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Abstract: 35 

 36 
Modulation of protein-protein interactions (PPIs) with small-molecules is a promising 37 

conceptual approach in drug discovery. In the area of bacterial colonization, PPIs 38 

contribute to adhesin-mediated biofilm formation that cause most infections. 39 

However, the molecular basis underlying these adhesin-ligand interactions is largely 40 

unknown. The 1.5-MDa adhesion protein, MpIBP, uses a peptide-binding domain 41 

(MpPBD) to help its Antarctic bacterium form symbiotic biofilms on sea ice with 42 

microalgae such as diatoms. X-ray crystallography revealed MpPBD uses Ca2+-43 

dependent interactions to self-associate with a crystal symmetry mate via the C-44 

terminal threonine-proline-aspartate sequence. Structure-guided optimization derived 45 

penta-peptide ligands that bound MpPBD 1,000-fold more tightly, with affinities in the 46 

nano-molar range. These ligands act as potent antagonists to block MpPBD from 47 

binding to the diatom cells. Since adhesins of some human pathogens contain 48 

peptide-binding module homologs of MpPBD, this same conceptual approach could 49 

help develop ligand-based PPI modulators to disrupt harmful bacteria-host 50 

interactions.  51 

 52 

 53 
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Introduction: 60 

Protein-protein interactions (PPIs) are central to most biochemical processes such 61 

as actin and tubulin polymerization, ATP production through the electron transport 62 

chain, and signal transduction via G protein-coupled receptors(1-3). Given PPIs’ vital 63 

role in the well-being of cells, their modulation by drug-like molecules is an attractive 64 

approach that holds great promise for the development of new strategies to treat 65 

various diseases. Over the past two decades, significant advances in structural 66 

biology and medicinal chemistry have enabled some fruitful developments in drug 67 

discovery to target PPIs that govern mammalian cellular processes(4-6). For 68 

example, the structure of B-cell lymphoma extra-large (Bcl-xL) protein in complex 69 

with a peptide derived from the Bcl-2 Antagonist/Killer (Bak) protein inspired the 70 

fragment-based identification of the first Bcl-2 family inhibitors(7). This ultimately led 71 

to the FDA approval of Venetoclax in 2016 to treat lymphocytic leukemia and 72 

lymphoma(8). In addition to such small-molecule inhibitors, peptide antagonists have 73 

been developed to target their partner proteins’ ligand-binding sites to disrupt PPIs of 74 

Bcl-2 proteins(9) and those involved in other diseases(10-13). Although the use of 75 

small-molecule and peptide therapeutics to target PPIs is an active and highly 76 

promising field(12-14), most of the studies published to date have been focused on 77 

cancer-related, human PPIs. Investigations of PPIs that mediate bacterial infections 78 

have taken second place to antibiotic development. It is only now when antibiotics 79 

are losing some of their potency that other strategies for inhibiting bacteria are being 80 

intensively studied(15-18).  81 

 82 

Bacterial adhesins are a key class of virulence factors that bind bacteria to host 83 

cells(19-22), and subsequently help develop multi-cellular communities called 84 
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biofilms responsible for over 80% of chronic infections in humans(23). There is 85 

currently a shortage of effective treatments against biofilm-related infections(23-25). 86 

With the increasing spread of antibiotic-resistant pathogenic bacteria, there is an 87 

urgent need for the development of PPI disruptors to block the adhesins of bacteria, 88 

which might prevent the colonization and persistent infections caused by biofilms. 89 

Adhesins are typically long, modular proteins with one terminus anchored to the 90 

bacterial surface, while the other end is extended out to interact with substrates like 91 

the carbohydrates and proteins on host cell surfaces(19, 26-31). With structures of 92 

adhesin-ligand complexes starting to emerge(32-34), researchers are beginning to 93 

elucidate the molecular basis of the interactions required to build a biofilm. To date, 94 

most of these studies have focused on the characterization of lectin-glycan 95 

interactions(32, 33, 35), and have resulted in some effective treatments against 96 

bacterial infections(17, 36). For example, the FimH adhesin of uropathogenic 97 

Escherichia coli has been successfully targeted by mannose analogs to help treat 98 

urinary tract infections(35, 37-41). These studies validate the efficacy of the anti-99 

adhesion strategy, which can be used as an alternative approach to treat bacterial 100 

infections without the excessive use of antibiotics. While PPIs are heavily involved in 101 

bacteria-host interactions, examples that detail the molecular basis of these 102 

interactions are scarce. Given that PPIs are typically many fold stronger than those 103 

of lectin-glycan interactions(42), the development of PPI inhibitors to disrupt 104 

bacteria-host interactions will be of great interest and potential utility. 105 

Marinomonas primoryensis ice-binding protein (MpIBP) is an exceptionally large (~ 106 

1.5 MDa) Repeats-In-Toxin (RTX) adhesin found on the surface of its Antarctic 107 

bacterium(27, 43). While its N-terminal Region I (RI) is responsible for anchoring the 108 

adhesin to the outer-membrane, its C-terminal ligand-binding Regions III and IV (RIII 109 
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and RIV) help the bacterium form symbiotic biofilms with diatoms on the underside of 110 

lake ice(27, 28). MpIBP_RIII contains five β-sheet-rich domains, including a 111 

carbohydrate-binding lectin module (RIII_5, also referred as MpPA14) and a Peptide-112 

Binding Domain (RIII_3, MpPBD), both responsible for binding diatoms by interacting 113 

with the cell-surface glycans and proteins, respectively. We reported the X-ray 114 

crystal structure of MpIBP_RIII1-4, which revealed that MpPBD folds as an oblong β-115 

sandwich with a shallow, solvent-exposed ligand-binding cavity on the periphery of 116 

the structure(27). Importantly, it was observed in the crystal unit cell that the three C-117 

terminal amino-acid residues (threonine-proline-aspartate, TPD) of MpIBP_RIII1-4 118 

were stably anchored in the ligand-binding cavity of a symmetry-related molecule 119 

within the crystal unit cell. The observed crystal contacts led us to postulate that 120 

