTTCCTGTGGGCATTGGTAATCAGCACTTG
CCTGGAGTTTTCTATGGCTCAGGTACAACTTGTGCAATCTGGGGCTGAAGTTAAAAAACCAGGTGCTAGTGTTAAAGTGAGCTGCAAAGCC
AGCGGTTACATCTTCAGTAACTATTGGATACAATGGGTGCGACAAGCGCCCGGACAAGGCTTGGAGTGGATGGGCGAAATTCTGCCCGGAA
GCGGTAGCACAGAATACACTGAGAACTTTAAAGATCGAGTAACGATGACCCGAGATACCAGTACTTCTACGGTTTATATGGAACTGTCATC
ACTGCGCTCTGAAGACACCGCGGTGTATTACTGTGCCAGGTATTTTTTTGGTAGTTCCCCTAACTGGTACTTCGACGTGTGGGGGCAGGGCA
CGCTGGTTACGGTCAGCTCCGCTAGCACCAAGGGCCCATCGGTCTTCCCCCTGGCACCCTCCTCCAAGAGCACCTCTGGGGGCACAGCGGCCC
TGGGCTGCCTGGTCAAGGACTACTTCCCCGAACCGGTGACGGTGTCGTGGAACTCAGGCGCCCTGACCAGCGGCGTGCACACCTTCCCGG
CTGTCCTACAGTCCTCAGGACTCTACTCCCTCAGCAGCGTGGTGACCGTGCCCTCCAGCAGCTTGGGCACCCAGACCTACATCTGCAACGTG
AATCACAAGCCCAGCAACACCAAGGTGGACAAGAAAGTTGAGCCCAAATCTTGTGGAGGTGGAGGCAGTCTGCCGGAGACCGGAGGGCAC
CATCACCATCACCATTGAAAGGGTTCGATCCCTACCGGTTAGTAATGAGTTTGATATC
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column (GE HealthCare). The column was washed with
50 mM imidazole, before C5 and C5-R885H were eluted using
175 mM imidazole using the ÄKTA pure protein chroma-
tography system (GE HealthCare). C5 and C5-R885H were
dialyzed to PBS and stored at −80 �C.

RaCI 3

For RaCI 3 expression, a RaCI 3 gBlock was cloned into
the NheI/NotI site of our pcDNA34-Cystatin(S)-LPETG-
HIS vector (Table 4). This vector was cloned as described
for C5 WT, with the exception that this pcDNA34 construct
lacks the GGGGS linker. After verification of the correct
sequence, the plasmid was used to transfect Expi293F cells,
as described for the expression of C5 WT and C5 R885H. A
total of 1 μg DNA/ml of cells was used. RaCI 3 was isolated
using a HISTrap FF column (Cytiva, GE HealthCare) in the
ÄKTA pure protein chromatography system (GE Health-
Care) according to the manufacturer’s description. Before
application to the column, the supernatant was dialyzed
against 50 mM Tris, 500 mM NaCl, pH8.0, and 30 mM
imidazole was added to reduce aspecific binding. RaCI 3
protein was eluted from the column via a 30 to 250 mM
imidazole gradient. Fractions containing protein were
collected and dialyzed against 50 mM Tris/300 mM NaCl,
pH8.0.

