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Abstract

Surface-associated proteins play critical roles in the Plasmodium parasite life cycle and
are major targets for vaccine development. The 6-cysteine (6-cys) protein family is expressed
in a stage-specific manner throughout Plasmodium falciparum life cycle and characterized by
the presence of 6-cys domains, which are B-sandwich domains with conserved sets of disulfide
bonds. Although several 6-cys family members have been implicated to play a role in sexual
stages, mosquito transmission, evasion of the host immune response and host cell invasion, the
precise function of many family members is still unknown and structural information is only
available for four 6-cys proteins. Here, we present to the best of our knowledge, the first crystal
structure of the 6-cys protein Pf12p determined at 2.8 A resolution. The monomeric molecule
folds into two domains, D1 and D2, both of which adopt the canonical 6-cys domain fold.
Although the structural fold is similar to that of Pf12, its paralog in P. falciparum, we show
that Pf12p does not complex with Pf41, which is a known interaction partner of Pf12. We
generated ten distinct Pf12p-specific nanobodies which map into two separate epitope groups;
one group which binds within the D2 domain, while several members of the second group bind
at the interface of the D1 and D2 domain of Pf12p. Characterization of the structural features
of the 6-cys family and their associated nanobodies provide a framework for generating new

tools to study the diverse functions of the 6-cys protein family in the Plasmodium life cycle.
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Introduction

Plasmodium falciparum is the most lethal of human malaria species and responsible for
the majority of malaria related deaths [1]. One of the key protein families in P. falciparum is
the 6-cysteine (6-cys) protein family with members representing some of the most abundant
surface-expressed proteins across all stages of the malaria parasite life cycle [2]. In P.
falciparum, there are 14 members in the 6-cys protein family and they share a common
structural feature, the 6-cys domain or otherwise referred to as the s48/45 domain. In general,
the 6-cys proteins interact with specific human or mosquito proteins for entry into host tissues
or to evade the host immune response to promote survival of the malaria parasites [3-6].
Furthermore, several members of the 6-cys proteins are involved in parasite sexual
development and fertilization of gametes [7, 8].

The 6-cys proteins are expressed during multiple stages of the parasite life cycle;
P£s230, P{s48/45, Pfs230p, Pfs47 and PfSOP12 in the sexual stages; Pf52, Pf36, PfLISP2 and
PfB9 in the liver stages; and Pf12, Pf12p, Pf41, P{38, and P92 in the blood stages [2]. Pfs230
and Pfs48/45 are the leading transmission blocking vaccine candidates against malaria [9, 10].
Pfs230 forms a complex with Pfs48/45 on the surface of gametocytes, and the complex is
involved in the fertilization of male and female gametes [8, 11-13]. Monoclonal antibodies
(mAbs) against Pfs230 and Pfs48/45 are effective in blocking transmission by inhibiting
successful gamete fertilization [14, 15]. Pfs47 is expressed on the surface of female
gametocytes, zygotes and ookinetes [ 16-18]. The natural selection of specific Pfs47 haplotypes
is consistent with the adaptation of P. falciparum to different Anopheles mosquito species.
Through its interaction with a specific mosquito midgut receptor protein, Pfs47 is involved in
a lock and key model that drives host tropism between parasite and mosquito [6]. Pf52 and
P36 are present on the surface of sporozoites and are crucial for invasion of hepatocytes and

the formation of a parasitophorous vacuole that envelopes the growing parasite. Entry into liver
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cells is proposed to involve Pf36 interaction with hepatocyte receptors EphA2, CD81, and
Scavenger Receptor BI, which is a critical step for successful malaria infection in the human
host [3, 19, 20]. Pf12 and Pf41 form a complex on the merozoite surface and are targets of
naturally acquired immunity [21-26]. Pfl12 is the fifth most prevalent
glycosylphosphatidylinositol (GPI)- anchored protein on the merozoite surface and Pf12 and
Pf41 have been implicated to be involved in red blood cell invasion [4, 27]. Pf92 is an abundant
merozoite surface protein and constitutes about 5% of the total surface coat [27]. P92 plays a
role in immune evasion by recruiting human complement regulator Factor H, which is the
major complement regulator of the alternative pathway of complement. This recruitment serves
to downregulate complement activation on the merozoite surface and protect P. falciparum
merozoites from complement-mediated lysis [5].

The 6-cys domain has two to six cysteines that form disulfide bonds and is evolutionary
related to the SAG1-related sequence (SRS) domain in Toxoplasma gondii [28]. The 6-cys and
SRS domains have been proposed to be derived from an ephrin-like precursor originating from
a vertebrate host protein, with a general function to mediate extracellular protein-protein
interactions and cellular adhesion [28]. The 6-cys domain is characterized by a 3-sandwich fold
of parallel and anti-parallel B-strands and a conserved cysteine motif [28-30]. The B-sandwich
is formed by two B-sheets, usually termed A and B, that are pinned together by two disulfide
bonds. A third disulfide bond connects a loop region to the core structure and a small B-sheet
of two B-strands runs perpendicular along the side of B-sheet B [24, 26, 28-30]. Between one
to fourteen 6-cys domains (denoted as D1, D2, D3...) are present in each 6-cys protein and
they are often found in tandem pairs of A- and B-type 6-cys domains [26, 30]. The two types
of 6-cys domains differ in the number of B-strands in B-sheet A, with A-type domains usually
containing four and B-type domains usually containing five B-strands. The position and

connectivity of cysteines differ between the 6-cys domain compared to the SRS-domain in 7.
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gondii. In the 6-cys domain the disulfide bond connectivity follows a C1-C2, C3-C6, C4-C5
pattern, whereas in the SRS domain it follows a C1-C6, C2-C5, and C3-C4 pattern [31-33].
Domains containing less than six cysteines have been identified in both protein families [34-
37].

Four crystal structures have been determined for the 6-cys family members; the C-
terminal D3 domain of Pfs48/45 bound to either inhibitory mAb 85RF45.1 or mAb TB31F
(humanized version of 85RF45.1) [38, 39], the D1 and D2 domains of Pf41 [24], the D1 and
D2 domains of Pf12 [26], and the D1 domain of Pfs230 with transmission-blocking mAb 4F12
[40]. While these structures have been important in elucidating the general fold of the 6-cys
domain and inhibitory epitopes for two transmission-blocking antibodies, high-resolution
crystal structures of all 6-cys proteins will be required to fully understand the diverse functions
of this protein family. Alpacas, llamas and their camel cousins have evolved one of the smallest
naturally occurring antigen recognition domains called nanobodies. Nanobodies are ~15 kDa
in size, display strong binding affinities to target proteins and also function as structural
chaperones to assist in crystal formation. Nanobodies may be used both to assist in the
crystallisation of 6-cys proteins and to block malaria parasite invasion by inhibiting the specific
functions of 6-cys proteins.