MpPBD binds its bacterium to diatoms by interacting with surface proteins via short 121 

tripeptide sequences at the C-termini.  122 

Here, we show that the TPD peptide sequence binds MpPBD in solution with an 123 

affinity of 26 µM. Using a structure-guided approach, we optimized the peptidyl 124 

sequence by iteratively screening a library of pentapeptides and obtained ligands 125 

that bound MpPBD ~ 1000-fold more strongly with affinities of ~ 30 nM. X-ray crystal 126 

structures of MpPBD-ligand complexes revealed that the strong protein-peptide 127 

interactions originate from a combination of Ca2+-dependent polar interactions and 128 

hydrophobic contacts. We further demonstrate that these short peptidyl ligands are 129 

effective at inhibiting the binding of MpPBD to diatoms, which gives insight into how 130 

microbial adhesion can be disrupted through ligand-based antagonists. 131 

Results and discussion 132 

 133 
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Initial ligand identification  134 

Close inspection of the MpIBP_RIII1-4 structure (PDB code: 5K8G) revealed the 135 

detailed PPIs involved in its self-association within the crystal by binding the C-136 

terminal Thr-Pro-Asp (TPD) of a symmetry-related molecule (Figure 1A). The C-137 

terminal aspartate residue is buried inside the ligand-binding pocket of the other 138 

molecule, with its terminal α-carboxyl oxygens binding Ca1 and Ca2 via three ionic 139 

bonds (Figure 1B). The protein-protein interaction is further enhanced by hydrogen 140 

bonding between carbonyl and amide groups of the TPD sequence and V293 and 141 

N333 from the Calcium- and Peptide-Binding Loops 1 and 2 (CPBL1 and 2) of 142 

MpPBD. The threonine residue at the pre-penultimate position (position 3) is the 143 

most solvent exposed residue of the peptide, and the ambiguous electron density of 144 

its side chain was indicative of a high degree of flexibility. The fortuitous 145 

crystallisation of the self-interacting MpPBD_RIII1-4 indicated that peptidyl 146 

sequences are the likely ligands of MpPBD.  To prevent the self-association through 147 

the extended C-terminal “TPD” sequence, and facilitate the binding of free peptide to 148 

MpPBD, we designed a new MpIBP_RIII1-4 construct by truncating the carboxyl end 149 

of the original protein from D519 to N507 (Figure 1A, Supplementary file 1-Figure 150 

S1; green and blue arrows). This new MpIBP_RIII1-4 construct was used for the 151 

subsequent binding and structural studies described below. 152 

 153 
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 154 
Figure 1: Self-association of MpIBP_RIII1-4 within the crystal unit cell. A) MpIBP_RIII1-4 155 
molecule (grey) interacts with a neighboring symmetry mate (yellow) in the crystal via its C-terminal 156 
“TPD” sequence. The C-terminal D519 residue of the original MpIBP_RIII1-4 construct is marked by a 157 
green arrow, while the C-terminal N507 residue of the truncated construct used in this study is 158 
marked by a blue arrow. The ligand-binding site is indicated by a red box of dashed lines. B) Zoomed-159 
in view of the ligand-binding site of MpRIII1-4 within the crystal showing the atomic details at the 160 
protein-protein interaction interface. The right panel shows the interface from a view that is rotated 161 
approximately 180° around a vertical axis from the left. Polar interactions are indicated by black 162 
dashed lines. Carbon atoms of the bound “TPD” sequence are colored in yellow while those for its 163 
symmetry-related protein are colored in grey. Oxygen atoms are red, nitrogen atoms are blue and 164 
Ca2+ ions are shown as green spheres. Amino acid residues involved in protein-protein interactions 165 
are labelled and shown in stick representation.  166 
 167 
 168 
 169 
 170 
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Given that a C-terminal carboxylic acid group appears to be key for the protein-171 

protein interaction, we used fluorescence polarisation (FP) to screen a small 172 

collection of 15 N-terminally FITC-labelled peptides that end in various C-terminal 173 

amino acid residues with a free α-carboxyl group (selected on the basis of availability 174 

within the laboratory). In the presence of ~ 80 µM of MpIBP_RIII1-4, two FITC-175 

labelled and phosphorylated peptides with sequences of IKARAS(pS)SPVILVGTHLD 176 

(pep 14) and RHKKLMFK(pT)EGPDSD (pep 15) produced significant delta 177 

fluorescence polarisation values, indicating binding of these peptides to MpPBD 178 

(Figure 2A). None of the other 13 peptides appeared to bind MpPBD as they 179 

produced negligible delta polarisation values. FP with protein titrations further 180 

showed that in the presence of 2 mM Ca2+, peptides 14 and 15 bound MpPBD with 181 

EC50 values of 2.7 µM and 0.69 µM, respectively. Moreover, the presence of excess 182 

EDTA abolished the interaction between peptide and protein (Figure 2B), which 183 

validated the Ca2+-dependency of the protein-peptide interaction as demonstrated by 184 

the structural data. 185 

 186 

Interestingly, the three binding sequences “TPD”, pep 14 and pep 15 all ended in a 187 

C-terminal aspartate residue with a free α-carboxylic acid group. This was consistent 188 

with the structural data, which showed that the terminal carboxylic acid group of 189 

“TPD” directly bonded to the two calcium ions in the MpPBD ligand-binding site. 190 

However, since the C-terminal aspartate side chain of MpIBP_RIII1-4 had no direct 191 

interactions with its neighbouring symmetry mate in the crystal, it was not clear how 192 

the aspartate residues in these three peptidyl sequences contributed to their binding 193 

to MpPBD. To further validate the hypothesis that MpPBD binds specifically to 194 

certain C-terminal amino-acid sequences, peptides encompassing only the last five 195 
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amino acids of the original MpIBP_RIII1-4 construct (FITC-AβDSTPD) and pep 15 196 

