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Abstract

With the growing crisis of antimicrobial resistance, it is critical to continue seeking out sources 

of novel antibiotics. This need has led to renewed interest in natural product antimicrobials, 

specifically antimicrobial peptides. Non-lytic antimicrobial peptides are highly promising due to 

their unique mechanisms of action. One such peptide is apidaecin (Api), which inhibits translation 

termination through stabilization of the quaternary complex of ribosome-apidaecin-tRNA-release 

factor. Synthetic derivatives of apidaecin have been developed, but structure-guided modifications 

have yet to be considered. In this work we have focused on modifying key residues in the Api 

sequence that are responsible for the interactions that stabilize the quaternary complex. We present 

one of the first examples of a highly-modified Api peptide that maintains its antimicrobial activity 

and interaction with the translation complex. These findings establish a starting point for further 

structure-guided optimization of Api peptides.
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INTRODUCTION

The World Health Organization estimates that more than 700,000 people die each year from 

antibiotic-resistant infections1–3. Infections from bacteria resistant to drugs of last resort are 

increasingly common, so developing antimicrobials with novel structures and mechanisms 

of action has never been more important4–10. As a result, natural products have gained 

renewed interest as a source of antiobiotic leads11–13. Among the most recent classes of 

antibacterial natural products, antimicrobial peptides—including vancomycin, daptomycin, 

gramicidin D, oritavancin, dalbavancin, and telavancin—have been advanced as clinically 

useful therapeutics14–17.

Antimicrobial peptides can be categorized as either lytic or non-lytic18. Lytic antimicrobial 

peptides are bactericidal due to their ability to disrupt the bacterial membrane causing cell 

lysis19. Although effective, the non-specific activity of lytic peptides can lead to unwanted 

toxicity, making them suboptimal therapeutic agents20–22. Non-lytic peptides stop bacterial 

growth by passing through the bacterial cytoplasmic membrane and acting upon intracellular 

targets. In particular, many proline-rich antimicrobial peptides (PrAMPs) act upon the 

ribosome23–25. Among ribosome-targeting PrAMPs, a special place belongs to apidaecin, 

which is produced by honeybees (Apis mellifera) as a part of their innate immune response 

to bacterial infections26–28.

Similar to other PrAMPs, apidaecin exhibits activity against a range of Gram-negative 

bacteria, including Escherichia coli; however, in contrast to the majority of studied PrAMPs, 

apidaecin does not interfere with translation initiation or elongation, but instead arrests the 

ribosomes at stop codons of open reading frames (ORFs) (Figure 1), causing widespread 

disruption of translation termination29,30. When the translating ribosome reaches a stop 

codon, one of the class 1 release factors (RF1 or RF2) associates with the ribosome and 

facilitates the hydrolysis of peptidyl-tRNA, liberating the completed, synthesized protein. 

After dissociation of the new protein, apidaecin penetrates the peptide exit tunnel with 

its C-terminus oriented towards the catalytic peptidyl transferase center (PTC). Apidaecin 

forms interactions with ribosomal RNA and ribosomal proteins in the exit tunnel and, 

most critically, establishes specific contacts with the RF and the 2’−3’ diol of the 3’ 

terminal nucleotide of deacylated tRNA. The resulting apidaecin-ribosome complex remains 
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stalled at the stop codon with a sequestered RF. Because ribosomes far outnumber the RF 

molecules in many bacteria, the apidaecin-mediated RF sequestration leads to translation 

termination impairment on other ribosomes, ultimately causing growth arrest.

Apidaecin Ib, H-GNNRPVYIPQPRPPHPRL-OH, the active wildtype peptide produced 

by the honeybee, has been investigated as an antimicrobial against a variety of 

Gram-negative bacterial species31–39. A chemically modified derivative, Api-137 (gu-

ONNRPVYIPRPRPPHPRL-OH, where gu = tetramethylguanidyl, O = L-ornithine), showed 

improved proteolytic stability in serum and was found to exhibit greater activity against E. 
coli, P. aeruginosa, and K. pneumonia31,40,41.

Our comprehensive genetic-based structure-activity relationship study (Figure 2) concluded 

that the pharmacophore of apidaecin is centered on the five C-terminal amino acids: P/z-H/

z-P-R-X (where z = aromatic amino acid and X = any amino acid except A,S,G)34; however, 

structure-guided modification of synthetic apidaecins has not yet been investigated. Building 

on the results from the genetic-based structure-activity relationship study and those from 

Hoffmann and coworkers31–34,40,42–44, we have carried out structure-guided modifications 

of apidaecin to test analogs with novel modifications that could stabilize the quaternary 

complex of ribosome-apidaecin-tRNA-RF and/or gain proteolytic stability.

RESULTS AND DISCUSSION

To test the key moieties involved in functionally important apidaecin interactions with 

the ribosome, RF, and tRNA, our synthetic effort was targeted against three segments of 

apidaecin (Figure 2).