Ecu-mab and Ecu-Fab

A human IgG2/4 monoclonal antibody with the same
primary sequence as clinically approved eculizumab, deno-
ted as Ecu-mab, was produced and purified in our lab.
Briefly, the heavy and light chain variable plus constant
region amino acid sequences of eculizumab (17) were from
patent (WO2017044811A1). gBlocks containing codon
12 J. Biol. Chem. (2023) 299(8) 104956
optimized sequences of the VH + constant and VL + con-
stant region with an upstream Kozak and HAVT20 signal
peptide were cloned into the XbaI/AgeI site of the
pcDNA34-MCS vector, using Gibson assembly (New En-
gland Biolabs) (Table 4). After verification of the correct
sequence, plasmids were used to transfect Expi293F cells
(Thermo Fisher Scientific), as described for the expression
of C5 WT and C5 R885H, with the only exception that 1 μg
DNA/ml of cells was used with a ratio of light chain:heavy
chain of 3:2. Ecu–mab was purified using a HiTrap Protein
A column (GE HealthCare) and the ÄKTA pure (GE
HealthCare), according to the manufacturer’s description.
Ecu-mab fractions were pooled and dialyzed against PBS.
The Ecu-mab preparation was analyzed by gel filtration on a
Superdex 200 10/300 GL column (GE HealthCare) and
stored at −20 �C when >95% of Ecu-mab appeared as
monomeric antibody. For Ecu-Fab (a Fab domain with the
same primary sequence as the Fab domain of eculizumab),
the light chain vector was similar as used for Ecu-mab IgG.
The heavy chain constant region of Ecu-Fab ends with the
amino acid sequence EPKSC, followed by a flexible linker
(GGGGS), an LPETG site, and a 6x histidine tag. The
gBlock containing the codon optimized sequence of the
VH + constant Fab region with an upstream Kozak and
HAVT20 signal peptide was cloned into the XbaI/AgeI site
of the pcDNA34-MCS vector, using Gibson assembly (New
England Biolabs) (Table 4). The expression of Ecu-Fab in
Expi293 cells was similar as described for Ecu-mab IgG. The
expression supernatant was dialyzed against 50 mM Tris,
500 mM NaCl, pH8.0, and 30 mM imidazole was added
before application to a HISTrap column (GE HealthCare).
Elution of Ecu-Fab was performed by a gradient of 30 to
250 mM imidazole. Isolated Ecu-Fab was dialyzed against
PBS and stored at 4 �C and −80 �C.
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Llama immunization, phage library, phage display, and
periplasmic fractions

Two llamas (lama glama) were immunized with recombi-
nant human C5 (WT). Phage display libraries were produced
according to standard protocols (48). Briefly, complementary
DNA was generated from RNA isolated from llama peripheral
blood mononuclear cells. Nanobody-encoding genes were
cloned into a phagemid pPQ81 vector (a derivative of pHEN1
(49)), and two phage display libraries with estimated sizes of
108 clones/library were generated. To select C5-binding
nanobodies, we produced phages and performed two rounds
of phage display, according to standard procedures (50, 51),
with the antigen immobilized on Nunc Maxisorp plates (VWR
735–0083, Thermo Fisher Scientific) in different concentra-
tions (round 1: 0.5 and 5.0 μg/ml, round 2: 0.1 and 1.0 μg/ml)
to have diversity in stringency. Phages (�1010 CFU/well round
one and �109 CFU/well round 2) were added for 2 h, at RT
and after incubation wells were washed extensively, to remove
unbound phages. Phages were eluted with triethanolamine
solution (pH > 10), for 15 min, at RT, while shaking, and
rescued by infection in E. coli TG1 bacteria. Next, bacteria
were plated and �200 single colonies were picked to obtain
bacterial cultures with one clone/culture. Nanobody expres-
sion in the periplasm of E. coli was induced using IPTG for 4 h.
Periplasmic fractions were collected via a cycle of freeze and
thawing.
Nanobody production and purification

Nanobodies with Myc- and His-tags

For nanobody productions, pPQ81 vectors (derived from
pHEN1 (49)) encoding the nanobody genes were transformed
into E. coli Rosetta 2 (DE3) BL21 cells (Merck). pPQ81
vectors provided nanobodies with C-terminal Myc- and His-
tags (AAASGSLEQKLISEEDLNGAAHHHHHHGAA). Trans-
formed bacteria were inoculated in 2× yeast extract tryptone
medium supplemented with 2% glucose and 100 μg/ml
ampicillin and grown shaking, at 37 �C, overnight (O/N). The
next day cultures were diluted 1:20 in 2× yeast extract tryptone
medium supplemented with 0.1% glucose and 100 μg/ml
ampicillin and grown at 37 �C, shaking, until an A600 of 0.6 to
0.9 was obtained. Then, nanobody production was induced
with 1 mM IPTG and expression was continued for 4 h at 37
�C or O/N at RT under shaking conditions. Next, cultures
were spun down for 10 min at 6000g. Pellets were dissolved in
PBS and frozen for >30 min at −80 �C or O/N at −20 �C and
thawed to release periplasmic fractions in the supernatant.
Thawed pellets were centrifuged for 15 min at 6000g. Next,
immobilized metal-affinity chromatography was used with
ROTI Garose-His/Co beads (Roth) to purify nanobodies via
their His-tag. After binding to the beads, nanobodies were
eluted with 150 mM imidazole. Subsequently, nanobodies
were dialyzed to PBS and concentrations were determined at
A280 using the NanoDrop One (Thermo Fisher Scientific). For
both nanobodies, production yields were ±5 mg/l bacterial
culture. Finally, nanobody size, purity, and concentration were
verified using SDS-PAGE (Fig. S7), stained with InstantBlue
Safe Coomassie stain (Sigma-Aldrich).