While several family members play critical roles in the parasite life cycle, many 6-cys
proteins are not well characterized and their precise functions are unknown. One of the
understudied 6-cys protein is Pf12p, which is a paralog of Pf12 [30]. Pf12p is predicted to
contain a signal peptide, two 6-cys domains and a GPI-anchor that links the protein to the
parasite surface [27]. Microarray data indicates that Pf12p is transcribed in blood stages and
mass spectrometry data suggests that this protein is also present in sporozoites but the function
of Pf12p is currently unknown [27, 41, 42]. To further characterize Pf12p using structural

methods and to generate antibody tools that are specific to Pf12p, we immunized an alpaca
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99  with recombinant Pf12p protein to produce specific nanobodies. We characterized a collection
100  of anti-Pf12p nanobodies for their specificity, affinities and epitope competition. To the best
101  of our knowledge, we determined the first high-resolution crystal structures of Pf12p alone and
102 Pf12p bound to two distinct nanobodies. These crystal structures and nanobody tools will help
103 to drive functional analyses of Pf12p in the future.

104  Materials and Methods

105  Expression and purification of Pf12p, Pf12 and Pf41

106 We expressed recombinant fragments of Pf12p corresponding to amino acids N24-
107 S341 (Pf12p D1D2) and N168-S341 (Pf12p D2). The baculovirus transfer vector pAcGP67-A
108  was modified to introduce a Tobacco etch virus (TEV)-cleavable Hiss-tag following the GP-
109 67 signal sequence. The Pf12p sequences were cloned after the N-terminal TEV-cleavage site,
110  using Nhel and Notl restriction sites. Pfl12p proteins were expressed using Spodoptera
111 frugiperda (Sf) 21 cells (Life Technologies) cultured in Insect-XPRESS Protein-free Insect
112 Cell Medium supplemented with L-glutamine (Lonza). A Sf21 cell culture of ~1.8 x 10°
113 cells/ml was inoculated with the third passage stock of virus and incubated for three days at 28
114  °C. Cells were separated from the supernatant by centrifugation. The supernatant was
115  concentrated via tangential flow filtration using a 10 kDa molecular weight cut-off cassette
116  (Millipore). The concentrated supernatant was dialyzed into 30 mM Tris pH 7.5, 300 mM NaCl
117  (buffer A) and incubated with Ni-NTA resin (Qiagen) for one hr at 4 °C on a roller shaker. The
118  Ni-NTA resin was added onto a gravity flow chromatography column and washed with 10-20
119  column volumes of buffer A. The imidazole concentration in buffer A was increased stepwise
120 from 0-300 mM for protein elution. TEV protease was added to the pooled fractions containing
121 Pf12p and dialysed into buffer A. The solution was incubated with Ni-NTA resin (Qiagen) for
122 one hr at 4 °C to bind the His-tagged TEV protease and uncleaved Pf12p. Untagged Pf12p was

123 collected from the flowthrough, concentrated and applied onto a size exclusion
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124 chromatography (SEC) column (SD200 increase 10/300 or SD200 16/600 pg, GE Healthcare)
125  pre-equilibrated with 20 mM HEPES pH 7.5, 150 mM NaCl.

126 Recombinant fragments of Pf12 D1D2 (residues N28-S304) and Pf41 D1D2 (residues
127  K21-S368) were cloned into our modified pAcGP67-A vector, expressed and purified
128  following the same purification protocol as Pf12p above with some modifications.

129  Alpaca Immunisation and nanobody phage library

130 One alpaca was subcutaneously immunized six times 14 days apart with approximately
131 200 pg of recombinant Pf12p D1D2 protein. The adjuvant used was GERBU FAMA.
132 Immunization and handling of the alpaca for scientific purposes was approved by Agriculture
133 Victoria, Wildlife & Small Institutions Animal Ethics Committee, project approval No. 26-17.
134 Blood was collected three days after the last immunization for the preparation of lymphocytes.
135  Nanobody library construction was carried out according to established methods [43]. Briefly,
136  alpaca lymphocyte mRNA was extracted and amplified by RT-PCR with specific primers to
137  generate a cDNA library size of 10® nanobodies with 80% correct sized nanobody insert. The
138  library was cloned into a pMES4 phagemid vector amplified in Escherichia coli TG1 strain
139  and subsequently infected with M13K07 helper phage for recombinant phage expression.

140  Isolation of Pf12p nanobodies

141 Biopanning for Pf12p nanobodies using phage display was performed as previously
142 described [43]. Phages displaying Pf12p-specific nanobodies were enriched after two rounds
143 of biopanning on 1 pg of immobilized Pf12p D1D2 protein. After the second round of panning,
144 95 individual clones were selected for further analyses by ELISA for the presence of Pf12p
145 nanobodies. Positive clones were sequenced and annotated using the International
146  ImMunoGeneTics database (IMGT) and aligned in Geneious Prime.

147
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149  Expression and purification of nanobodies

150 Nanobodies were expressed in E. coli WK6 cells. Bacteria were grown in Terrific Broth
151  at 37 °C to an ODgoo of 0.7, induced with 1 mM IPTG and grown overnight at 28 °C for 16 h.
152 Cell pellets were harvested and resuspended in 20% sucrose, 20 mM imidazole, 150 mM NaCl
153  DPBS and incubated for 15 min on ice. 5 mM EDTA was added and incubated on ice for 20
154  minutes. After this incubation, 10 mM MgCl, was added and periplasmic extracts were
155 harvested by centrifugation and the supernatant was loaded onto a 1 ml HisTrap FF column
156  (GE Healthcare). The nanobody was eluted via a linear gradient into 400 mM imidazole, 100
157 mM NacCl, PBS. The appropriate fractions were concentrated and subjected to SEC (SD200
158  increase 10/300) pre-equilibrated in 20 mM HEPES pH 7.5, 150 mM NaCl.

159  ELISA for antibody specificity

160 96-well flat-bottomed MaxiSorp plates were coated with 65 nM of recombinant protein
161  as indicated in 50 uL of PBS at room temperature (RT) for one hour. All washes were done
162  three times using PBS and 0.1% Tween (DPBS-T) and all incubations were performed for one
163  hour at RT. Coated plates were washed and blocked by incubation with 10% skim milk
164  solution. Plates were washed and then incubated with 65 nM of nanobodies. The plates were
165 washed and incubated with mouse anti-His (Bio-Rad MCA-1396; 1:1000) followed by
166  horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody
167  (MerckMillipore AP124P, 1:1000). After a final wash, 50 pL of azino-bis-3-
168  ethylbenthiazoline-6-sulfonic acid (ABTS liquid substrate; Sigma) was added and incubated in
169  the dark at RT and 50 pL of 1% SDS was used to stop the reaction. Absorbance was read at
170 405 nm and all samples were done in duplicate.

171

172
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173  Western Blotting

174  Purified Pf12p D1D2 was loaded on a 4-12% Bis-Tris SDS-PAGE gel under reduced and non-
175  reduced conditions, and proteins were transferred onto a PVDF membrane. All washes were
176  done in DPBS-T at RT for five minutes. The membrane was blocked with 10% milk in DPBS-
177 T overnight at 4 °C. The membrane was washed and incubated with 0.5 ug/ml nanobody in 1%
178  milk in DPBS-T for one hour at RT. The membrane was washed twice and incubated with
179  HRP-conjugated goat anti-llama IgG (Agrisera AS10 1240, 1:2000) in DPBS-T for one hour
180  at RT. The membrane was washed twice followed by a final wash with DPBS for 10 min. The
181  blots were processed with an enhanced chemiluminescence (ECL) system (Amersham
182  Biosciences).