(FITC-AβGPDSD) were synthesized and studied. The affinity of MpPBD for these two 197 

short peptide ligands, together with two analogs (FITC-AβDSTD and FITC-AβGPDD) 198 

was measured by FP (Figure 2C).  199 

 200 

Unexpectedly, FITC-AβDSTPD, which contains the C-terminal “TPD” binding 201 

sequence originally identified in the crystal structure of MpIBP_RIII1-4, showed the 202 

weakest interaction to MpPBD out of this series, with an EC50 of ~ 27 µM. In 203 

contrast, the peptide, FITC-AβDSTD, bound at least 200-fold stronger with an EC50 of 204 

0.11 µM (Figure 2C). Similarly, FITC-AβGPDSD bound with an EC50 of 0.16 µM, 205 

which is roughly 4-fold stronger than its longer, phosphorylated counterpart (FITC-206 

RHKKLMFKpTEGPDSD, EC50 = 0.69 µM), validating the importance of the C-207 

terminal residues for binding MpPBD. Furthermore, FITC-AβGPDSD bound the 208 

protein 20-fold stronger than its analog FITC-AβGPDD.  209 

 210 

To further ascertain the chemical constituents of the peptide C-terminus responsible 211 

for binding MpPBD, two additional analogs of the peptide FITC-AβGPDSD were 212 

synthesized. When the C-terminal aspartate was replaced by an asparagine, a 213 

residue with similar length side chain but different chemistry, the affinity of the 214 

peptide FITC-AβGPDSN for MpPBD fell by 40% to an EC50 of 0.27 µM (Figure 2C). 215 

However, the substitution of the terminal α-carboxylic acid group of FITC-AβGPDSD 216 

by a C-terminal carboxamide group (FITC-AβGPDSD-NH2) abolished the protein-217 

peptide interaction all together (Figure 2C). These results demonstrated the crucial 218 

importance of the ionic interaction between the terminal carboxylic acid group and 219 

the two Ca2+ ions in the ligand-binding site of MpPBD. The side-chain carboxylic acid 220 
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group of the peptide C-terminal aspartic acid residue gave more favourable binding 221 

to MpPBD compared to that of the side-chain amide of the peptide bearing an 222 

asparagine at the same position. Moreover, the FP results indicate that the peptide 223 

amino acids at the penultimate position (position 2) have a significant impact on the 224 

peptide-protein interactions. The strong binders, FITC-AβGPDSD and FITC-AβDSTD, 225 

contain the small polar residues of either threonine or serine at this position. The 226 

intermediate binder FITC-AβGPDSD has an aspartate while the weakest binder 227 

FITC-AβDSTPD has a proline at the same position. Although the proline is involved 228 

in main-chain hydrogen bonding with V293 and N333 of the CPBL1 and CPBL2, 229 

respectively, its rigid five-membered imine ring is unable to interact with the protein 230 

(Figure 1B). As for FITC-AβGPDD, the negative charge of the aspartate side chain at 231 

position 2 may be disruptive for the peptide-protein interaction. We therefore sought 232 

to acquire detailed structural information to explain the high affinities of FITC-233 

AβGPDSD and FITC-AβDSTD for MpPBD. 234 

 235 
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 236 
Figure 2: Identification of initial peptidyl ligands of MpPBD. (A) Screening of a collection of 15 237 
FITC-labelled peptides by fluorescence polarisation (FP) with MpIBP_RIII1-4 at a concentration of ~ 238 
80 µM. Background polarization was subtracted from all values to result in Δ polarisation values on 239 
the y-axis. Peptide sequences are displayed. Data bars for peptides 14 (blue) and 15 (red) are 240 
indicated within boxes of dashed lines.  (B) FP assay of Peptides 14 (blue closed circles) and 15 (red 241 
open triangles) from (A) with titration of MpIBP_RIII1-4 in the presence of 2 mM CaCl2 and in the 242 
presence of excess 2 mM EDTA (red open squares). (C) FP assay to assess the binding of six 243 
different FITC-labelled peptides to MpPBD. The mean of three experiments were plotted. Some of the 244 
SD error bars are smaller than the data point symbols in B) and C). The calculated EC50 values for 245 
each experiment are shown in B) and C). 246 
 247 
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Structural basis for peptide-MpPBD interactions 248 

To elucidate the atomic details of the peptide-protein interactions, we solved the X-249 

ray crystal structures of MpIBP_RIII1-4 in complex with the peptides FITC-AβDSTD 250 

and FITC-AβGPDSD to 2-Å resolution (Supplementary file 1-Table S1). Clear 251 

electron densities were observed for the peptide amino acids in the last three 252 

positions (Figure 3), while those at the position immediately beforehand at the N-253 

terminal end appeared to be ambiguous. No electron density could be observed 254 

beyond position 3 suggesting these residues are highly flexible because they are 255 

fully exposed to the solvent and are thus unlikely to interact with the protein. 256 

 257 

At position 2 of FITC-AβGPDSD, serine has its side-chain hydroxyl group hydrogen 258 

bonded with the side-chain amide of N333 on CPBL2, while the main chains of these 259 

two residues hydrogen bond via their carbonyl and amide groups (Figure 3A). The 260 

observed hydrogen bonding interactions help to explain why FITC-AβGPDSD has a 261 

20-fold higher affinity for MpPBD than that of FITC-AβGPDD, with the only difference 262 

between the two peptides being the presence or absence of serine at position 2. 263 

Indeed, X-ray crystallography indicates that the larger aspartate residue at position 2 264 

would clash with N333 and destabilize the protein-peptide interactions. In 265 

comparison, FITC-AβDSTD has a similar binding mode to FITC-AβGPDSD, with the 266 

threonine side-chain hydroxyl hydrogen bonded with the amide of N333 side chain at 267 

the edge of the peptide-binding cavity. In addition, the threonine side-chain methyl 268 

group is involved in hydrophobic contact with residue A255 of the protein (Figure 269 

