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Targeting Streptococcus mutans is the primary focus in reducing dental caries, one of the most common 
maladies in the world. Previously, our groups discovered a potent bactericidal biaryl compound that was 
inspired by the natural product honokiol. Herein, a structure activity relationship (SAR) study to ascertain 
structural motifs key to inhibition is outlined.  Furthermore, mechanism studies show that bacterial membrane 
disruption is central to the bacterial growth inhibition. During this process it was discovered that analog C2 
demonstrated a 4-fold better therapeutic index compared to the commercially available antimicrobial 
cetylpyridinium chloride (CPC) making it a viable alternative for oral care.

Key Words:  antibacterial, membrane,  phenol,  S.  
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S. gordonii, S. sanguini

The microbiota in the human oral cavity consists 
of many bacterial species acting as a defense against 
external pathogens.1 The majority of these 
microorganisms exist in symbiosis with the host, but 
environmental changes can cause the equilibrium to 
shift and oral infections can form.2 Streptococcus 
mutans naturally resides in the human oral cavity and 
is a common etiologic agent of dental caries,3,4 which 
is one of the most costly diseases in the world and is 
implicated in other illnesses, such as diabetes and 
endocarditis.5,6  As a result, research has focused on 
understanding this disease state by studying model 
organisms for oral pathogenesis.7 Commensal 
streptococcus species, such as S. gordonii and S. 
sanguinis, initiate biofilm formation by binding to a 
thin film of glycoproteins, mucins, acidic proline-rich 
proteins, and bacterial cell debris on the enamel 
surface of a tooth, leading to the formation of dental 
plaque.8,9 The acidogenic bacteria S. mutans and 
Streptococcus sobrinus then bind to the early 
colonizers via cell-to-cell interactions and form 
biofilms by producing extracellular polymeric 
substance matrices.10,11 If not removed, these biofilms 
can produce sufficient lactic acid to erode dental 
enamel, which will eventually lead to dental caries 

after 6-24 months.12,13 Many researchers have focused 
on the development of compounds that target S. 
mutans as potential therapeutics.14,15 For example, the 
naturally occurring product honokiol was isolated 
from Magnolia officinalis and reported to have potent 
activity, with a minimum inhibitory concentration 
(MIC) of 10 µg/mL against S. mutans.16 However, this 
activity was measured in an aerobic environment, 
which is not representative of the oral cavity.17 We 

Figure 1. Structures of relevant compounds active against S. 
mutans.
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became interested in the honokiol scaffold after 
designing cross coupling methodology that enabled 
efficient synthesis of honokiol and analogs thereof.18

We observed that the MIC of honokiol was 250 µM 
(66.6 µg/mL) when grown in biologically relevant 
conditions (5% CO2-supplemented).19 From our 
analog library, 5,5’-(ethane-1,2-diyl)bis(2-(tert-
butyl)phenol) (C2) was highly potent against S. 
mutans planktonic cells with an MIC of 2 µM (0.65 
µg/mL; Figure 1). This new scaffold greatly improved 
upon the natural product, but it was unclear what 
structural features were causing this potent activity 
and what biological mechanism led to the potent effect. 
For this reason, 66 new analogs of C2 were designed 
to assess the structure-activity relationships (SAR) of 
the lead compound. Moreover, this study aimed to 
gauge the potency and toxicity profiles of these biaryl 
analogs relative to commercial antimicrobials. 
Cetylpyridinium chloride (CPC) is a notable 
compound used in toothpastes, mouthwashes, throat 
sprays, and breath sprays, because CPC has been 

found to reduce the amount of plaque due to its high 
affinity for Gram-positive bacterial cell membranes, 
such as those of S. mutans.20–23 However, CPC has also 

been shown to have toxic effects at higher 
concentrations.24 Disclosed herein is the SAR report of 
analog C2, the identification of a mechanism of action 
associated with the bacterial membrane, a similar 
inhibition profile of C2 against S. mutans relative to 
CPC, and better performance of C2 relative to CPC in a 
preliminary toxicity test. 

Synthesis of analogs to probe the role of linker 
length, the phenol groups, ring substitution, and 
sterics were completed according to the methods 
shown in Scheme 1. Analog 4P with a zero-carbon 
linker was generated from meta-biphenol 1 via 
Friedel-Crafts ortho-alkylation. The one-carbon linker 
skeleton was generated by Grignard addition and 
hydrogenation to 2. Subsequent demethylation of 3H 
followed by Friedel-Crafts ortho-acylation or ortho-
alkylation provided 3J and 3N, respectively.