183  Bio-Layer interferometry (BLI)

184 Affinity determination measurements were performed on the Octet RED96e
185  (FortéBio). All assays were performed using NiNTA capture sensor tips (NTA) sensors
186  (FortéBio) with kinetics buffer (PBS pH 7.4 supplemented with 0.1% (w/v) BSA and 0.05%
187  (v/v) TWEEN-20) at 25 °C. After a 60 s biosensor baseline step, nanobodies (5 pg/mL) were
188  loaded onto NTA sensors by submerging sensor tips until a response of 0.5 nm and then washed
189  in kinetics buffer for 60 s. Association measurements were performed using a two-fold dilution
190  series of untagged Pf12p D1D2 from 6-200 nM (used a dilution series from 16-500 nM to
191  measure affinity to nanobody A10) for 180 s and dissociation was measured in kinetics buffer
192 for 180 s. Sensor tips were regenerated using a cycle of 5 s in 300 mM imidazole pH 7.5 and 5
193  sinkinetics buffer repeated five times. Baseline drift was corrected by subtracting the response
194  of a nanobody loaded sensor not incubated with untagged Pf12p D1D2. Curve fitting analysis
195  was performed with Octet Data Analysis 10.0 software using a global fit 1:1 model to

196  determine Kp values and kinetic parameters. Curves that could not be fitted were excluded
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197  from the analyses. Mean kinetic constants reported are the result of three independent
198  experiments.

199 The affinity of Pf12 and Pf12p binding to Pf41 were measured using the method above
200  with the following modifications. His-tagged Pf41 (10 pg/mL or 20 pg/mL) was loaded onto
201  NTA sensors until a response shift of 1.8 nm. Association measurements were performed using
202 atwo-fold dilution series from 16-500 nM (if loaded with 10 ug/mL of Pf41) or 31-1000 nM
203  (if loaded with 20 pg/mL of Pf41) of untagged Pf12 D1D2 and untagged Pf12p D1D2.

204  Competition binding experiment using BLI

205 For competition experiments using BLI, 150 nM untagged Pf12p DID2 was pre-
206  incubated with each nanobody at a 10-fold molar excess for one hr at RT. A 30 s baseline step
207  was established between each step of the assay. NTA sensors were first loaded with 10 pg/mL
208  of nanobody for 5 min. The sensor surface was then quenched by dipping into 20 pg/mL of an
209  irrelevant nanobody for 5 min. Nanobody-loaded sensors were then dipped into premixed
210  solutions of Pf12p D1D2 and nanobody for 5 min. Nanobody-loaded sensors were also dipped
211  into Pf12p DI1D2 alone to determine the level of Pf12p DI1D2 binding to immobilized
212 nanobody in the absence of other nanobodies. Percentage competition was calculated by
213 dividing the max response of the premixed Pf12p D1D2 and nanobody solution binding by the
214  max response of Pf12p binding alone, multiplied by 100.

215  Crystallization and Structure Determination

216 Purified Pf12p was mixed with an anti-Pf12p nanobody in a molar ratio of 1:1.5 and
217  incubated for 1 hr on ice prior to SEC (SD200 increase 10/300; 20 mM HEPES pH 7.5,
218 150 mM NaCl) to separate the Pfl2p-nanobody complex from excess nanobody.
219  Crystallization trials were performed at the Collaborative Crystallization Centre (CSIRO, C3,

220  Parkville) at 8 °C. Hanging drop vapour diffusion crystallization trials were set up in-house for

10
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221  crystal optimization of Pf12p-D9 and Pf12p-B9. Pf12p crystals were obtained in 12.5% MPD,
222 0.02 M alanine, 0.1 M bicine-tris pH 8.5, 0.02 M glycine, 0.02 M lysine, 12.5% PEG1000,
223 12.5% PEG3350, 0.02 M serine, 0.02M sodium glutamate, 0.2 M magnesium chloride at
224 4 mg/ml and harvested in mother liquor. Pf12p-D9 crystallized in 0.1 M bis-tris chloride pH
225 6.5, 0.2 M magnesium chloride, 25% PEG3350 at 5 mg/ml and were flash frozen in mother
226  liquor containing 30% glycerol. Pf12p-B9 crystallized in 20% PEG3000, 0.1 M trisodium
227  citrate-citric acid pH 5.5 at 6 mg/ml. A Pf12p-B9 crystal was transferred stepwise into cryo-
228  protectant and soaked for 3 min in mother liquor containing 3 mM K,Pt(CN)4 and 25% glycerol
229  before flash-freezing in liquid nitrogen. X-ray diffraction data was collected at the MX2
230  beamline at the Australian Synchrotron. The XDS package [44] was used for data processing.
231  Phaser [45] was used for molecular replacement. The phase problem of Pf12p-B9 was solved
232 using coordinates of nanobody VHH-72 of PDB ID 6WAQ, and modified structures of an
233 unpublished 6-cys protein and Pf12 (PDB ID 2YMO) as model structures. The 6-cys protein
234  models were trimmed to remove flexible loops and amino acids other than cysteines were
235  modified to alanine. Initial phases of Pf12p and Pf12p-D9 were obtained using coordinates of
236  individual chains of Pf12p-B9 as search models for molecular replacement. Alternating rounds
237  of structure building and refinement were carried out using Coot [46] and phenix [47, 48].
238  About 2000 reflections were set aside in each case for the calculation of Reee. Figures of the

239  structures were prepared with PyMOL (www.pymol.com) [49]. Interactions, interfaces and

240  buried areas from solvent were analysed using PISA [50]. The atomic coordinates and structure
241  factor files have been deposited in the Protein Data Bank (PDB) under PDB ID 7KJ7 for Pf12p,
242 7KIJH for Pf12p-B9 and 7KIJI for Pf12p-D9.

243 Size Exclusion Chromatography Binding Studies of Pf12p with Pf12 and Pf41

244 Complexation was carried out by incubating 100 pug Pf12p or Pf12 with Pf41 at a 1:1

245  molar ratio for one hr at RT. 30 uL of the sample was loaded onto an SEC column (Superdex

11
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246 200 3.2/300) pre-equilibrated in 20 mM HEPES pH 7.5, 150 mM NaCl using a 100 uL loop.
247  The run was carried out using a 0.03 ml/min flow rate and 100 pL fraction size. Equivalent
248  amounts of Pf12, Pf12p and P41 were run singly for comparison of retention volumes to assess
249  complex formation.