Nanobodies without a Myc-tag

To produce nanobodies without a Myc-tag, nanobody genes
were recloned in the pYQ11 vector (previously published as
pYQVQ11 (52)), which encodes for a C-terminal C-Direct tag
(derived from a FLAG–EPEA tag) containing a free thiol
(cysteine) and an EPEA (Glu, Pro, Glu, and Ala) purification
tag (C-tag, Thermo Fisher Scientific). Vectors were trans-
formed into yeast cells (Saccharomyces cerevisiae strain
VWK18 (53)). For this, expression cells were inoculated in
yeast peptone medium supplemented with 2% glucose and
grown for 24 h, at 30 �C, shaking. Next, cultures were diluted
1:20 in yeast nitrogen base medium supplemented with 2%
glucose and grown at 30 �C under shaking conditions. After
24 h, cultures were diluted 1:10 by adding yeast peptone me-
dium supplemented with 2% glucose and 1% galactose.
Nanobody production was continued for >64 h, at 30 �C,
shaking, until an A600 of >20 was reached. Next, cells were
spun down for 20 min at 6000g and supernatants were
collected, filter sterilized (0.45 μm), and stored at 4 �C until
purification. Produced nanobodies were purified from yeast
supernatants using a CaptureSelect C-tag column (Thermo
Fisher Scientific) and an ÄKTA Start (Cytiva). For this, the
supernatants were adjusted to neutral pH by adding 10 × PBS.
Bound nanobodies were washed with at least five column
volumes of PBS and eluted off with 20 mM citrate buffer
supplemented with 150 mM NaCl, pH 3.0. Next, samples were
neutralized with 100 mM Tris, pH 7.5 and dialyzed to PBS.
Protein concentration was determined at A280 using a Multi-
Scan (Thermo Fisher Scientific). Finally, nanobody size, purity,
and concentration were confirmed using SDS-PAGE followed
by Instant Blue Safe Coomassie staining.

Biotinylated nanobodies, Ecu-mab, and Ecu-Fab

Nanobodies and eculizumab(-Fab) were biotinylated using
two methods. [1] Nanobody sequences were modified to
contain a C-terminal LPETG-His motif and were subsequently
produced and purified in E. coli BL21 Rosetta, like described
above. After purification 50 μM LPETG-His nanobody was
incubated with 25 μM His-tagged Sortase A7 (His-Tevg-
SrtA7) (54) and 1 mM GGGK-Biotin (provided by Louris
Feitsma, Medicinal Chemistry, Utrecht University), in 50 mM
Tris, supplemented with 300 mM NaCl, for 2 h, at 4 �C. His-
Tevg-SrtA7 was modified, expressed in E. coli and purified
using its His-tag, in our lab. Next, samples were equilibrated
with 20 mM imidazole and run over a HisTrap FF column to
remove all His-tagged compounds from the reaction. Subse-
quently, a 30 kDa Amicon Tube (Merck Millipore) was used to
concentrate the biotinylated nanobodies. To remove excess
GGGK-biotin, samples were run over a Zeba Spin Desalting
column (Thermo Fisher Scientific). [2] Myc-His-tagged
nanobodies produced in E. coli and Ecu-mab and Ecu-Fab
were randomly biotinylated via N-hydrocysucciminimidyl-la-
beling. Briefly, nanobodies at a concentration of 50 to 70 μM
J. Biol. Chem. (2023) 299(8) 104956 13
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were incubated for 2 h, at 4 �C, with 20 × molar excess of EZ
link NHS-PEG4-Biotin (Thermo Fisher Scientific, 210901BID),
in PBS, pH 7.4. Unreacted linker was separated with Bio-Spin 6
columns (Bio-Rad) that were previously equilibrated in PBS.
The nanobody concentrations were determined using a
Nanodrop One.