3B). This helps restrain the free rotation of the threonine side-chain hydroxyl, locking 270 

it into a favourable conformation for polar interactions. The observed additional 271 
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hydrophobic interactions might help explain why FITC-AβDSTD bound MpPBD with 272 

slightly higher affinity than did FITC-AβGPDSD. 273 

 274 

Interestingly, the gain of hydrogen bonding interactions at the peptide 2nd position 275 

had an impact on how the C-terminal aspartate of the peptides bound MpPBD. The 276 

aspartate of the TPD sequence observed in the ligand-binding cavity showed no 277 

interaction between its side chain γ carboxylic acid group and the protein. In 278 

contrast, when FITC-AβDSTD and FITC-AβGPDSD were complexed with MpPBD, 279 

the side-chain hydroxyl of S295 within CPBL1 pointed downward to hydrogen bond 280 

with the γ carbonyl of the peptide aspartate, which helped G296 to interact with the γ 281 

hydroxyl of the same peptide aspartate via its main-chain amide (Figure 3A, B, left 282 

panels). Taken together with the gained interactions from the peptide position 2, the 283 

structural data gave the molecular explanation of why FITC-AβDSTD and FITC-284 

AβGPDSD bound MpPBD with substantially higher affinity than their analogs, FITC-285 

AβDSTPD and FITCAβGPDD, respectively. 286 

 287 
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 288 
 289 
Figure 3: Protein-peptide binding interfaces revealed by X-ray crystallography. Zoomed-in views 290 
of the MpPBD ligand-binding site interacting with peptides that end with sequences of DSD (A) and 291 
DSTD (B), respectively. The 2Fo – Fc electron density maps around the peptide residues and Ca1 and 292 
2 are shown as blue mesh (contoured at 1 σ). The right panels in A) and B) are views that are rotated 293 
around approximately 180° from the left panels. Polar interactions are indicated by black dashed lines. 294 
Carbon atoms of the peptides are colored in yellow while those for the protein are colored in grey. 295 
Oxygen atoms are red, nitrogen atoms are blue, while Ca2+ ions are shown as green spheres. Amino 296 
acids involved in protein-peptide interactions are shown in stick representation. Peptide amino-acid 297 
residues are indicated in red 3-letter code, while those for the protein are labelled in black one-letter 298 
code. CIF files can be found in Figure 3 – source data 1 and has been deposited in the Protein Data 299 
Bank (PDB: “Code”) 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
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 312 
Structure-guided screening identified ligands with low-nano-molar affinity 313 

Guided by the structural insight that the C-terminal residues are crucial for the 314 

peptide-protein interactions, we next sequentially screened libraries of pentapeptides 315 

by FP to identify stronger ligands for MpPBD.  316 

The first round of screening involved 20 pentapeptides with a consensus sequence 317 

of FITC-AGAGX where the first four amino acids of the peptides were alternating 318 

alanine and glycine residues. The ultimate (C-terminal) residue “X” represented one 319 

of the 20 naturally occurring amino acids (Figure 4A). Consistent with the results 320 

shown above, the peptide with an aspartate at the C-terminal position (FITC-321 

AGAGD) bound MpPBD the tightest, with a moderate EC50 of 3.2 µM. This was 322 

followed by those peptides with large hydrophobic side-chains at position 1, such as 323 

FITC-AGAGI, FITC-AGAGY and FITC-AGAGF, which produced EC50 values of 4.4 324 

µM, 4.6 µM, and 7.2 µM, respectively, when bound to MpPBD (Supplementary file 1-325 

Table S2, Figure S2). Most of the other peptides bound MpPBD with an affinity in the 326 

10 µM range, while those with basic side chains (FITC-AGAGK and FITC-AGAGR) 327 

had negligible interaction with MpPBD. 328 

Having identified FITC-AGAGD as the strongest ligand for MpPBD in the first round 329 

of screening, we proceeded with a second set of 20 pentapeptides that had a 330 

consensus sequence of FITC-AGAXD. All peptides except for AGAPD (EC50 = 4.6 331 

µM) bound more strongly than FITC-AGAGD (EC50 =1.5 µM). Consistent with the 332 

structural studies reported earlier (Figure 1B), neither proline nor glycine at position 2 333 

can have side-chain interactions with MpPBD, explaining their lower affinity for the 334 

protein. Furthermore, the peptide with threonine in the second position (FITC-335 

AGATD) has the highest affinity for MpPBD with an EC50 of 89 nM (Figure 4A, green; 336 
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Supplementary file 1-Table S2; Figure S3), which is up to 35-fold tighter than those 337 

of FITC-AGAGD. Peptides with aromatic residues at the same position, including 338 

FITC-AGAFD and FITC-AGAYD bound slightly weaker than did AGATD, with EC50 339 

values of 180 nM and 170 nM, respectively. Consistent with the characterisation of 340 

FITC-AβGPDSD and FITC-AβDSTD, FITC-AGATD bound MpPBD more than 3-fold 341 

stronger than did FITC-AGASD (EC50 = 310 nM), validating the importance of the 342 

threonine methyl group in restraining the hydroxyl group to a favourable 343 

conformation for interacting with N333. 344 

With the last two C-terminal residues defined as Thr and Asp, we proceeded to 345 

screen for the optimal amino acid in the 3rd position from the C terminus (FITC-346 

AGXTD). While the majority of the 20 peptides of FITC-AGXTD bound MpPBD more 347 

strongly than did FITC-AGATD (72 nM in this round of screening), with affinity in the 348 

nanomolar range, the three with aromatic side chains and cysteine stood out. In 349 

particular, FITC-AGYTD, FITC-AGWTD and FITC-AGCTD produced EC50 values of 350 

29 nM, 23 nM, and 23 nM (Figure 4A, magenta; Supplementary file 1-Table S3; 351 

Figure S4), respectively. We reason that these amino acids with hydrophobic side 352 

chains at the 3rd position likely help the solvent-exposed residue interact with the 353 

protein via hydrophobic interactions, contributing to their higher affinity for MpPBD.  354 