250  Results

251  Isolation and characterization of Pf12p-specific nanobodies

252 A 10% nanobody phage display library was generated from an alpaca immunised with
253  recombinant Pf12p D1D2 and used to select for Pf12p-specific nanobodies. After two rounds
254  of bio-panning, we identified ten distinct nanobody clonal groups based on differences in the
255 amino acid sequence of the complementary determining region 3 (CDR3) (Figure 1A). The
256  CDR3 regions of the nanobodies vary in at least one amino acid with lengths between 8 to 21
257  residues. One member of each clonal group was selected for further characterization and will
258  be referred to as A10, B2, B9, B12, C4, C12, D9, F7, G6, and H7. These nanobodies were
259  expressed and purified with overall yields of 1-12 mg per litre of initial culture and migrated
260  between 13 and 17 kDa on SDS-PAGE under reducing conditions (Figure 1B).

261 To examine the specificty of these Pf12p-specific nanobodies, we used recombinant
262  Pfl12p and two other recombinant 6-cys proteins, Pf12 and Pf41 in an ELISA-based assay
263  (Figure 1C). All three recombinant proteins consist of two 6-cys domains. Pf12p shares 16.7%
264  sequence identity with Pf12 and 12.8% with Pf41. All ten nanobodies recognize Pf12p but do
265  not bind to Pf12 nor Pf41. Pf12- and Pf41-specific nanobodies, D12 and A4, respectively, do
266  not cross-react with Pf12p. Collectively, these results show that the ten nanobodies are specific
267  to Pf12p and are not cross-reactive with two other 6-cys proteins.

268 We wanted to determine whether the Pf12p-specific nanobodies are able to detect Pf12p
269 by Western blotting under reducing and non-reducing conditions (Figure 1D). Six of the ten

270  nanobodies, A10, B9, B12, C4, D9, and G6 showed no or weak reactivity under both
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271  conditions. Four nanobodies, B2, C12, F7, and H7, recognize the reduced and non-reduced
272 Pf12p to different extents. All four nanobodies above show a stronger signal with non-reduced
273  Pf12p compared to reduced protein, indicating that the presence of disulfide bonds improves
274  the recognition of Pf12p by these nanobodies using Western blotting.

275 We used bio-layer interferometry (BLI) to determine the binding kinetics and affinities
276  of the interaction between nanobodies and Pf12p (Figure 1E and Supplementary Figure S1).
277  Nine out of ten nanobodies bind recombinant Pf12p with high affinity in the low nanomolar
278  range, with association rates around 10° M-'s! and dissociation rates between 102 and 10 s™!.
279  A10 which is the weakest binding nanobody has an affinity of ~100 nM.

280

281  Pfl2p-specific nanobodies bind to two separate regions on Pf12p

282 To determine whether the Pf12p-specific nanobodies bound epitopes within the D1 or
283 D2 domain of Pf12p, we performed an ELISA using recombinant Pf12p D1D2 and Pf12p D2
284  proteins. Our recombinant Pf12p D1D2 protein contains both predicted 6-cys domains and
285  lacks the N-terminal signal sequence and predicted C-terminal GPI-anchor (Figure 2A). Pf12p
286 D2 contains the C-terminal domain D2 only (Figure 2A). Unfortunately, we were unable to
287  express the single domain D1 of Pf12p. Nanobodies B2, C4, C12, F7, and H7, bound to both
288  Pfl12p D1D2 and Pf12p D2 proteins with similar binding signals showing that these five
289  nanobodies bind epitopes within the D2 domain of Pf12p (Figure 2B). Nanobodies B9 and G6
290  showed a lower detection signal to Pf12p D2 compared to Pf12p D1D2 suggesting that both
291  the D1 and D2 domains of Pf12p may be involved in nanobody binding. A10, B12, and D9,
292 bound Pf12p D1D2 but their signal for Pf12p D2 was weaker or similar to that of the negative
293 controls (Figure 2B). The binding sites of these three nanobodies may lay within the DI

294  domain, but a contribution of D2 cannot be excluded.
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295 To determine if the Pfl2p-specific nanobodies recognize similar epitopes, we
296  performed a nanobody competition experiment using BLI. As expected, all nanobodies were
297  able to compete with themselves (Figure 2C). We observed that B2, C4, C12, F7, and H7
298  compete with each other, while A10, B9, B12, D9 or G6 do not compete with the former set of
299  nanobodies. Consistent with these results, A10, B9, B12, D9 and G6 compete with each other
300 whereas B2, C4, C12, F7 and H7 do not compete with them. Our BLI results show that the
301 nanobodies group into two different epitope bins. Together with our ELISA analysis, we
302  propose that one group B2, C4, C12, F7, and H7 bind within the D2 domain of Pf12p, whereas
303  the binding sites of the other group of competing nanobodies, A10, B9, B12, D9, and G6,
304  involve the D1 domain to differing extents.

305

306  The crystal structure of Pf12p

307 We determined the crystal structure of Pfl2p D1D2 at a resolution of 2.8 A by
308 molecular replacement. Two molecules are present in the asymmetric unit of our crystal
309  structure, which are nearly identical and align with a root mean square deviation (RMSD) of
310 0.4 A. Evaluation of the interfaces using PISA [50] indicates that the protein is monomeric,
311  which is consistent with the elution profile from size exclusion chromatography (Figure 4C).
312 In the following structural description, we will focus solely on molecule A. Our crystal
313 structure reveals that Pf12p D1D2 folds into two domains, D1 and D2, each containing six
314  cysteines (Figure 3A). The N-terminal D1 domain adopts the fold of a typical 6-cys domain of
315  type A, which forms a f-sandwich with a 4-on-4 B-strand arrangement. The two sheets of the
316  B-sandwich consist of mixed parallel and anti-parallel B-strands and are pinned together by two
317  disulfide bonds, formed between C27 and C62, and between C76 and C144. A third disulfide

318  bond between residues C93 and C142 connects a loop to the core structure. In our structure,
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319  the cysteines form C1-C2, C3-C6 and C4-C5 pairings, which is characteristic for a typical 6-
320  cys domain.

321 The C-terminal D2 domain of Pf12p folds into a 6-cys domain of type B forming a [3-
322  sandwich with a 5-on-4 B-strand arrangement of mixed parallel and anti-parallel B-strands
323 (Figure 3A). As in D1, three disulfide bonds are present in this domain with C1-C2, C3-C6,
324  and C4-CS5 pairs formed by C173-245, C260-323, and C173-C245. While most residues are
325  well resolved, one loop in each domain is partly disordered, namely residues 40-56 in D1 and
326  residues 199-241 in D2, which features an asparagine-rich region which is not conserved in
327  Pf12p homologs in other Plasmodium species (Supplementary Figure S2).