Exploration of the interaction of Api with RF

The C-terminus has been identified as the pharmacophore region primarily responsible 

for apidaecin’s antimicrobial activity34,45,46 (Figure 2). To further understand the moieties 

important for this activity, we designed and synthesized derivatives of apidaecin with a 

modified penultimate Arg17 residue, whose sidechain guanidinium is involved in an H-bond 

network that includes Gln235 of RF and C2452 of the 23S rRNA29. We tested importance 

of these interactions by replacing Arg17 of Api137 with homoarginine (hArg) and citrulline 

(Cit) which differ from arginine in sidechain length (hArg) and in functional group (urea 

instead of guanidinium moiety in Cit; Figure 3), modifications that disrupt the H-bond 

network. The extra methylene of hArg derivative (1) is expected to distort the positioning of 

the guanidinium, whereas in the Cit derivative (2), one of the nitrogens of the guanidinium 

is replaced with an oxygen, thereby altering the H-bonding capacity. The hArg (1) and 

Cit (2) derivatives had minimum inhibitory concentrations (MICs) of 2.5 μM and 20 

μM, respectively, as compared to 0.16 μM for Api-137 (Table 1), vividly underscoring 

the importance of H-bonding interactions revealed by the structural studies. The more 

significant loss of activity of the Cit derivative could be due to at least two differences 

between these groups: urea is neutrally charged, while guanidine is positively charged at 

physiological pH, and urea has two fewer H-bond donors than guanidinium. There are no 

apparent salt-bridge interactions between Api-137 and the ribosome or RF, so it is most 

likely that the lack of two H-bond donors is responsible for the loss in activity.
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To investigate whether other substitutions on the guanidinium would be allowed, we 

synthesized a derivative in which the sidechain of Arg17 was mono-methylated (3, Table 

1). This derivative essentially retained the activity of Api-137 (MIC = 0.3 μM). A previous 

study has shown that methylation of arginine does not substantially change its pKa47, 

so it is unlikely that the charge state of mono-methylated 3 is different from Api-137. 

A cleft between the nucleobases of residues A2451 and C2452 of the 23S rRNA could 

accommodate a methyl group at Arg17, but because the activity does not substantially 

decrease, the methyl group may not make substantial van der Waals interactions with 

the complex. Regardless, to our knowledge, this result is the first example of successful 

replacement of Arg17 in the parent Api-137.

Exploration of the interaction of Api with P-site tRNA

The cryo-EM structure of the ribosome-bound Api-137 complex showed that the carboxylic 

oxygens of the C-terminal Leu18 are 3.1 and 3.4 Å away from the 2’ and 3’ hydroxyls, 

respectively, of the ribose of the 3’ terminal adenosine (A76) of the P-site tRNA29 

(Figure 4B). To test the importance of this interaction for the inhibitory activity of Api, 

we synthesized several derivatives with modified Leu18 residues. We first synthesized a 

decarboxy-leucine Api peptide (Compound 4 in Table 1) that lacks the carboxylic acid 

altogether. The (decarboxy)Leu18 Api derivative was completely inactive (MIC > 40 μM), 

pointing to the critical role of the carboxy terminus of Api for antimicrobial activity. We 

then introduced more nuanced modifications at the C-terminus of Api. Specifically, we 

synthesized two derivatives in which the C-terminal carboxyl of Leu18 was replaced with 

an alcohol moiety, generating Api variants carrying L- or D-leucinol at the C-terminus. In 

addition, because C-terminal Leu can be replaced with Phe without loss of activity34, we 

also generated two peptides in which Leu18 was replaced with L- or D-phenylalaninol 

(Compounds 5–8 in Table 1). All of these derivatives retained antimicrobial activity, 

even though it was diminished compared to that of Api-137. The MIC for both the 

L-leucinol and L-phenylalaninol derivatives was 5 μM, while the MICs for the D-leucinol 

and D-phenylalaninol derivatives were 10–20 µM and 40 μM, respectively (Table 1). The 

dependence of the activity on stereochemistry of the C-terminal alcohol group reinforces the 

notion that Api’s action relies on the precise interaction of carboxylate oxygen atoms with 

the diol of the 3’ ribose of the deacylated tRNA.

Exploration of the interactions of Api with the elements of the ribosomal nascent peptide 
exit tunnel

To probe several of the specific interactions of Api with the ribosomal exit tunnel observed 

in cryo-EM reconstructions of the ribosome-Api-137 complex, we synthesized several 

derivatives with modifications at specific amino acid residues farther away from the C-

terminus. Two apidaecin residues (Tyr7 and His15) closely approach the nucleobases of 23S 

rRNA of the walls of the exit tunnel29. Tyr7 makes a π-π sandwich stacking interaction with 

A751 of the rRNA (Figure 4D), whereas His15 forms π-π stacking interactions with the 

base of G2505 (Figure 4C). To explore the contributions of the Tyr7-A751 interaction, we 

synthesized Api derivatives with either a para-methoxyphenylalanine (p-OMe-Phe), para-

fluorophenylalanine (p-F-Phe) or cyclohexylalanine (Cha; Figure 3; Compounds 9–11). If 

this interaction plays a role in Api binding, we would expect that the p-F-Phe could increase 

Skowron et al. Page 4

J Med Chem. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity due to the presence of the electron-withdrawing group, which could strengthen π-π 
stacking. Conversely, the presence of an electron-donating group (p-OMe-Phe) or a lack 

of aromaticity (Cha) of the other two derivatives would be expected to decrease activity 

by weakening the π-π stacking interaction. In reasonable agreement with our expectations, 

MIC assay results indicated that the p-F-Phe peptide retains activity with an MIC of 0.35 

μM, while the cyclohexylalanine and p-OMe-Phe peptides show decreased MICs (0.75 

and 1.5 µM, respectively) compared to Api-137 (0.35 μM; Table 2). These data suggest 

that the π-π stacking interaction of the Tyr7 residue34 modestly contributes to the overall 

antimicrobial activity of the peptide.