Erythrocyte lysis assays

Sheep (Alsever Biotrading) and rabbit blood (kindly pro-
vided by Utrecht University, Faculty of Veterinary Medicine)
was washed 3 × with PBS and diluted to a 2% erythrocyte
suspension in veronal buffered saline (VBS + 145 nM NaCl,
pH7.4). For the CP, sheep erythrocytes, preopsonized with
1:2000 polyclonal rabbit-anti-sheep IgM (hemolytic ambo-
ceptor (55)) were used, and VBS was supplemented with
0.25 mM MgCl2 and 0.5 mM CaCl2 (VBS++). For the AP,
rabbit erythrocytes were used, and VBS was supplemented
with 5 mM MgCl2 and 10 mM EGTA (VBS/MgEGTA). Peri-
plasmic fractions (1:5 diluted with PBS) or purified nanobodies
(0.45–1000 nM, 3-fold) were incubated for 10 min at RT with
normal human serum (CP: 2.5% and AP: 10%) or 2.5% C5-
depleted serum and repleted with physiological concentra-
tions of C5 WT or C5 R885H. Next nanobody–serum mixes
were added to 2% erythrocyte suspensions, and samples were
incubated at 37 �C under shaking conditions (CP: 10 min, AP:
30 min). Afterward plates were spun down for 7 min at
3500 rpm. Supernatants were diluted 1:3 with milliQ water,
and hemoglobin release was measured in a flat-bottom plate
using an iMark Microplate Reader (Biorad) at 405 nm.

ELISA: coating, incubation times, and development

Unless stated differently, Nunc MaxiSorp plates (VWR 735-
0083, Thermo Fisher Scientific) were coated with 2 μg/ml
purified protein, diluted in PBS, in a volume of 50 μl. Plates
were incubated O/N at 4 �C under still conditions. Next, plates
were blocked with 80 μl 4% bovine serum albumin (BSA) in
PBS + 0.05% Tween-20 (PBS-T). All following incubation steps
were performed in 50 μl 1% BSA PBS-T, shaking, at RT for 1 h.
In between all steps, plates were washed 3 × with PBS-T. To
develop the ELISAs, tetramethylbenzidine substrate solution
of 6 mg/ml, dissolved in dimethyl sulfoxide, was used to
activate the enzyme-labeled antibodies, unless stated differ-
ently. When a color change was observed, the reaction was
stopped with 0.5 M sulfuric acid, and the absorbance was
measured at 450 nm using an iMark Microplate Reader.

Immune response ELISA

Wells coated with C5 were incubated with llama serum to
measure the presence of C5-binding llama antibodies. Llama
serum was diluted in PBS, supplemented with 1% skimmed
milk (Marvel). Llama antibodies were detected using 1:2000
primary polyclonal rabbit-anti-VHH antibody QE19
(QVQ Holding BV) and 1:5000 secondary polyclonal donkey-
anti-rabbit-HRP antibodies (Jackson ImmunoResearch).
ELISA was developed using 3.7 mM O-phenylenediamine
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dihydrochloride + 50 mM Na2HPO4 2H2O + 25 mM citric
acid + 0.03% H2O2 and the reaction was stopped with 0.5 M
sulfuric acid.

Binding ELISA

Wells coated with purified complement components C3,
C4, C5 WT or C5 R885H were used to assess the binding of
our nanobodies and Ecu-mab to different complement pro-
teins. Nanobodies and Ecu-mab were added in a 10-fold
titration (0.001–1000 nM). Next, wells containing nano-
bodies were incubated with 1:2000 primary polyclonal rabbit-
anti-VHH antibody QE19 (QVQ Holding BV) and 1:5000
secondary polyclonal donkey-anti-rabbit-HRP antibodies
(Jackson ImmunoResearch). To detect Ecu-mab binding, wells
were incubated with anti-human-kappa-HRP (Southern
Biotech) detection antibodies.