328 The highest structural similarity to Pf12p D1D2 are structures of the merozoite surface
329  proteins Pf12 and Pf41 with Z-scores of 16.9 and 15.4 respectively, followed by gametocyte
330  surface proteins Pfs230 and Pfs48/45 with Z-scores of 15.0 and 12.9, as indicated by a DALI
331  search of the Protein Data Bank (PDB) [51]. All four proteins belong to the 6-cys protein family
332 and share an amino acid sequence identity with Pf12p between 18-27%. The available
333  structures of Pf12 and Pf41 also contain two 6-cys domains whereas structures of Pfs230 and
334  Pfs48/45 feature only a single 6-cys domain (Figure 3B). Structural alignments of Pf12p, Pf12
335  and Pf41 show that their overall architecture is similar (Figure 3C-E). In all three structures the
336 two 6-cys domains are connected by a short linker and domain-domain contacts are mostly
337  formed between connecting loops of D1 and the five-stranded -sheet of D2 (Supplementary
338  Figure S3). In the case of Pf12, a surface of 461 A? is buried between its two domains, 911 A2
339  for Pf41 and 689 A2 for Pf12p. The two 6-cys domains are tilted against each other in a similar
340  manner, but the relative rotation between D1 and D2 differs in the three structures (Figure 3C).
341 We have individually aligned the 6-cys domains of Pf12p with the corresponding A-
342  and B-type 6-cys domains of the other family members with known structures (Figure 3D-G).

343  The D1 domain of Pf12p overlays with Pfs230 D1M with a RMSD of 1.8 A, followed by Pf12
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344 D1 with a RMSD of 2.0 A and Pf41 D1 with a RMSD of 5.0 A. The D2 domain of Pf12p
345  overlays with Pfs48/45 6C with a RMSD of 2.2 A, with Pf12 D2 with a RMSD of 2.4 A, and
346  with Pf41 D2 with a RMSD of 4.4 A. The structural alignments show that while the overall
347  domain fold is similar and the spatial position of the cysteine pairs overlay closely, the
348  differences in the length of pB-strands, as well as the length and conformation of connecting
349  loops contribute to the relatively high RMSD values.

350

351  Recombinant Pf12p does not interact with Pf41 in solution

352 Pf12p is a paralog of Pf12 and we wanted to investigate whether the two proteins have
353  redundant roles in the parasite life cycle. Pf41 is a known interaction partner of Pf12 on the
354  merozoite surface and we wanted to determine if Pf12p also had the capability to interact with
355  Pf41. Using BLI we show that Pf41 is able to bind to Pf12 with an equilibrium dissociation
356  constant of Kp = 143.7 £ 22.6 nM (Figure 4A). However, for Pf12p, even at the highest
357  concentration of 500 nM we were unable to detect any binding to Pf41 (Figure 4B). Using size
358  exclusion chromatography, we observed complex formation between Pf12 and Pf41 as a higher
359  molecular weight species (Figure 4C). In comparison, there was no indication of a complex
360  forming between Pf12p and Pf41 (Figure 4D). Here, we show that unlike Pf12, Pf12p does not
361 form a complex with Pf41 suggesting that the paralogs may have different functions in the
362  parasite life cycle.

363

364  Pfl2p-specific nanobodies bind at the Pf12p DI1-D2 domain junction

365 We used X-ray crystallography to understand how Pf12p-specific nanobodies bind to
366  Pf12p. We purified stable complexes of different nanobodies with either Pf12p D1D2 or Pf12p
367 D2 for crystallization trials. Unfortunately, we obtained no crystallization conditions for Pf12p

368 in complex with B2, C4, or H7, which all bind to the D2 domain of Pf12p and compete with
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369  each other. Using Pf12p DI1D2, we obtained diffraction quality crystals for Pf12p-B9 and
370  Pf12p-D9 complexes which were determined to 2.0 A and 3.25 A, respectively (Figure 5A, B).
371  The Pf12p-B9 structure shows that B9 forms contacts with residues on both Pf12p domains
372 (Figure 5A, C, Table 2). All three CDR loops of B9 are involved in binding Pf12p with an
373  interaction surface of 910 A? (Figure 5C). The Pf12p-D9 structure also reveals that nanobody
374 D9 forms contacts with residues on both Pf12p domains (Figure 5B, D, Table 2). CDR1 and
375  CDR3 loops of D9 are involved in binding to Pf12p with an interaction surface of 710 A2. The
376  side chains of the CDR2 region of D9 are not well resolved, therefore we are unable to
377  determine the contribution of this CDR loop to binding of Pf12p. While the engagement of the
378  CDR loops with Pf12p differ between B9 and D9, both nanobody epitopes partly overlap,
379  which is consistent with our BLI results showing that B9 and D9 are competing nanobodies.
380 To determine if B9 and D9 binding introduces structural changes in Pf12p, we aligned
381  the atomic coordinates of Pf12p obtained from the Pf12p D1D2 structure with that of Pf12p-
382 B9 and Pf12p-D9 (Figure SE). While only one Pf12p-D9 complex is present in the asymmetric
383  unit of the crystal structure, there are two Pf12p molecules and two Pf12p-B9 complexes in
384  their respective asymmetric units. The five individual chains of Pf12p align with RMSD values
385  0f 0.3-0.8 A. This indicates that there was no major structural change in Pf12p upon binding
386  of the B9 and D9 nanobodies (Figure 5E). Minor positional differences in the [B-strand
387  connecting loops between the different Pf12p chains were observed indicating some flexibility
388  in these regions. Our crystal structures of Pf12p-B9 and Pf12p-D9 show that both nanobodies
389 interact with Pf12p at the D1-D2 junction. To our knowledge these are the first available
390  structures of a 6-cys protein containing two 6-cys domains in complex with antibody
391  fragments.

392

393

17


https://doi.org/10.1101/2020.12.12.422521
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.12.422521; this version posted December 13, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

394  Discussion

395 Members of the 6-cys family of proteins are conserved across Plasmodium species and
396  play critical roles in parasite invasion, fertilisation, transmission and host immune evasion.
397  However, the precise function of many members remains unknown and structural information
398 is not available for the majority of these surface antigens. In this study, we report the first
399  crystal structure of P. falciparum protein Pfl12p with its two 6-cys domains. We also
400  characterize a collection of anti-Pf12p nanobodies for their specificity, affinities and their
401  epitope bins. Furthermore, we describe two crystal structures of Pfl12p bound to distinct
402  nanobodies, both of which show that nanobodies are able to bind to regions spanning two
403  separate 6-cys domains.

404 Immunisation of Pf12p in alpacas and subsequent selection of nanobodies using phage
405  display resulted in the identification of ten distinct clonal groups of nanobodies against Pf12p.
406  These ten nanobodies were specific against Pf12p and did not show cross-reactivity towards
407  either Pf12 or Pf41, which are the closest structural homologues to Pf12p. The nanobodies have
408  affinities ranging from ~3 to 105 nM for binding to Pf12p and their CDR3 regions vary in
409  length between 8 to 21 amino acids. Using BLI, we determined that the antibodies belong to
410  two different epitope bins. One group of five nanobodies bind within domain D2 of Pf12p, but
411 we were unable to obtain crystal structures of this set of nanobodies for detailed epitope
412  determination. In the second group of five nanobodies, binding to Pf12p is partially or
413  completely abrogated in the absence of the D1 domain and we were able to determine the
414  structure of two Pf12p-nanobody complexes of this group of antibodies.