To explore the importance of Api H15 – 23S rRNA G2505 interactions, we replaced H15 

with either naphthylalanine, cyclohexylalanine, or tryptophan (Figure 3; Compounds 12–
14). All of these substitutions significantly decreased the activity of Api-137 (8–64 fold 

change in MIC relative to Api-137; Table 2). The naphthylalanine modification led to the 

largest decrease in activity, while the tryptophan modification led to the smallest activity 

decrease. Although generally useful, these results did not clarify whether His15-G2505 π-π 
stacking interactions contribute to the activity of Api; it may be that the pocket in which the 

histidine residue needs to fit may not accommodate a larger sidechain, which could explain 

the increase in MIC for the tryptophan and naphthylalanine derivatives.

Modifications of proline residues

The high proline content of the ribosome-targeting PrAMPs suggest their importance for 

peptide activity either because proline residues directly participate in interaction with 

the target, as they provide free Api with the conformation or rigidity that facilitates its 

intracellular stability or migration through the exit tunnel towards its binding site near the 

peptidyl transferase center, or because they facilitate the peptide uptake.

Peptides with high proline content may adopt an idiosyncratic conformation described as 

a polyproline II helix48. This secondary structure is characterized by three residues per 

turn and backbone dihedral angles of Φ ~ −75° and Ψ ~ +145°. To gain insights into 

the secondary structure of Api-137, we carried out a Ramachandran plot analysis of the 

well-resolved segment (Pro5-Leu18) of the ribosome-bound Api137 (PDB 5O2R; Figure 

5). The data indicate that, in its ribosome-bound form, Api-137 has a general conformation 

resembling a polyproline type II helix. Specifically, the dihedral angles of pre-proline and 

trans-proline residues are within the range of values typical for the polyproline type II 

helix48. In addition to the structure of Api, previous studies have suggested that the prolines 

in the apidaecin sequence are partially responsible for the antimicrobial activity of these 

peptides40,49; therefore, we wanted to explore additional modifications of proline residues to 

determine their impact on activity.

Thioamide substitutions may impact activity, proteolytic stability, and secondary structure 

of biologically active peptides with polyproline II helical secondary structures50,51. We 

explored whether the incorporation of thioamide prolines could affect the activity of 

apidaecin (Figure 3)52–54. None of the five synthesized derivatives (Compounds 15–19 
in Table 3) maintained the same activity as Api-137. Replacement of Pro11, Pro13, and 

Pro16 with thioamide prolines led to a four-fold increase in MIC, replacement of Pro9 
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increased MIC 15-fold, and replacement of Pro14 led to a 125-fold increase in MIC (Table 

3). Thioamide and peptide bonds are isosteric, but the lengths of the C=S and C=O bonds 

are different (1.66 Å and 1.22 Å, respectively)55. Although the structure of the ribosome-Api 

complex does not reveal any direct interactions of Pro14 carbonyl with the elements of the 

exit tunnel, the thioamide substitution may alter the structure or positioning of the peptide in 

the tunnel. Furthermore, the propensity of thioamides for forming hydrogen bonds can vary 

greatly depending on whether they act as hydrogen bond donor or acceptor55. Therefore, 

these data indicate that thioamide proline substitutions are not optimal for developing a more 

active and more proteolytically stable Api-137 derivative.

Prompted by the importance of hydroxyprolines in the polyproline II helical structure of 

collagen, we incorporated hydroxylated prolines in Api-137. Hydroxyproline differs from 

L-proline by the presence of a hydroxy group on the γ-carbon. We synthesized seven 

derivatives of Api137 in which either all or individual proline residues were replaced with 

hydroxyprolines (Compounds 20–26 in Table 3). This modification had been previously 

incorporated into the Api88 sequence as single modifications40, but the combination had 

never been tested. Our current results match the previously published data, since the L-trans-

hydroxyproline substitutions, especially near the N-terminus of Api, are well tolerated 

throughout the sequence (Table 3). L-3-cis-hydroxyproline substitutions were previously 

shown to match the trends of the L-4-trans-hydroxyproline substututions40. Since none 

of the modifications led to a more highly active derivative, we have not considered 

incorporating the L-3-cis-hydroxyproline substitutions. Even simultaneous replacement of 

all the prolines in the Api-137 sequence with L-trans-hydroxyproline leads to a marginally 

active molecule, with an MIC of 10 μM (Table 3). The proline residues play an important 

role in the antimicrobial activity of Api peptides; however, certain modifications are 

tolerated, indicating the possibility for developing Api derivatives with modified structures 

and activity. These data confirm that incorporation of highly modified proline residues may 

allow for the development of more active and more stable Api peptides. Furthermore, the 

tolerated proline modifications were mostly centered around the N-terminus of the peptide, 

which support previous data on the pharmacophore of Api34.

C-terminal backbone methylation

As an unmodified peptide, apidaecin can be cleaved by cellular and serum proteases. 

Incorporation of non-proteinogenic amino acids in the Api structure could increase its 

activity by improving its proteolytic stability56–58. Apidaecin’s C-terminus, which is critical 

for activity, is the segment particularly vulnerable to the preferential proteolytic cleavage in 

blood, serum, and plasma40 (Figure 2). Backbone modifications, including methylation of 

backbone amides, could influence the activity and/or proteolytic stability of Api59; therefore, 

we wanted to test whether methylation of the backbone amide group would affect the 

antibacterial properties of Api.