Competition ELISA

Plates coated with purified complement component C5
were used to assess if our nanobodies compete.
Five nanomolar UNbC5-1-Myc was incubated with a titration
of untagged UNbC5-2 (0.025–1500 nM, 3-fold) for 10 min at
RT and subsequently added to the C5 coated wells. Next, wells
were incubated with 1:2000 primary monoclonal mouse-anti-
Myc-tag clone 9B11 #2274 (Cell Signaling Technologies) fol-
lowed by 1:5000 secondary monoclonal goat-anti-mouse-PO
(Southern Biotech). To assess competition between our
nanobodies and Ecu-mab/RaCI3, 300 nM of UNbC5-1 or
UNbC5-2 was incubated with a titration of Ecu-mab or RaCI3
(5.49–4000 nM, 3-fold) for 10 min at RT, prior to adding it to
the C5 coated wells. Next, nanobody binding was detected
using primary polyclonal rabbit-anti-VHH antibody QE19 and
1:5000 secondary polyclonal donkey-anti-rabbit-horseradish
peroxidase (HRP) antibodies.

CP complement ELISA

Plates were coated with 3 μg/ml human IgM (Millipore) in
0.1 M sodium carbonate, pH 9.6. Thousand nanomolar in-
hibitor (UNbC5-1, UNbC5-2, Ecu-mab, or RaCI3) was incu-
bated with 4% normal human serum, added to the IgM coated
wells, and incubated for 1 h, at 37 �C, under shaking condi-
tions. To measure C5a formation, 25 μl of the supernatant was
diluted with 25 μl 1% BSA PBS-T and added to a Nunc
Maxisorp plate coated with 1 μg/ml anti-C5a capture antibody
(C5a DuoSet ELISA kit, R&D systems). Next, we detected C5a
with 2 μg/ml anti-C5a detection antibody (C5a DuoSet ELISA
kit, R&D systems), followed by an incubation of 1:5000
streptavidin-HRP (Southern Biotech). To measure deposition
of C3b on the IgM coated plates, 1:10,000 primary anti-C3
WM-1 clone digoxigenin labeled antibodies (Sigma-Aldrich),
and 1:8000 secondary anti-digoxigenin-PO antibodies (Roche)
were added. To measure deposition of C5b-9 on the IgM
coated plates, 1:1000 primary monoclonal mouse-anti-C5b-9
aE11 (produced in our lab, based on (56, 57)) and 1:5000
secondary polyclonal goat-anti-mouse-PO were used.
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Surface plasmon resonance

Planar streptavidin coated chips (P-strep, Sens BV) were
spotted with biotinylated UNbC5-1 (method [2]), UNbC5-2
(method [1]), and Ecu-mab (method [1]) (25 and 50 nM, in
duplicate) under a continuous flow for 1 h using a micro-
spotter (Wasatch). Subsequent SPR experiments were carried
out in the IBIS-MX96 (IBIS Technologies) with SPR buffer
(20 mM Hepes pH 7.4, 150 mM NaCl, and 0.005% Tween-20).
Initial testing showed limited regeneration with different high
ionic strength (20 mM Hepes, 2 M NaCl, pH 7.4); ion con-
taining (20 mM Hepes, 150 mM NaCl, 1 M MgCl2, pH 7.4); or
low pH regeneration buffers (10 mM glycine, pH 3.0).
Therefore, the method of kinetic titration was selected to
perform accurate affinity determination. C5 was injected in a
series of 14 steps 2-fold dilutions, at concentrations of 0.78,
1.56, 3.13, 6.25, and 12.50 nM, without regeneration on
nanobodies or Ecu-mab coated surfaces. Determination of
affinities for C5 R885H was performed with the same protocol
using concentrations of 25, 50, 100, 200, and 400 nM. The last
step of dissociation ran for 60 and 35 min, respectively, for
reliable determination of the Koff. Kinetics were determined
using Scrubber 2.0 (BioLogic Software, www.biologic.com.au/
scrubber.html), where simple bimolecular models were used
to fit the data. Due to unsuccessful coating on the chip surface
and the instability of RaCI3 and C5, we used Ecu-Fab-biotin
(method [2]) as a ligand in the competition assay. C5, RaCI3,
and UNbC5-2 were injected sequentially at concentrations of
100 nM, with 5 min association and 4 min dissociation for
RaCI3 and UNbC5-2.