415 We observed that the two Pfl12p-specific nanobodies interact with the interdomain
416  region of Pf12p and simultaneously engage both domains of this protein. This mode of binding
417 is novel for antibodies that recognize 6-cys protein family members. Published crystal

418  structures of inhibitory antibodies are all located within single 6-cys domains of P{s230 and
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419  Pfs48/45. Both anti-Pfs230 antibody 4F12 and anti-Pfs48/45 antibody 85RF45.1 bind their
420  respective antigen at an edge of the PB-sandwich of domain D1 and D3, respectively, by
421  engaging many residues of the 3-strand connecting loops. By comparison, our nanobodies B9
422 and D9 form most interactions with residues located on B-sheet A of each domain. We propose
423  that nanobodies are able to bind to the interdomain regions and provide a tool for identifying
424  novel inhibitory epitopes of the 6-cys protein family.

425 In the three available structures of containing two 6-cys domains in Pf12, Pf41 and
426  Pfl12p, D1 and D2 are rotated against each other in a similar manner and interdomain
427  interactions bury extended surface areas from solvent exposure (461-911 A?). The smallest D1-
428 D2 interface is present in the structure of Pf12, but here 33 residues are missing in D1 which
429  could (partly) contribute to further interdomain interactions. While the described D1-D2
430  domain interactions of Pf12 are of hydrophobic nature and predicted to allow mobility between
431 D1 and D2 [26], interdomain contacts of Pf41 and Pf12p involve hydrogen bonds as well as
432 hydrophobic and aromatic interactions suggesting that the domain arrangement of 6-cys protein
433  tandems of A-type and B-type are rigid rather than flexible. In comparison, the tandem domains
434  of'therelated SRS protein family in 7. gondii, are organized in a linear head-to tail arrangement
435  forming no or limited interdomain interactions [31-33]. The two domains of this protein family
436  are therefore flexible towards each other and the domain-connecting linker is believed to
437  facilitate structural adaptations during ligand binding [31, 32, 52]. The predicted ligand binding
438  site of parallel orientated SRS-homodimers are located at the dimer interface of the D1 domains
439  [31, 33].

440 Length and size of B-strand connecting loops vary between 6-cys protein family
441  members. Our crystal structures show that Pf12p has a 40 residue-long loop in the D2 domain,
442  which is disordered and asparagine-rich. The extreme AT-rich genome of P. falciparum

443  features an abundance of trinucleotide repeats coding for asparagine that causes a wealth of
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444  low-complexity, asparagine-rich regions in P. falciparum proteins, such as Pf12p. About 30%
445  of'the P. falciparum proteome contains such low-complexity amino acid repeats with stretches
446  of 37 residues on average [53]. The repeats are found in all protein families and in every stage
447  of the life cycle. For the 6-cys family, asparagine-rich regions with six or more asparagine
448  residues in a row, are present in Pf12p, Pf52, PfLISP2 and PfB9. In other Plasmodium species
449  asparagine-rich regions are rare, except in P. reichenowi and this repeat region is not conserved
450  in P12p orthologs across Plasmodium species. The functional role of these asparagine-rich
451  regions will need to be determined.

452 Gene duplication played a role in the expansion of the 6-cys protein family resulting in
453  four paralogous pairs of genes [30, 36, 54, 55]. The family members Pfs230 and Pfs230p are
454  paralogs, as are Pfs48/45 and Pf47, Pf36 and Pf52, and Pfl12 and Pf12p. The amino acid
455  sequence identity is low among the pairs of paralogs. Pf12p is reported to be transcribed in
456  blood stages of infection and present in sporozoites but the protein is not associated with any
457  function to date [27, 41, 42]. Pf12 is present on the surface of schizonts and merozoites [25,
458  26]. The biological role of Pf12 is unknown, but its ability to interact with Pf41 is well
459  characterized [24-26]. In comparison to Pfl2, the Pfl12p protein shows no evidence of
460 interacting with Pf41 suggesting that the roles of Pfl2 and Pfl2p are probably not
461  interchangeable.

462 The 6-cys family of proteins are an important class of surface-proteins involved in
463  different functions of the Plasmodium parasite life cycle. In conclusion, we have generated and
464  characterized ten different nanobodies that bind Pfl12p with high affinity and specificity.
465  Crystal structures of two nanobody-Pfl12p complexes reveal a novel binding mode of
466  antibodies that recognize 6-cys proteins by engaging the interdomain region of the protein. We

467  propose that nanobodies targeting 6-cys proteins are a useful tool to identify new inhibitory
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468  epitopes for 6-cys proteins and will contribute to unravelling the diverse functions of this
469  protein family.

470  Data availability

471  Coordinates and structure factors have been deposited in the Protein Data Bank (PDB) under
472  PDB ID 7KJ7 for Pf12p, 7KJH for Pf12p-B9 complex and 7KIJI for Pf12p-D9 complex.
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497  Figure legends

498

499  Fig 1. Pf12p-specific nanobodies. (A) Sequence alignment of 10 nanobodies with framework
500 regions (FR) and complementary determining regions (CDR) indicated according to the
501  international ImMunoGeneTics information system (IMGT). Black residues represent less than
502  60% similarity to the consensus sequence. (B) Coomassie-stained SDS-PAGE gel of purified
503  Pfl2p-specific nanobodies under reducing conditions. Molecular weight marker (M) in kDa is
504  shown on the left-hand side. (C) Detection of Pf12p by nanobodies using ELISA. Anti-Pf12p
505  nanobodies, anti-Pf12 nanobody D12 and anti-Pf41 nanobody A4 were added to microtiter
506  wells coated with Pf12p, Pf12 and Pf41. Bound nanobodies were detected with anti-His
507  antibody followed by HRP-conjugated secondary antibody. Error bars represent standard
508 deviation of the mean. (D) Detection of Pf12p by nanobodies by Western blotting. Reduced
509  (R) and non-reduced (NR) Pf12p protein was separated by SDS-PAGE and probed with the
510  respective nanobodies and detected using an HRP-conjugated goat anti-llama IgG. Molecular
511  weight marker in kDa is shown on the left hand-side. (E) Iso-affinity plot showing the
512  dissociation rate constants (kq) and association rate constants (ka) of Pf12p nanobodies as
513  measured by BLI. Symbols that fall on the same diagonal lines have the same equilibrium
514  dissociation rate constants (Kp) indicated on the top and right sides of the plot.

515

516 Fig 2. Domain mapping and epitope competition of Pfl12p-specific nanobodies. (A)
517  Domain organization of full-length Pf12p (upper) and recombinant fragments of Pf12p D1D2
518  (middle) and Pf12p D2 (lower). SP, signal peptide; GPI, predicted GPI-anchor sequence; Hiss-
519 TEV, N-terminal Hisg-tag followed by a TEV cleavage site. Lines and numbers show cysteine
520 bonds. (B) Domain mapping of Pfl2p-specific nanobodies using ELISA. Anti-Pf12p

521  nanobodies were added to microtiter wells coated with Pf12p D1D2 and Pf12p D2. Bound

522  nanobodies were detected with anti-His antibody followed by HRP-conjugated secondary
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523  antibody. Error bars represent standard deviation of the mean. (C) Epitope competition
524  experiments by BLI using immobilized nanobodies indicated on the left column incubated with
525 nanobodies indicated on the top row pre-incubated with Pf12p using a 10:1 molar ratio.
526  Binding of Pf12p premixed with nanobody was calculated relative to Pf12p binding alone,
527  which was assigned to 100%. A blue to red gradient shows antibodies with the highest levels
528  of competition in blue and the lowest in red.