We synthesized two derivatives in which the backbone amides of Leu18 or Arg17 were 

methylated. The MIC of (N-Me)Leu18 Api (27, Table 4) was 0.3 μM, which matched 

the activity of Api-137, whereas the (N-Me)Arg17 derivative (28) displayed an MIC of 

20 μM, which is 67-fold higher than that of Api-137. Analysis of an available cryo-EM 
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structure of Api-137 bound to the ribosome shows that there is space available near the 

backbone amide of Leu18 that could be occupied by the methyl group without altering 

the orientation of the C-terminus of Api, which is critical for interaction with the tRNA 

(Figure 4B). This amide does not appear to interact with the ribosome, tRNA or RF, which 

explains the comparable activity of the (N-Me)Leu18 derivative to the parental peptide. In 

contrast, the backbone amide of Arg17 H-bonds with N1 of A2062 residue of the 23S rRNA 

(Figure 4B). The (N-Me)Arg17 modification likely disrupts this interaction, underscoring its 

importance for the activity of Api. This interaction may aid in orienting the C-terminus for 

optimal interaction with the tRNA and the RF. In a previously published study, derivatives of 

Api88 (which differs from Api-137 only by the presence of a C-terminal amide instead of a 

carboxylic acid) with Arg17 replaced by (N-Me)Arg or Leu18 substituted with (N-Me)Leu40 

were inactive; however, our results indicate that the (N-Me)Leu18 Api-137 maintains 

antimicrobial activity. It is unclear why there would be a difference in activity, but it may 

be that the bioactive conformations of Api88 and Api-137 are different at the C-termini and 

that N-methylation disfavors the bioactive conformation of Api88 but not of Api-137.

Testing simultaneous modifications in a combination peptide

We wondered whether Api-137 would tolerate several modifications simultaneously. From 

all the modifications that were previously tested, we selected four that positively (or 

minimally) affected the activity and synthesized a peptide with an L-trans-hydroxyproline 

instead of Pro5, p-F-Phe in place of Tyr7, Arg(Me) in the Arg17 position, and N-Me-Leu 

in the Leu18 position (Compound 29, Table 4, Figure 6). Although the modifications 

to Arg17 and Leu18 were selected within the pharmacophore, Pro5 and Tyr7 are outside 

of the pharmacophore region. These modifications were selected to determine whether 

changes outside of the pharmacophore region could also have a synergistic impact on the 

antimicrobial activity of the peptide that had changes to the pharmacophore region. Despite 

the presence of multiple alterations in the chemical makeup of Api, the combination peptide 

exhibited antibacterial activity on par with Api-137 (MIC 0.35 μM; Table 4). This result 

indicates that multiple modifications can be incorporated into the Api-137 sequence without 

causing a decrease in the activity of the molecule. To our knowledge, this is the first 

example of an Api-137 derivative that has multiple modifications at the C-terminus that 

are tolerated and do not lead to decreases in activity. Future incorporation of multiple or 

non-proteinogenic amino acids into the sequence of Api-137 could help further improve the 

proteolytic stability or other pharmacological properties of ribosome-targeting antibacterial 

peptides.

An important factor that must be considered when developing peptidic antimicrobials 

is proteolytic stability. Human plasma was used to determine proteolytic stability of 

key compounds. Neither the multiply-substituted Api (Compound 29, Table 4) nor (N-

Me)Leu18 Api (Compound 27, Table 4) showed significant change in proteolytic stability. 

Similar to the previously reported stability of Api-137 in mouse serum40, approximately 

80% of either of these peptides remained intact after a 2 hour incubation in human 

serum (Figure 7A). While incorporation of unnatural amino acids will often induce higher 

proteolytic stability, in this case the proteolytic stability remained similar. This could 

indicate that further changes must be incorporated into the sequence to eliminate additional 
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points of metabolism. In a similar fashion, synthetic antimicrobial peptide mimics have been 

developed that retain very high proteolytic stability; however, few compounds have non-lytic 

mechanisms of action60–64.

The secondary structure of antimicrobial peptides often impacts its mechanism of action; 

specifically, alpha-helical AMPs will often become lytic. We collected circular dichroism 

spectra to determine the secondary structure of key compounds. Upon incorporation of 

modifications, compounds 27 and 29 maintained spectra similar to Api-137. Therefore, 

these modifications do not cause significant perturbations to the secondary structure. 

Furthermore, these spectra lack the key characteristics of alpha-helical structures; therefore, 

they are not as likely to have lytic properties. These data can be interpreted as supporting a 

polyproline-II-like helical structure for these compounds due to the presence of a negative 

band at around 200 nm48,65,66.

Confirming the mechanism of action of Api derivatives

Incorporation of modifications could impact the unique mechanism of action of Api 

peptides; therefore, it is critical to confirm the antimicrobial activity of the key compounds. 

We determined their MIC values using multiple strains of E. coli (Table 5). We used the 

standard BL21 as a comparison for the mutant strains. Compounds 3, 27, and 29 had 

antimicrobial activity similar to Api-137 against the BL21 strain, as expected based on 

our previous data above (Table 5). Api-137 requires the sbmA transporter for uptake into 

bacterial cells; therefore, we tested our compounds against a knockout strain to determine 

whether their uptake mechanism is the same. Compounds 3, 27, and 29, as well as Api-137, 

have no antimicrobial activity against the ΔsbmA mutant E. coli strain. This indicates 

that these compounds all require the transporter for their antimicrobial activity and do not 

have a lytic mechanism of action, as they are inactive without the transporter. Resistance 

mechanisms against Api-137 have been determined and include mutations in the release 

factor, specifically R262C and Q280L29. These mutations in the RF cause Api-137 to be 

inactive. Against the RF2 R262C and RF2 Q280L strains, Compounds 3 and 27 are also 

inactive, indicating that the activity of these compounds relies on an interaction with the RF. 