Having demonstrated that residues at the 2nd and 3rd positions of the peptides have 355 

an impact on how the C-terminal amino-acid interacted with MpPBD, we performed a 356 

final round of screening, with a consensus sequence of FITC-AGYTX (Figure 4A, 357 

red). The reasons for selecting the tyrosine-containing peptide sequence over the 358 

tryptophan- or the cysteine-containing peptide include: FITC-AGYTD is more soluble 359 

than FITC-AGWTD; FITC-AGYTD is not subject to dimerization the way FITC-360 
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AGCTD can be linked by cysteine-dependent disulphide formation, which might 361 

confound the results of the binding studies. The results of the screening revealed 362 

that all but one of the FITC-AGYTX peptides bound MpPBD weaker than did FITC-363 

AGYTD, with their EC50 values ranging from high nano- to micro-molar 364 

concentrations. This validated the importance of the C-terminal aspartate residue for 365 

the protein-peptide interaction. The only peptide with a comparable affinity to FITC-366 

AGYTD is FITC-AGYTS, which produced a calculated EC50 of 30 nM (Figure 4A, 367 

red; Supplementary file 1-Table S3, Figure S5). Given their similar affinities for 368 

MpPBD, AGYTD and AGYTS were considered two of the optimal peptidyl ligands, 369 

which bound MpPBD roughly 1,000-fold tighter than the “TPD” binding sequence 370 

initially identified (Figure 4B). 371 
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 372 
 373 
Figure 4: Structure-guided optimization of peptidyl ligands of MpPBD. (A) Overview of the 374 
binding of the 80 FITC-labelled pentapeptides to MpPBD in four rounds of screening. Data are plotted 375 
as average 1/EC50 values calculated from FP assays of each individual FITC-labelled peptide (in 376 
three replicates). All EC50 values are listed in Tables S2, S3, and the corresponding FP titration plots 377 
are shown in Figures S2-S5. Data bars for peptides in the first round of screening (FITC-AGAGX) are 378 
colored black, while those for second (FITC-AGAXD), third (FITC-AGXTD) and fourth (FITC-AGYTX) 379 
rounds are colored green, magenta and red, respectively (only some amino-acid sequences are 380 
labelled in the graph for short). The strongest MpPBD binders from each round of screening are 381 
marked by arrows and their calculated EC50 values are indicated. (B) FP titration plots of 382 
representative peptides showing the progressive enhancement of ligands’ affinity for MpPBD.  383 

Isothermal titration calorimetry validated the nano-molar affinity of MpPBD 384 

ligands 385 

To further validate the peptidyl ligands identified by FP, we used isothermal titration 386 

calorimetry (ITC) to directly measure the interactions between unlabelled peptides 387 

(i.e. lacking FITC labels) and MpPBD. ITC measurements of MpIBP_RIII1-4 (~ 20 388 

µM) titrated with the four different ligands (~ 200 µM) of AGAGD, AGATD, AGYTD, 389 
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and AGYTS all yielded sigmoidal-shaped curves with calculated stoichiometry values 390 

(N) close to 1 (Figure 5A-D). This was consistent with the X-ray crystallography data 391 

that demonstrated MpPBD has only one ligand-binding site. The interaction of the 392 

moderate binder, AGAGD, with MpPBD showed a gradually transitioning sigmoidal 393 

curve, indicating a relatively slow saturation rate of the MpPBD ligand-binding sites. 394 

This resulted in a calculated Kd of 1.9 µM, which is comparable to the EC50 values of 395 

FITC-AGAGD obtained from the FP experiments (1.5 µM or 3.2 µM). The result 396 

suggested that the FITC label did not have a significant impact on the peptide-397 

protein interactions. The three strong binders, AGATD, ATYTD and ATYTS, all 398 

resulted in sigmoidal-shaped ITC curves with much steeper transitions. The three 399 

peptides had calculated Kd values of 86 nM, 67 nM and 59 nM, respectively. Thus, 400 

the ITC results of the representative peptides showed the same trend in binding 401 

MpPBD as did FP, with comparable Kd and EC50 values. Taken together, binding 402 

studies by FP and ITC have identified short peptidyl ligands with nano-molar 403 

affinities to MpPBD (Figure 5E). 404 

 405 

ITC indicated that significantly larger negative enthalpic (ΔH) contributions were 406 

involved in the binding of the potent ligands, AGATD, AGYTD, and AGYTS, to 407 

MpPBD than for the moderate binder AGAGD (Figure 5E). In contrast, the positive 408 

entropic contributions (ΔS) were smaller for AGYTD and AGYTS when compared to 409 

AGAGD. The calculated thermodynamic profiles suggested that the enhancement of 410 

the peptide-protein interaction is primarily a result of a gain in polar interactions 411 

compared to a hydrophobic effect. This was supported by the structural comparison 412 

between the protein-peptide complex structures, which showed threonine or serine 413 

at peptide position 2 gained side-chain hydrogen bonding interactions with the 414 
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protein compared to that of proline or glycine at the same position (Figure 3 vs 415 

Figure 1). However, additional high-resolution structural information was required to 416 

elucidate the basis for the stronger interactions between MpPBD and its peptidyl 417 

ligands AGYTD and AGYTS. 418 

 419 

 420 
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Figure 5: Isothermal titration calorimetry results of the binding of four unlabelled peptidyl 421 
ligands AGAGD (A), AGATD (B), AGYTD (C), and AGYTS (D) to MpIBP_RIII1-4. (E) Table 422 
showing the thermodynamic parameters of the binding of the four unlabeled peptidyl ligands to 423 
MpPBD calculated from ITC. Kd by ITC and EC50 by FP for the five representative peptidyl ligands of 424 
MpPBD are shown. Red arrow compares the binding of the initially identified ligand that ends with 425 
“TPD” with the optimal sequences that end with “YTS” and “YTD” obtained from the structure-guided 426 
ligand optimization. 427 
 428 
 429 
 430 
Molecular basis for potent binding by MpPBD ligands 431 