Cryo-electron microscopy

Sample preparation and data collection

C5, purchased from Complement Technologies, was
diluted to a final concentration of 1 μM and gently mixed
with a 1.5 × molar excess of UNbC5-1 and UNbC5-2. The
sample was diluted in PBS and incubated on ice for 20 min
before freezing on glow discharged R1.2/1.3200 mesh Au
holey carbon grids (Quantifoil). The grids were then plunge
frozen in ethane using a Vitrobot Mark IV (Thermo Fisher
Scientific), at 4 �C. Cryo-EM data were collected on a 200 kV
Talos Arctica microscope (Thermo Fisher Scientific) equip-
ped with a K2 summit detector (Gatan) and a post column
20 eV energy filter. Movies were collected in EPU 2 (Thermo
Fisher Scientific, https://www.thermofisher.com/nl/en/
home/electron-microscopy/products/software-em-3d-vis/epu-
software.html) at a magnification of 130,000× with a pixel
size of 1.04 Å/pix. Two datasets were collected in two
collection sessions with similar settings of 40 frames with a
total exposure of 54 and 57 e−/Å2, and a defocus range
of −0.8 to 2.6 μm.

Data processing

The datasets of the C5:UNbC5-1:UNbC5-2 complex con-
tained 1461 and 2349 movies (Fig. S3A). Both data sets were
processed independently in CryoSPARC, v3.2/3 with the
same workflow until 2D classification. Overall, the workflow
for each dataset started with patch-based motion correction
and patch-based contrast transfer function (CTF) estimation
in CryoSPARC, followed by exposure curation that led to a
total of 1253 and 1840 exposures, respectively. Then 100
movies of each data set were selected to perform a round of
blob picking. Particles were extracted three times binned to
3.14 Å/pix and several rounds of 2D classification were
performed to clean and select adequate templates for the
CryoSPARC template picker. After template selection, the
particles were picked and extracted unbinned with a 320-
pixel box, particles of both datasets were merged, and an
initial cleanup was performed through 2D classification. A
total of 1,483,794 particles from 2D selection were then
submitted to generate four initial models (Fig. S3B), that
resulted in one good model that was further submitted to
two initial model rounds (Fig. S3C). The resulted model with
193,009 particles was further selected for refinement. One
round of nonuniform refinement led to a density map with a
3.73 Å resolution, which was further improved to 3.60 Å
after local and global CTF refinement followed by a final
nonuniform refinement. Global resolution was calculated
according to the gold standard Fourier shell correlation,
FSC = 0.143 criterion (Fig. S3D). Postprocessing such as
sharpening and local resolution was also performed in Cry-
oSPARC (Fig. S3,C and E).

Model building, refinement, and structure figures

To build the model of the C5:UNbC5-1:UNbC5-2 com-
plex, models for the two nanobodies were generated through
AlphaFold (26) based on nanobody sequences. The C5
molecule comprising chains α and β of PDB 3CU7 (9) was
also used in combination with the nanobody models to rigid-
body fit them into the cryo-EM maps using UCSF ChimeraX
(58, 59). The model was then iteratively refined using Coot
(https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/)
and Phenix (https://phenix-online.org/version_docs/1.2
0.1-4487/) real-space refine (60, 61) with geometric re-
straints. The C345c domain of C5 was not included in the
final structures because of the weak density in the map.
Figures with protein structures were prepared using PyMOL,
as well as the calculation for interface area between C5 and
nanobodies (retrieved from: http://www.pymol.org/pymol).
Figures with cryo-EM densities were created using UCSF
ChimeraX (58, 59) The statistics of the structure come from
the refinement in Phenix.

Data analysis and statistical testing

Nanobody sequences were aligned using T-coffee (62). Bar
and line graphs were created using GraphPad Prism 9.3.0.
Binding and inhibition curves were fitted in GraphPad Prism
9.3.0 using the functions “[inhibitor] versus normalized
response–Variable slope” and “Asymmetric Sigmoidal, 5PL, X
is concentration”. Fitted curves of three individual experiments
were used to calculate IC50 and EC50 values with SD in
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GraphPad Prism 9.3.0. SPR data were analyzed in Scrubber 2.0
(www.biologic.com.au/scrubber.html) and plotted in Graph-
Pad Prism 9.3.0 (www.graphpad.com).
Data availability

The model coordinates and cryo-EM density maps of the
C5 structure in complex with nanobodies UNbC5-1 and
UNbC5-2 have been deposited under the following accession
numbers 8CML and EMD-16730.

Supporting information—This article contains supporting informa-
tion (60).
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