The same strains appear to retain some sensitivity to compound 29, which may be indicative 

of its overcoming release factor-based resistance; however, further investigation is required 

to fully confirm these results.

One of the unique effects of the mechanism of Api is its ability to induce stop codon 

readthrough. The ability of the synthetic peptides to induce stop codon readthrough activity 

was tested using the pRXG reporter plasmid that carries the rfp and gfp genes encoding 

red and green fluorescent proteins, respectively67. In the pRXG(UGA) plasmid, the in-frame 

fused rfp and gfp genes are separated by a UGA stop codon 68. Placing a drop of the 

PrAMP on surface of agar plate inoculated with E. coli carrying the pRXG(UGA) reporter 

generates a gradient of the peptide concentration. At the high PrAMP concentrations (near 

the site of application) cells are killed, but at subinhibitory concentrations, PrAMPs with 

the mechanisms of action like that of Api-137 generate a halo of GFP fluorescence due 

to induction of the stop codon readthrough. As can be seen in Fig. 8, all the three tested 

compounds (3, 27 and 29) induce appearance of a halo of GFP fluorescence revealing their 
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ability to induce stop codon readthrough and confirming that their mode of action resembles 

that of Api-137.

CONCLUSIONS

We have carried out structure-guided modifications of antimicrobial peptide apidaecin to 

test if its derivatives would tolerate substitutions that alter the interaction of the peptide 

with ribosome—tRNA—RF and/or gain proteolytic stability. We have found several amino 

acid substitutions and modifications that preserve the antibacterial activity of this PrAMP. 

Modifications, such as specific methylations, can be tolerated at the C-terminus of the 

molecule; however, methylation at the backbone nitrogen of Arg17 is detrimental to the 

antibacterial activity of Api. Single amino acid modifications at Tyr7 are allowed, while 

His15 does not tolerate substitution to large aromatic side chains. Hydroxylation of prolines 

is tolerated throughout the sequence to a limited degree, while thioamide proline activity 

varies substantially. A combination of several well-tolerated substitutions retained the 

activity of Api-137. Furthermore, incorporation of these modifications in the pharmacophore 

region does not disrupt the unique mechanism of action of Apidaecins and may actually 

lead to overcoming a resistance mechanism, which needs further investigation. These 

results provide further insight into the acceptable modifications of apidaecin peptides and 

may guide further development of more active, proteolytically stable and mutant-resistant 

derivatives.

EXPERIMENTAL SECTION

Chemistry

Commercially available Fmoc-amino acids, 2-chlorotrityl chloride resin, and amino 

alcohols were purchased from Novabiochem, Sigma-Aldrich or Chem-Impex and used 

without further purification. 6-Chloro-benzotriazole-1-yloxy-tris-pyrrolidinophosphonium 

hexafluorophosphate (PyClocK), N,N’-diisopropylcarbodiimide (DIC), ethyl 

cyanohydroxyiminoacetate (Oxyma Pure), 3-[Bis(dimethylamino)methyliumyl]-3H-

benzotriazol-1-oxide hexafluorophosphate (HBTU), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium tetrafluoroborate (TBTU), 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridiniom 3-oxide hexafluorophosphate (HATU), 1H-1,2,3-benzotriazol-1-ol 

(HOBt hydrate), were purchased from Sigma-Aldrich or Chem-Impex.

N,N-dimethylformamide (DMF), dichloromethane (DCM), piperidine, trifluoroacetic 

acid (TFA), triisopropylsilane (TIPS), N,N-diisopropylethylamine (DIPEA), 

hexafluoroisopropanol (HFIP), and HPLC-grade acetonitrile were purchased from Sigma-

Aldrich, Fisher, or Chem-Impex and used without further purification. All compounds are 

>95% by HPLC analysis with the exception of compound 16 and 19 which are >90%.

General manual Fmoc-based solid-phase peptide synthesis

Solid-phase peptide synthesis was carried out using standard Fmoc-based protocols at 60 or 

100 μmol scale using DIC and Oxyma Pure or PyClocK as the activating agents.
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Loading of 2-chlorotrityl chloride resin with Fmoc-Leu-OH, Fmoc N-Me-Leu-OH, Fmoc-Arg-
OH

The appropriate amount of resin for 60 or 100 μmol scale was weighed out and swelled 

with dry CH2Cl2. 5 eq of Fmoc-protected amino acid was dissolved in dry CH2Cl2 and 

10 eq of DIPEA were added to the resin. The loading was allowed to proceed for 2–18 

hours. The resin loading was determined using standard protocols as follows: 5–10 mg of 

dried, loaded resin were weighed out. 1 mL of 20% piperidine in DMF was added to each 

sample. The deprotection reaction was allowed to proceed for 20 minutes. After completion 

of the deprotection reaction, 100 μL of the solution was added to 10 mL DMF. 2 mL of this 

solution was added to a cuvette and the absorbance of the solution at 289 nm and 301 nm 

was measured. Using the following equation, the resin loading was determined.

resin   loading   capacity =
A 105

ε * w * d

Where A = measured absorbance; ε = molar absorption coefficient (at 289.8nm = 6089 l 

mol−1cm−1; at 301.0nm = 8021 l mol−1cm−1), w = weight of sample resin in milligrams, d = 

path length (usually 1 centimeter).