529

530  Fig 3. Crystal structure of Pf12p and comparison with structures of other 6-cys protein
531 family members. (A) The Pf12p structure (PDB ID 7KJ7) is shown in two orthogonal views.
532 The N- and C-termini and disulfide bonds are labelled. Dashed lines indicate regions which do
533  not have defined electron density. The -sheets A and B of the 3-sandwich of each domain are
534  coloured in orange and red, respectively. (B) Schematic diagram of selected 6-cys proteins (not
535  to scale). Predicted 6-cys domains are in white and labelled sequentially. The recombinant
536  fragments used in published structural studies are coloured. SP, signal peptide; GPI, GPI-
537  anchor. Residue numbers are indicated on top. (C) Structural alignment of Pf12 (PDB ID
538 2YMO) and Pf41 (PDB ID 4YS4) with Pf12p based on the D2 domain. (D) Superimposition
539  of Pf12p and Pf12 D1 domains (upper) and the D2 domains (lower). (E) Superimposition of
540  Pfl2p and Pf41 D1 domains (upper) and the D2 domains (lower). (F) Superimposition of the
541 DI domains of Pf12p and Pfs230 (D1M construct) (PDB ID 60HG). (G) Superimposition of
542 the D2 domain of Pf12p with the D3 domain (6C construct) of Pfs48/45 (PDB ID 6E63).

543

544  Fig 4. Pf12p does not interact with Pf41. (A) BLI-binding experiment with immobilized Pf41
545 and Pf12 in solution. Representative binding curves of five different Pf12 concentrations are
546  plotted and fitted to a 1:1 binding model. (B) BLI-binding experiment with immobilized Pf41

547  and Pf12p in solution. Six different Pf12p concentrations ranging from 16 - 500 nM were
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548  tested, but no binding could be detected. (C) SEC analyses show that recombinant Pf12 and
549  Pf41 form a heterodimer. The Pf12-Pf41 complex elutes at a retention volume corresponding
550  to higher molecular weight compared to the individual proteins on SEC. Excess of Pf12 elutes
551 as a second peak at the expected retention volume. (D) SEC analyses show that recombinant
552 Pf12p does not form a stable complex with Pf41. The mix of protein elutes at a retention
553  volume between the peak maxima of the individual proteins. Retention volume of molecular
554  weight marker proteins and their corresponding size are indicated.

555

556  FigS5. Crystal structures of Pf12p in complex with nanobody B9 and D9, respectively. (A)
557  Structure of Pf12p bound to nanobody B9. (B) Structure of Pf12p bound to nanobody D9. For
558 panel A and B, the complementary determining regions (CDR) are coloured in light blue
559  (CDR1), blue (CDR2), and dark blue (CDR3). (C) Footprint of nanobody B9 on Pf12p D1 and
560 D2 domains. (D) Footprint of nanobody D9 on Pf12p D1 and D2 domains. The Pf12p D1 and
561 D2 domains are shown in surface representation in light and dark grey, respectively. The
562  footprint of CDR loops is coloured as described in panel A and B. Coloured Pf12p residues
563  represent those that contact the nanobodies within a distance cutoff of 5 A. The interaction
564  surface area is indicated. (E) Structural alignment of five Pf12p molecules derived from the
565  asymmetric units of the three structures Pf12p (PDB ID 7KJ7), Pf12p bound to nanobody B9
566 (PDB ID 7KJH) and Pf12p bound to nanobody D9 (PDB ID 7KIJI).

567

568  Supplementary Fig S1. BLI-affinity measurements with immobilized nanobodies and
569  Pf12p D1D2 in solution. (A) Representative binding curves of six different Pf12p D1D2
570  concentrations to immobilized nanobodies are shown and were fitted to a 1:1 binding model.

571  Corresponding Kp values are indicated. (B) Table containing determined kinetic and affinity
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572  data from three independent experiments showing the mean and standard error of the mean
573  (SEM).

574

575  Supplementary Fig S2. Amino acid sequence alignment of Pfl2p with orthologs of
576  different Plasmodium species. The program ClustalO was used for the alignment [56]. The
577  Plasmodium species with uniprot ID of the corresponding P12p protein is indicated on the left
578  hand side of the alignment. Conserved cysteine residues are highlighted in yellow and the
579  asparagine-rich region of Pf12p is highlighted in purple.

580

581  Supplementary Fig S3. Interdomain interactions of Pf12 D1-D2, Pf41 D1-D2 and Pf12p
582  DI1-D2. Interdomain linker regions are highlighted in green and sidechain residues at the
583  interface of the two domains, D1 and D2, are shown in ball and stick representation. In all three
584  structures the domain-domain contacts are mostly formed between connecting loops of D1 and
585  the five-stranded B-sheet of D2. (A) Pf12, (B) Pf41, (C) Pf12p.

586
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Table 1: Data collection and refinement statistics

Pf12p Pf12p-B9 Pf12p-D9
Data collection statistics
Wavelength (A) 0.953647 0.953725 0.953649
Resolution range (A) 47.26-2.79 48.45-2.00 42.75-3.25
(2.96-2.79) (2.12-2.00) (3.44-3.25)
Space group P212121 P212121 P212121
Cell axes (A) (a, b, ¢) 52.0,74.2,183.9 85.0,107.0,114.0 62.0,67.1,111.0
Cell angles (°) (a, v, B) 90, 90, 90 90, 90, 90 90, 90, 90
Completeness (%) 99.7 (98.8) 100.0 (99.9) 99.8 (99.3)
Total no. of reflections 134842 (20758) 978968 (159626) 101019 (15665)
Unique reflections 18315 (2880) 70873 (11300) 7710 (1207)
Redundancy 7.3(7.2) 13.8 (14.1) 13.1 (13.0)
Rineas (%) 19.7 (159.8) 20.3 (148.7) 16.0 (210.0)
CCi2 (%) 99.5 (71.7) 99.8 (70.2) 99.9 (74.1)
I/o 8.44 (1.14) 10.73 (1.60) 13.51 (1.44)
Wilson B (A% 63.12 34.60 99.23
Refinement statistics
Ryork/Rfree (%) 25.0/29.5 18.0/21.7 24.5/ 28.6
No. of atoms
Protein 4078 6125 2756
Water 10 593 0
Citrate 72
B factors (A%)
Chain A 71.2 35.6 105.9
Chain B 67.6 35.0 112.6
Chain C 66.2 334
Chain D 37.8
Water 10 41.2 0
RMDS
Bond lengths (A) 0.003 0.008 0.003
Bond angles (°) 0.625 0.932 0.578
PDB ID 7KJ7 7KJH 7KIJI
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Table 2: Interactions between Pf12p and nanobodies B9 and D9