To further reveal the molecular basis for the potent MpPBD ligands, we solved X-ray 432 

crystal structures of MpIBP_RIII1-4 in complex with the peptides AGYTS and 433 

AGYTD to a resolution of 1.8 Å (Supplementary file 1-Table S1, Figure 6, 434 

Supplementary file 1-Figure S6). Consistent with the other MpPBD-peptide 435 

complexes, AGYTD and AGYTS had their terminal α-carboxyl group in contact with 436 

Ca1 and Ca2 via three ionic bonds with average lengths of approximately 2.5 Å 437 

(Figure 6, Figure 7A; Supplementary file 1-Table S4). The threonine residues in 438 

position 2 had their hydroxyl group bond with the side-chain amide of N333, as seen 439 

with FITC-AβDSTD and FITC-AβGPDSD (Figure 6). However, the YTD and YTS-440 

containing peptides bound MpPBD with more hydrogen bonds of shorter lengths on 441 

average compared to the weaker binders (Figure 7B; Supplementary file 1-Table 442 

S4), which is consistent with the large negative enthalpic contributions for the binding 443 

indicated by ITC. For example, the side chain of the terminal aspartate of AGYTD 444 

interacted with MpIBP_RIII1-4 S295 and G296 with bond lengths of 2.5 Å and 2.8 Å, 445 

respectively (Figure 6A; Supplementary file 1-Table S4), while those at the same 446 

position for FITC-AβGPDSD and FITC-AβDSTD were at 3.2 Å and 3.5 Å, respectively 447 

(Figure 3). In contrast, the initially identified binding sequence that ends with TPD 448 

lacked these two bonds when bound by MpPBD (Figure 1B). 449 

 450 
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The tyrosine residues at position 3 of the YTD or YTS-containing peptides played a 451 

key role in their tight interactions with MpPBD. Given the hydrophobic nature of its 452 

aryl side chain, the solvent-exposed peptide tyrosine appears to pack against Y294 453 

of MpPBD, which helps CPBLs to clench the peptide more tightly in the ligand-454 

binding cavity (Figure 6A, B). Indeed, the hydrogen bond lengths between the 455 

peptide tyrosine main-chain oxygen (Tyr3-O) and protein S295  main-chain nitrogen 456 

(S295-N) is 2.9 Å for AGYTD and 3 Å for AGYTS, which are shorter than those at 457 

the same position for FITC-AβDSTD (3.2 Å) and FITC-AβGPDSD (3.3 Å) 458 

(Supplementary file 1-Table S4). These subtle structural differences underlined the 459 

molecular basis for the potent binding to MpPBD by the peptides that end with YTD 460 

or YTS compared to the weaker ligands (Figure 6C, D). 461 

 462 

Taken together, the presence of a tyrosine residue at position 3 of AGYTS and 463 

AGYTD stabilized the peptide-protein complexes via hydrophobic interactions. This 464 

corroborated with the results that other FITC-AGXTD peptides with aromatic 465 

residues at the 3rd position were also strong ligands for MpPBD (Supplementary file 466 

1-Table S3; Figure 4A). These atomic details explain why our structure-guided 467 

screening approach was extremely effective in obtaining potent ligands with nano-468 

molar affinities for MpPBD. 469 

 470 
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 471 
 472 
Figure 6: Atomic details of the interactions between MpPBD and its nano-molar-affinity 473 
peptidyl ligands AGYTD (A) and AGYTS (B) revealed by X-ray crystallography. Color scheme is 474 
the same as in Figure 3. Thick green-dashed lines indicate hydrophobic contact between the protein 475 
and peptide tyrosine residues. The plasticity of the MpPBD ligand-binding site is illustrated by their 476 
differences in complexing peptides that end with “TPD” (C) and “YTS” (D). Residue S295 that pointed 477 
to the side in C) and downward in (D) is indicated by black arrows. The protein is shown in surface 478 
representation while the peptide is shown in stick representation. CIF files can be found in Figure 6 – 479 
source data 2 480 
 481 
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 482 
 483 
Figure 7: Length of the polar bonds between MpPBD and its peptidyl ligands revealed by X-ray 484 
crystal structures of protein-peptide complexes. Data bars are the average lengths for ionic (A) 485 
and hydrogen (B) bonds. Black data points indicate the length of individual bonds between the protein 486 
and peptide. Numbers above the data bars indicate the number of bonds at the protein-peptide 487 
interfaces. Details of the bonds are listed in Supplementary file 1-Table S4.  488 
 489 
AGYTD blocks MpPBD binding to diatoms  490 

Having identified optimal peptidyl ligands for MpPBD, we next tested their potential 491 

as antagonists to disrupt the PPI-mediated bacteria-diatom interactions that led to 492 

the discovery and characterization of this protein(27). Here we tested if AGYTD can 493 

block fluorescently labelled MpIBP_RIII1-4 from binding to the Antarctic marine 494 

diatom C. neogracile(44). The porous silica cell wall (frustule) of C. neogracile is 495 

rectangular in shape with a length of roughly 10 µm and a width of 3-4 µm, with 1-4 496 

projections protruding from the corners (Figure 8A, Supplementary file 1-Figure S7). 497 