Coupling after N-Me Leu or N-Me Arg

Following an N-Me amino acid, the coupling of the following amino acid required 

alternative coupling conditions. 2 eq Fmoc-protected amino acid were dissolved in DMF. 

2 eq HATU, 0.1 M HOBt, and 4 eq DIPEA were added to the solution and was added to the 

resin. The coupling proceeded overnight.

General Fmoc deprotection procedure

Fmoc deprotection was carried out for 20–30 minutes using 20–25% piperidine in DMF 

with 0.1M HOBt at room temperature.

General procedure for amino acid coupling

Amino acids were coupled using 5 equivalents (eq) of Fmoc-protected amino acid, 5 eq of 

activating agent, 5 eq of Oxyma (if using DIC) and 10 eq of DIPEA (if using PyClocK) in 

DMF for 30–60 minutes. Double coupling was used if coupling was incomplete after first 

round.

General procedure for guanidinilation (introduction of N,N,N′,N′-tetramethylguanidine)

After the N-terminal Fmoc-protecting group was deprotected, 10 eq of TBTU or HBTU with 

10 eq DIPEA were added to the resin for at 2–16 hours, preferably overnight. The resin was 

washed with DMF, CH2Cl2 twice, and dried down to prepare for global deprotection and 

cleavage, or selective removal from resin.
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Coupling of amino alcohols and decarboxy leucine

Amino alcohols were coupled to a 17mer peptide with a free carboxylic acid at the C-

terminus, guanidinilated N-terminus and protected sidechains. 2 eq amino alcohols were 

added to the peptide with 2 eq DIC, 2 eq Oxyma Pure in dry CH2Cl2 for 18–24 hours. 

The reaction was monitored via MALDI-TOF, and upon reaction completion, the solution 

was dried down. The residue was exposed to standard global deprotection and cleavage 

conditions and was purified to yield the target compounds.

Global deprotection and cleavage or selective cleavage from the resin

Global deprotection and cleavage from resin was completed using 95:2.5:2.5 TFA/

TIPS/H2O for 2–4 hours. Selective cleavage of the peptide from 2-chlorotrityl resin was 

completed using 1:5 HFIP/DCM for 20 minutes, twice. The resin was filtered, the solution 

was collected and dried to yield crude sidechain-protected peptide. The peptide could 

be further purified through precipitation from cold diethyl ether. It was used for further 

chemistry without further purification.

Peptide purification and characterization

The crude peptides were purified by semipreparative HPLC to >95% purity (solvent system 

MeCN:H2O with 0.1% formic acid; 0–5 min, 15% MeCN; 5–19 min 15–20% MeCN; 19–20 

min, 20% MeCN; 20–22 min, 20–15% MeCN. Column: Phenomenex Luna 5 μm C18(2), 

100 Å, 250 ✕ 10 mm). Fractions containing pure peptide were lyophilized. The purity 

of the peptides was established using HPLC on a Shimadzu LC-20AB (Solvent system 

MeCN:H2O with 0.1% formic acid; 0–2 min, 4% MeCN; 2–12 min, 4–70% MeCN; 12–13 

min, 70% MeCN, 13–14 min, 70–4% MeCN, 14–18 min, 4% MeCN. Column: Phenomenex 

Luna C8, 5 μm, 100 Å, 50 ✕ 4.6 mm). A Bruker MALDI-TOF spectrometer was used to 

verify the m/z of purified peptides.

Purification of the decarboxy leucine peptide did not follow the standard solvent system 

used for the remainder of peptides and specified above. This peptide was purified by 

semipreparative HPLC (solvent system MeCN:H2O with 0.1% formic acid; 0–5 min, 15% 

MeCN; 5–19 min 15–20% MeCN; 19–20 min, 20% MeCN; 20–22 min, 20–15% MeCN. 

Column: Phenomenex Luna 5 μm C18(2), 100 Å, 250 ✕ 10 mm).

Synthesis of thioamide prolines

Thioamide prolines were synthesized following a previously published protocols52–54

Antimicrobial Activity Assays

In vivo inhibition of growth of E. coli BL21: The Minimum Inhibitory Concentrations 

(MIC’s) of designed Api-variant peptides were determined by microbroth dilution technique 

in 96-well plates. Specifically, exponentially growing E. coli BL21 cells were diluted to 

the final density OD600 = 0.002 in 0.3 Tryptic Soy Broth (corresponding to 1% (w:v))42 

and 100 mL of the diluted culture were placed in the wells, and after the addition of the 

peptide, plates were incubated overnight at 37 °C. The minimal concentration of the peptide 
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preventing appearance of the visible cell density was recoded as the MIC. The assay was run 

in duplicate.

The potency of the peptide was separately confirmed by determining the Zone of Inhibition. 

This was done by spotting 2 mL of 2 mM concentration of each peptide solution on a lawn 

of E. coli cells growing on 0.3 Tryptic Soy plates with 1.5% (w:v) Agar, incubating at 37 

°C overnight, and measuring the diameter of the clearance zone seen around the site of 

application of the peptide.

In both the experiments, the antimicrobial effects of the variant peptides were compared to 

that of Api-137 to obtain a fold-change in efficacy.