Pf12p and nanobody B9 (PDB ID 7KJH)

Pf12p Group Location Nb B9 Group Location Distance (A)
Hydrogen bonds
Arg 73 NH2 D1 Leu 57 (¢ CDR2 29
Arg 73 NHI1 D1 Ala 58 (¢ CDR2 29
Tyr 115 (¢ D1 Phe 103 N CDR3 2.8
Glu 116 OE2 D1 Gly 102 N CDR3 2.8
Ile 119 N D1 Tyr 59 OH CDR2 3.8
Asn 120 ND2 D1 Tyr 59 OH CDR2 3.6
Asn 269 (¢ D2 Arg 27 NHI CDRI1 32
Asn 269 OD1 D2 Arg 27 NHI1 CDRI1 3.0
Lys 273 NZ D2 Gly 26 (¢ CDRI1 32
Lys 273 NZ D2 Thr 28 (¢ CDRI1 29
Lys 273 NZ D2 Thr 28 0Gl1 CDRI1 3.5
Tyr 295 (¢ D2 Ser 30 N CDRI1 2.7
Tyr 295 (¢ D2 Ser 30 oG CDRI1 2.8
Gln 297 (¢ D2 Asn 31 ND2 CDRI1 29
Gln 297 OE1 D2 Arg 27 NH2 CDRI1 29
Gln 297 OE1 D2 Arg 27 NHI CDRI1 3.0
Gln 297 N D2 Asn 31 OD1 CDRI1 33
Lys 299 NZ D2 Gly 104 (¢ CDR3 3.9
Lys 299 NZ D2 Asn 105 OD1 CDR3 2.9
Salt bridges
Glu 116 OE2 D1 Arg 99 NHI CDR3 29
Glu 116 OE1 D1 Arg 99 NH2 CDR3 2.9

Other Pf12p interfacing residues

Val 26 Phe 69 Tyr 71 Leu 72 Leu 114 Ser 118 Asp 121
Asn 122 Ile 123 Thr 125 Asp 127 Val 128 Phe 129 Asp 270
Cys 271 Phe 272 Leu 294 His 296 Asp 298 Lys 301 Thr 304

Pf12p and nanobody D9 (PDB ID 7KJI)
Pf12p Group Location Nb D9 Group Location Distance (A)
Hydrogen bonds

Tyr 71 OH D1 His 32 NE2 CDRI1 32
Arg 73 NHI1 D1 Lys 75 (¢ FR2 29
Arg 73 NHI1 D1 Asn 76 OD1 FR2 2.8
Glu 116 OE1 D1 Ser 30 N CDRI1 2.8
Glu 116 OE2 D1 Ser 30 N CDRI1 3.0
Asn 120 ND2 D1 Ala 74 (¢ FR2 29
Lys 273 NZ D2 Gly 103 (¢ CDR3 32
Tyr 295 N D2 Thr 104 0Gl1 CDR3 3.0
Tyr 295 (¢ D2 Thr 104 N CDR3 3.8
Tyr 295 (¢ D2 Thr 104 0Gl1 CDR3 2.7
Gln 297 N D2 Phe 102 O CDR3 2.9

Salt bridges

Lys 273 NZ D2 Asp 100 OD1 CDR3 39

Lys 273 NZ D2 Glu 105 OE2 CDR3 3.6

Other Pf12p interfacing residues

Ser 23 Gly 25 Val 26 Asp 28 Glu 70 Leu 72 Ile 75
Leu 114 Tyr 115 Ile 123 Thr 125 Asp 127 Val 128 Phe 129
Ile 293 Leu 294 His 296 Asp 298 Lys 299

The distance measurements are based on molecules B, D (Pf12p-B9) and molecules A, B (Pf12p-D9).
Interactions and interfacing residues between Pf12p and nanobodies were determined using PISA.
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| FR1 ||cDR1|| FR2 || cbr2 || FR3 || CDR3 |[ FR4 |
1 10 20 30 40 50 60 70 80 90 100 110 120 132
QVQLQESGGGLVQPGGSLRLSCAASGI | FSSNTMGWYRQAPGKQRELVA-SF--SGETGANYADSVKGRF | IRRDNAKN--AVYLLMNSLKPDDTAAYYCHADR-FGT----------- DYWGQGTQVTVSS
QVQLQESGGGLVQPGGSLRLSCAASGSAF SRVAMGWYRQAPGKLREYVA-DI--TRGGTTDYADSVKGRFT I SRDNAKN--TIYLQUDSLKPEDTAVYYCNLVP-P|RG---------- GYWGQGTQVTVSS
QVQLQESGGGLVQAGGSLRLSCTASGRTFSNTVMGWFRQAPGKEREFLA-HIL-WSGGLAYYADSVKGRFT I SRDNAKN=--1VYLQMNSLKPEDTAVYYCAARD-FGFGN------- NYDYWGQGTQVTVSS
QVQLQESGGGLVQAGGSLRLSCAASGRTFSSLTMGWFRQAPGKEREFVAGNAWNWSDGTTYYADSVRGRFT I SRDNAKK=--TVYLQMNSLKPEDTAVYYCACAG-DRPRVRVPVNSNDYDYWGQGTQVTVSS
QVQLQESGGGLVQPGESLRLSCAASTS | FTVYTMGWYRQAPGKLREWVADV---TVGDNRDYVDSVKGRFT I SRDNATN--TVYLQMNNVKPEDTAVYYCNRVP-PGPS---------- GSWGQGTQVTVSS
QVQLQESGGGLVQPGGSLRLSCAASGSAF SRVAMGWYRQAPGKLREYVAD | ---TRGGTTDYADSVKGRFT I SRDNAKN--TVFLQMDSLKPEDTAVYYCNSVP-PIRG---------~- GYWGQGTQVTVSS
QVQLQESGGGLVQPGGSLRLSCAASGI | FSSHVMGWYRQAPGKQRELVASF---SGDTGAKYADSVKGRF I IRRENAKNMVTLYLQMNSLKPEDTAAYYCHVDR-FGT---=-------- EYWGQGTQVTVSS
QVQLQESGGGLVQPGGSLRLSCAASGSAFSRVAMGWYRQAPGKLREYVAD I ---TYGGATDYADSVKGRFT I SRDNAKN--TIYLQMDSLKPEDTAVYYCNLVP-PIG----------~ GYWGQGTQVTVSS

QVQLQESGGGLVQPGGSLRLSCEVSGS | FSIDAMAWYRQAPGKQRELVAAI---LSGGSTNYADSVKGRFA I SRDNAKN=--TGYLQMNSLKPEDTAVYYCNAEG-RVSGW----GPTEYDYWGQGTQVTVSS
QVQLQESGGGLVQAGGSLRLSCAASGRTSSSYAVAWFRQAPGKERQFVATIGY--DGVTSYYEDSVEGRFT | SRDNAKS--MVYLQMNSLKPEDTAVYYCGRDRVPGHTWLARP SQADFGSWGQGTQVTVSS
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