The binding of TRITC-labelled MpIBP_RIII1-4 to C. neogracile resulted in red 498 

fluorescence evenly distributed around the cell centrally located inside of the diatom 499 

frustule (Figure 8B). At concentrations of 37.5 µM or above, AGYTD was extremely 500 

effective at blocking accumulation of the protein on the diatom, as the peptide 501 

outcompeted the cell surface proteins for binding MpPBD and displaced ~ 95% of 502 

the fluorescent signal (Figure 8C, D, black bars). The inhibitory effect of AGYTD fell 503 

off by ~ 30% at 3.75 µM but was still more potent compared to the weaker MpPBD 504 
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ligand, AGAGD, even at a 100-fold higher concentration of 375 µM (Figure 8D, black 505 

and blue bars). While 37.5 µM AGAGD had a minimal effect on the binding of 506 

MpPBD to diatoms, the potency of AGYTD diminished in the nano-molar 507 

concentrations. These results indicated that the effective inhibitory concentrations of 508 

the MpPBD peptide ligands are significantly higher than the Kd values calculated for 509 

the protein-peptide interactions. This is likely due to the multi-valent effect originating 510 

from the presence of many nearby protein binding sites on the diatom cell 511 

membrane. 512 

 513 

Remarkably, AGYTD proved to be a potent antagonist that can displace MpPBD pre-514 

bound to the diatoms. The addition of 37.5 µM of AGYTD resulted in the dissociation 515 

of roughly 70% of the TRITC-labelled MpIBP_RIII1-4 from the diatoms (Figure 8D, 516 

grey bars). Although the peptide was more effective at the same concentration when 517 

used as a prophylactic (Figure 8D, black bar), this important result demonstrated the 518 

potential of the peptide antagonists in disrupting pre-existing bacteria-host 519 

interactions, like those involved in biofilms. 520 

 521 
 522 
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 523 
Figure 8: Inhibition of binding of MpPBD to diatoms by competing peptides. Representative 524 
images showing: (A) an untreated C. neogracile; (B) a C. neogracile cell treated with 0.2 mg/mL TRITC-525 
labelled MpIBP_RIII1-4: (C) a C. neogracile cell treated with 0.2 mg/mL TRITC-labelled MpIBP_RIII1-526 
4 in the presence of 375 µM AGYTD. All three images (A) – (C) are at the same magnification with the 527 
black scale bar in (C) indicating 10 µm. (D) Fluorescence levels shown by the C. neogracile cells alone 528 
and those treated with TRITC-labelled MpIBP_RIII1-4 and various concentrations of a strong or weak 529 
ligand, AGYTD and AGAGD, respectively. Each bar represents the quantification of average 530 
fluorescence from 30 individual diatoms. The white bar represents the control experiment where 531 
diatoms were treated with TRITC-labelled MpIBP_RIII1-4 in the absence of peptide. Black bars 532 
represent experiments where diatoms were treated with 0.2 mg/mL TRITC-labelled MpIBP_RIII1-4 and 533 
indicated concentrations of AGYTD. Grey bars with an asterisk underneath represent experiments 534 
where diatoms were incubated with 0.2 mg/mL TRITC-labelled MpIBP_RIII1-4 before AGYTD was 535 
added. Blue bars represent experiments where diatoms were treated with 0.2 mg/mL TRITC-labelled 536 
MpIBP_RIII1-4 and indicated concentrations of AGAGD. Additional representative images are shown 537 
in Fig.S7. 538 
 539 
 540 
Conclusion and outlook: 541 
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One major challenge in the field of PPI modulator discovery is a lack of starting 542 

points for the initial ligand identification. Here, a serendipitously discovered peptidyl 543 

ligand TPD has served as a lead for the development of a class of short peptides 544 

that bound MpPBD with 1,000-fold higher affinity. This was largely achieved by 545 

systematically screening small libraries totaling 80 peptides that informed on the 546 

optimal residue in each of three terminal positions. Remarkably, these high-affinity 547 

ligands can serve as antagonists to disrupt MpPBD from binding to the diatom cells 548 

that form symbiotic associations with the Antarctic bacterium.  549 

 550 

Inhibition of pathogenic bacterial adhesion to human cells has yielded promising 551 

results in combating infections(17, 35, 38, 40, 45-47). The anti-adhesion strategy 552 

works by preventing and clearing the accumulation of bacteria at the sites of 553 

infections. In contrast to the conventional small-molecule antibiotics, the adhesin 554 

antagonists do not kill the bacteria, thus they are less likely to raise resistance. 555 

Furthermore, given that adhesins are localized to the cell surfaces, their antagonists 556 

are not required to penetrate or be taken into the cells, simplifying their applications. 557 

These key attributes justified the pursuit of novel adhesin modulators to disrupt PPI-558 

mediated bacterial adhesion to hosts to treat bacterial infections. Homologs of 559 

MpPBD with a conserved ligand-binding site are found in human pathogens such as 560 

Vibrio cholerae(27, 28, 48), the causative agent of cholera and others such as 561 

Aeromonas veronii that cause infections ranging from diarrhoea to wound infections 562 

and sepsis(49, 50), and the flesh-eating bacterium Vibrio vulnificus(51) (Figure  S8). 563 

Therefore, there is an opportunity to use this conceptual approach to devise 564 

antagonists to disrupt the PPIs involved in bacterial infections. With the emergence 565 

of antibiotic-resistant pathogens, this work gives insight into how microbes might be 566 
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controlled through the modulation of PPI-related adhesion to their hosts. In future 567 

research, it will be of interest to design adhesin modulators consisting of D-peptides, 568 

which are non-metabolizable and are thus resistant to proteolytic degradation, as 569 

well as cyclic peptides that might achieve higher affinity via favourable entropic 570 

contributions. 571 

Materials and Methods: 572 

 573 

Peptide synthesis 574 

FITC-labelled peptides FITC-AβGPDSD, FITC-AβDSTPD, FITC-AβDSTD and FITC-575 

AβGPDD were synthesized by Fmoc solid-phase peptide synthesis, either manually 576 

or using an automated Intavis MultiPep RSi peptide synthesizer. The protected 577 

amino acids (linked to Wang resins) and FITC were purchased from Novabiochem 578 

and Sigma-Aldrich. Crude peptides were then analyzed and purified by high-579 

pressure liquid chromatography (HPLC) using a preparative reversed-phase column 580 

with MS detection. The peptides were freeze-dried and stored at – 30 ℃. All other 581 

FITC-labelled peptides used in the structure-guided ligand optimization procedures 582 

by fluorescence polarization (FP) and the four unlabeled peptides (AGAGD, AGYTD, 583 