Stop codon readthrough assay: E. coli cells (strain BL21) transformed with the 

pRXG(UGA) plasmid were grown overnight in LB medium supplemented with 50 μg /mL 

of kanamycin. Cell cultures were diluted 1:10 into fresh LB/kanamycin medium and 

grown to the late exponential phase (O.D.600 ~ 1). Cells were pelleted, washed with M9 

minimal medium supplemented with 2 mM MgSO4, 0.1 mM CaCl2, 10 μg/mL thiamine 

(supplemented M9 medium), and then resuspended in supplemented M9 medium to O.D. 

600 ~ 1. 3 mL of cell suspension were poured over the surface of agar plate prepared with 

supplemented M9 medium containing 0.2 mM IPTG and 50 μg/mL kanamycin in the ⊘ 10 

cm Petri dish. Plates were rapidly swirled to evenly distribute cell culture, and the remaining 

liquid was aspirated with a pipet from the corner of the tilted plate.

Plates were allowed to dry without the lid in the laminar flow hood. 2 μL drops of the 

0.2 mM solutions of the tested PrAMPs were applied to the surface of the plate. The 

control antibiotic chloramphenicol (1 μL of 1 mg/mL) that does not induce readthrough, 

was used as a negative control. Plates were incubated for ~ 18 hr at 37 °C and imaged in 

ChemiDoc MP imaging system (BioRad) using Cy3 channel for RFP and Cy2 channel for 

GFP fluorescence.
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Abbreviations Used.

Api apidaecin

Cha cyclohexylalanine

Cit citrulline

DIC N,N’-diisopropylcarbodiimide

DIPEA N,N-diisopropylethylamine

hArg homoarginine
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HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridiniom 3-oxide hexafluorophosphate

HBTU 3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide 

hexafluorophosphate

HFIP hexafluoroisopropanol

HOBt 1H-1,2,3-benzotriazol-1-ol

NPET nascent peptide exit tunnel

ORF Open reading frame

PrAMP proline-rich antimicrobial peptide

PTC peptidyl transferase center

PyClocK 6-Chloro-benzotriazole-1-yloxy-tris-pyrrolidinophosphonium 

hexafluorophosphate

RF release factor

TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

tetrafluoroborate
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Figure 1. Structure of the 70S ribosome in complex with apidaecin-137.
(A) Overview of the Api-binding site (orange) in the E. coli 70S ribosome carrying mRNA 

(teal), release factor 1 (RF1, magenta), and deacylated tRNA (navy) in the A and P sites, 

respectively, viewed as a cross-cut section through the nascent peptide exit tunnel (NPET). 

The small subunit is shown in light yellow; the large subunit is light gray. (B) Close-up view 

of Api137 bound in the exit tunnel of the 70S ribosome (PDB entry 5O2R29).
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Figure 2. 
Key residues in the sequence of Api-137 as per Baliga et al. The pharmacophore residues 

are boxed in red. The residues necessary to arrest the ribosome at the stop codon in vitro 

are boxed in purple. The residues which tolerate substitutions while retaining the activity 

of apidaecin endogenously expressed in E. coli cells are shown in navy blue. The Api137 

residues of interest in this work: residues with π-π stacking interactions with rRNA of the 

nascent peptide exit tunnel of the 70S ribosome (turquoise), residues with interactions with 

the release factor (orange), residues with interactions with the P-site tRNA (magenta), and 

residues which are sites of proteolysis in murine serum40 (violet).
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Figure 3. 
The structures of natural and unnatural amino acids incorporated into the Api-137 
peptide. From left to right, arginine, homoarginine, citrulline, and mono-methylated 

arginine, tyrosine, p-(OMe)-phenylalanine, p-fluoro phenylalanine, histidine, tryptophan, 

naphthylalanine, and cyclohexylalanine, L-proline, L-thioamide proline, and L-trans-

hydroxyproline.
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Figure 4. Interactions of Api-137 with the residues of the 23S rRNA.
(A) Structure of ribosome-bound Api137 (orange). (B) Close-up view of the interactions of 

the C-terminal Arg17 and Leu18 residues of Api137 with the GGQ motif of RF1 (magenta) 

and A76 of the deacylated P-site tRNA (navy). H-bonds are shown with dotted lines. (C, 

D) π-π stacking interactions (light yellow) of Api residues (orange) with the nucleotides of 

the 23S rRNA (cyan). Ribosomal protein L22 is shown in light green. Figure rendered from 

PDB 5O2R.
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Figure 5. 
The Ramachandran plot analysis generated for Api-137(Pro5-Leu18) indicating a 

polyproline type II helix secondary structure. Residues that make up a polyproline type II 

helix are typically located at −75°, +150°. In the general case, pre-proline and trans proline 

plots of all of the residues are located near −75°, +150°. The only outlier is the isoleucine 

and valine plots which have the residue near −60°, +20°. The black circles are the individual 

Api peptide residues from PDB 5O2R. The blue shapes indicate the possibility of these 

residues being present in these areas. As the individual resides (black circles) are present in 

the areas associated with polyproline type II helix secondary structures, these data support a 

polyproline type II helix structure for Api-137.
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Figure 6. 
The structure of the Api-137 derivative with a combination of tolerated modifications 

(Compound 29). Labeled in red are L-trans-hydroxyproline is in the 5th position, L-p-

fluorophenylalanine in the 7th position, L-arginine (Me) in the 17th position and L-N-methyl 

leucine in the 18th position.
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Figure 7. 
A) Plasma stability of Api-137, compound 27 and compound 29. The values represent the 

average of two runs. B) Circular dichroism of Api-137, compound 27 and compound 29.
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Figure 8. 
A) In the pRXG(UGA) reporter plasmid, the fused in-frame rfp-gfp genes are separated by 

a stop codon UGA. Stop codon readthrough is required for expressing the GFP activity. B) 

Drop diffusion test on agar plate inoculated with the E. coli cells carrying the pRXG(UGA) 

reporter plasmid. Two μL droplets of 0.2 mM solutions of compounds 3, 27 and 29 or of 

the positive control Api-137, and 1 μL drop of a 1 mg/mL solution of a negative control 

antibiotic chloramphenicol that does not induce stop codon readthrough, were applied to 

the plates. Shown is the false-colored image of the plate imaged in the Cy2 channel after 

overnight incubation at 37 °C.
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Table 1.

The sequences and minimum inhibitory concentrations and fold changes for Api-137, the C-terminal leucine 

carboxylic acid modified derivatives (* = decarboxy; ** = primary alcohol), and the Arg17 modifications.

Peptide Sequence Unnatural Amino Acid MIC (μM) Fold change

Api-137 gu-ONNRPVYIPRPRPPHPRL-OH none 0.16–0.3 1

1 gu-ONNRPVYIPRPRPPHPrL-OH r = homoarginine 2.5 16

2 gu-ONNRPVYIPRPRPPHPrL-OH r = citrulline 20 128

3 gu-ONNRPVYIPRPRPPHPRL-OH R = mono-methyl arginine 0.3 1

4 gu-ONNRPVYIPRPRPPHPRl-* l = decarboxy leucine >40 >800

5 gu-ONNRPVYIPRPRPPHPRl-** l= L-leucinol 5 32

6 gu-ONNRPVYIPRPRPPHPRl-** l = D-leucinol 10–20 62–128

7 gu-ONNRPVYIPRPRPPHPRf-** f = L-phenylalaninol 5 32

8 gu-ONNRPVYIPRPRPPHPRf-** f = D-phenylalaninol 40 800
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Table 2.

The sequences and minimum inhibitory concentrations and fold changes for Api-137, Tyr7-modified peptides, 

and His15-modified peptides.

Peptide Sequence Unnatural Amino Acid MIC (μM) Fold change

Api-137 gu-ONNRPVYIPRPRPPHPRL-OH none 0.16–0.35 1

9 gu-ONNRPVyIPRPRPPHPRL-OH y = p-OMe-phenylalanine 1.5 4

10 gu-ONNRPVyIPRPRPPHPRL-OH y = p-F-phenylalanine 0.35 1

11 gu-ONNRPVyIPRPRPPHPRL-OH y = cyclohexylalanine 0.75 2

12 gu-ONNRPVYIPRPRPPhPRL-OH h = naphthylalanine 10 63

13 gu-ONNRPVYIPRPRPPhPRL-OH h = cyclohexylalanine 5 32

14 gu-ONNRPVYIPRPRPPWPRL-OH W = tryptophan 1.2–2.5 8–16
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Table 3.

The sequences and minimum inhibitory concentrations and fold change for Api-137, thioamide proline (15–
19) and hydroxy-proline (20–26) modified peptides.

Peptide Sequence MIC (μM) Fold change

Api-137 gu-ONNRPVYIPRPRPPHPRL-OH 0.08–0.3 1

15 gu-ONNRPVYIPRPRPPHPRL-OH 0.62 4

16 gu-ONNRPVYIPRPRPPHPRL-OH 20 125

17 gu-ONNRPVYIPRPRPPHPRL-OH 0.62 4

18 gu-ONNRPVYIPRPRPPHPRL-OH 0.62 4

19 gu-ONNRPVYIPRPRPPHPRL-OH 2.5 15

20 gu-ONNRPVYIPRPRPPHPRL-OH 10 63

21 gu-ONNRPVYIPRPRPPHPRL-OH 0.3–0.6 2–4

22 gu-ONNRPVYIPRPRPPHPRL-OH 0.6 2–4

23 gu-ONNRPVYIPRPRPPHPRL-OH 0.16–0.3 2

24 gu-ONNRPVYIPRPRPPHPRL-OH 1.2 4–8

25 gu-ONNRPVYIPRPRPPHPRL-OH 0.08–0.16 1

26 gu-ONNRPVYIPRPRPPHPRL-OH 0.08–0.16 1

J Med Chem. Author manuscript; available in PMC 2024 January 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Skowron et al. Page 29

Table 4.

The sequences and minimum inhibitory concentrations and fold change for Api-137, N-methyl leucine 

derivative (27), N-methyl arginine (28), and combination peptide 29 derivatives.

Peptide Sequence MIC (μM) Fold change

Api-137 gu-ONNRPVYIPRPRPPHPRL-OH 0.3–0.35 1

27 gu-ONNRPVYIPRPRPPHPRl-OH 0.3 1

28 gu-ONNRPVYIPRPRPPHPrL-OH 20 67

29 gu-ONNRPVYIPRPRPPHPRl-OH 0.35 1
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Table 5.

The minimum inhibitory concentration of Api-137, compound 3, 27 and 29 against the following E. coli 
strains: BL21, BL21 ΔsbmA, BL21 RF2(R262C) and BL21 RF2(Q280L) to confirm whether the compounds 

have the same mechanism of action as Api-137.

Compound BL21 BL21 ΔsbmA BL21 RF2(R262C) BL21 RF2(Q280L)

Api 137 1.5 >25 >25 >25

3 3.1 >25 >25 25

27 1.5 >25 >25 12.5

29 3.1 >25 6.2 3.1
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