ATYTS and AGATD) used in the ITC measurements and X-ray crystallography were 584 

purchased from GenicBio (Shanghai, China). HPLC and MS spectra for 585 

representative peptides are shown in Supplementary file 1-Figure S9-S21. 586 

 587 

Fluorescence polarization 588 

The FITC-labelled peptides were dissolved in FP buffer (10 mM HEPES, pH 7.4, 150 589 

mM NaCl, 0.1% Tween 20, 1 mg/mL BSA) to a final concentration of 10 nM. Dilution 590 

series of MpIBP_RIII1-4 were made on round-bottom 384-well plates (Corning, 591 
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Black). The protein-peptide mixture in the plate was incubated at room temperature 592 

for at least 30 min before the fluorescence polarization was measured using a Tecan 593 

Infinite F500 plate reader (excitation 485 nm, emission 535nm). All measurements 594 

were performed in triplicate, and the data were plotted with the GraphPad Prism 8 595 

software using a non-linear regression analysis method (single-site binding model). 596 

 597 

Co-crystallization, X-ray diffraction and structure solutions of MpPA14 with 598 

peptide ligands 599 

The original MpIBP_RIII1-4 construct self-associated in the crystal by inserting its C-600 

terminal “TPD” sequence into the ligand-binding site of a symmetry-related molecule. 601 

This crystal contact competed with free peptides for binding MpPBD and interfered 602 

with the crystallization of peptide-protein complexes. Thus, MpIBP_RIII1-4 protein 603 

used for co-crystallography was truncated by 12 amino acids from the original 604 

construct, which ended at the residue N507 instead of D519. In all other respects 605 

MpIBP_RIII1-4 was produced, purified, and crystallized as previously described(27, 606 

52). Co-crystallization of MpIBP_RIII1-4 with various peptides was performed using 607 

the “microbatch-under-oil” method by mixing equal volumes of ~ 5 mg/mL protein 608 

with a precipitant solution composed of approximately 0.1 M calcium chloride, 0.1 M 609 

sodium acetate (pH 4.6), 30% (w/v) PEG400 and 1-2 mM of different peptides, 610 

including FITC-AβGPDSD, FITC-AβDSTD, and the unlabeled peptides AGYTD and 611 

AGYTS. 612 

X-ray crystallographic data were collected either at the P11 beamline of the PETRA 613 

III facility at DESY (Hamburg, Germany) or at the 08ID-1 beamline of the Canadian 614 

Light Source synchrotron facility via remote access. Data were indexed and 615 

integrated with X-ray Detector Software (XDS)(53) and CCP4-Aimless(54) or the 616 
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DIALS/xia2(55, 56) in the CCP4i2 software suite. The structure solutions for all 617 

complexes were obtained by using molecular replacement using the MpIBP_RIII1-4 618 

structure (PBD: 5K8G) as the search model(27). The structures were refined using 619 

CCP4-Refmac5(57). 620 

Isothermal Titration Calorimetry  621 

Isothermal calorimetric titration (ITC) measurements were performed at 30 ℃ using a 622 

MicroCal VP-ITC instrument (Malvern). MpIBP_RIII1-4 was dialyzed overnight in a 623 

buffer of 50 mM Tris-HCl, pH 9, 150 mM NaCl, 5 mM CaCl2. Next, the protein was 624 

diluted to approximately 20 µM and was mixed with serial 5-μl aliquots of 200 µM of 625 

each of the four peptide solutions (AGAGD, AGATD, AGYTD and AGYTS). Peptide 626 

solutions were automatically added by a rotating syringe (400 RPM) at 5-min 627 

intervals into the MpIBP_RIII1-4 solution for a total of 50 injections. The data were 628 

analyzed by Origin software Version 5.0 (MicroCal). 629 

 630 

Diatom binding experiments 631 

The Antarctic diatom, Chaetoceros neogracile, was cultured as previously 632 

described(27, 44). TRITC-labelled MpIBP_RIII1-4 (TRITC-MpIBP_RIII1-4, 0.2 633 

mg/mL) in the presence or absence of peptides was incubated with diatoms in buffer 634 

(50 mM Tris-HCl pH 9, 300 mM NaCl, 5 mM CaCl2) with gentle mixing for 2 h. Next, 635 

diatoms were pelleted by centrifugation for 3 min at 4,500 x g, and the resulting 636 

supernatant was discarded. This procedure was repeated three times to wash out 637 

unbound TRITC-MpIBP_RIII1-4 before the diatom pellet was finally resuspended in 638 

20 µL of buffer, which was then examined on slides by fluorescence microscopy.  In 639 

parallel experiments to test if the strong ligand AGYTD could compete off the TRITC-640 

MpIBP_RIII1-4 that was already bound to diatoms, TRITC-MpIBP_RIII1-4 was 641 
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incubated with diatom for 1.5 h before the peptide AGYTD was added. The 642 

remainder of the experiment followed the same procedure as described above. 643 

 644 

Images were obtained using an Olympus IX83 inverted fluorescence microscope 645 

equipped with an Andor Zyla 4.2 Plus camera. Quantification of the fluorescence 646 

intensity was done using Fiji ImageJ. The corrected total cell fluorescence (CTCF) 647 

was calculated using the formula: CTCF = Integrated Density – (Area of selected cell 648 

x Mean Fluorescence of the background)(58). Quantification of 30 individual diatom 649 

cells was done for each treatment. As diatom cell aggregates produce overexposed 650 

fluorescence while those cells lacking a silica frustule have damaged plasma 651 

membranes necessary for protein binding, they were excluded from the 652 

measurements. Graphs were made using Graphpad Prism. 653 

 654 

Data availability 655 

X-ray crystal structure coordinates solved in this study have been deposited in the 656 

Protein Data Bank with accession codes of 6X6Q (MpIBP_RIII1-4 - FITC-657 

AβGPDSD), 6X6M (MpIBP_RIII1-4 - FITC-AβDSTD), 6X5W (MpIBP_RIII1-4 - 658 

AGYTD), and 6X5V (MpIBP_RIII1-4 - AGYTS). The data that support the findings of 659 

this study are available from the corresponding author P.L.D upon reasonable 660 

request. 661 
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