Scheme 1. Synthesis of honokiol analogs. (a) ROH, H2SO4, CH2Cl2, 6-53%; (b) 0.5 M 3-MeOC6CH4MgBr solution in THF, rt, 3 h, 97%; (c) Pd/C, 
EtOH, 26-98%; (d) BBr3, CH2Cl2, 90-98%; (e) CH3COCl, TiCl4, tol, 110 °C, 24-48%; (f) TiCl4, Zn, THF, 80 °C, 6 h, 21-56%; (g) CH2O, MgCl2, 
NEt3, THF, 80 °C, 16 h, 7-45%; (h) R-Br, K2CO3, acetone, 60 °C, 18 h, 17-49%; (l) CH3MgBr, THF, rt, 3 h, 56-70%; (m) BH3·SMe2, C6H5Cl, 
130°C, 74%; (n) 2, 3-anisaldehyde, BF3•OEt2, 4 h, rt, 18%; and (o) NaBH4, CHCl3, MeOH, 2 h, rt, 8-18%. 
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The two-carbon linker was explored with 
different positioning of the phenolic groups (ortho, 
meta, and para relative the linker site). In all cases, the 
core was efficiently generated by McMurry coupling of 
the corresponding aldehyde (5, 6, 8) to generate 
alkenes 3O, 3R, 3A, 7, 3T, and 3V, which were 
hydrogenated using Pd/C to afford the corresponding 
alkanes 3P, 3S, 3B, 3D, 3U, 3W. Further combinations 
of phenol deprotection, Friedel-Crafts ortho-acylation, 
Friedel-Crafts ortho-formylation,25 Friedel-Crafts 
ortho- and para-alkylation, O-alkylation, and O-
acylation provided the remainder of the two-carbon 
linker derivatives. 

The three-carbon linker compound was obtained 
by aldol reaction of 9 with 2 followed by exhaustive 
reduction to obtain 3AD. Phenol deprotection 
followed by Friedel-Crafts ortho-alkylation generated 
4Q.

Together, these methods permitted synthesis of 
44 different compounds with varying linker sizes, 
electronics, steric interactions, and phenol 
substitution (see SI for structure list). Synthesized 
structures were supplemented with commercially 
available bibenzyl compounds (3AG-3AR); notably, 
none of the commercial analogs exhibited potency. 

The synthesized analogs were first tested against 
S. mutans planktonic growth (Figure S1-S3). From this 
data, the SAR observations can be divided into key 
characteristic groups: steric interactions at the ortho 
position, phenol protection, positioning of aryl 
substituents, and linker length (Figure 2).  

Importantly, the corresponding monomer of C2 (4M, 
see SI for structure) did not exhibit bioactivity, 
illustrating the importance of the biaryl motif for the 
observed inhibition. Analogs 3A – 3M and 3O – 3AD, 
none of which possessed alkyl groups on the aromatic 
rings, were inactive proving the importance of the 
tert-butyl groups in compound C2. According to these 
results, there is a “goldilocks” response in terms of the 
steric functionality. Derivatives that contained 
smaller substituents ortho to the phenol (4B, 4C, 4D) 
also led to a decrease in efficacy, establishing that one 
tert-butyl substituent on each aromatic ring is optimal. 
(Figure 2). 

Figure 2. Chemical structures of the synthesized analogs with inhibitory activity against S. mutans. Highlighted in this figure are key 
characteristics of the compounds that affect biological activity. The size of the groups on the ring, the length of the linker between rings, the 
positioning of tert-butyl groups on the ring, and the protection of the phenols all affect efficacy. All compounds with MIC < 250 µM were ≥90 pure 
as judged by UPLC.
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In previous work, the bis-hydroxyl functionality 
of C2 was found to be a significant feature of the active 
structure. Here, we discover that potency can be 
maintained if one hydroxyl group is alkylated with a 
small group such as a methyl (3AE). If both hydroxyls 
are alkylated, as is the case with 4K, there is a more 
drastic drop in activity, leading to the conclusion that 
the hydroxyl groups are creating important binding 
contacts, most likely through hydrogen bonds. Larger 
alkylating groups, as found in 4O, also cause large 
decreases in potency, possibly due to a lack of 
hydrogen donators as well as changes in overall 
solubility.

 Altering the substituents on the aryl rings can 
alter the projection of the key functional groups, and 
these changes can result in drastic changes in 
inhibition. Analogs 4H and 4G show that slight 
modification in the substitution pattern allows 
potency to be retained. However, larger changes, such 
as in 4R, cause slight decreased inhibition due to 
hydroxyl proximity to the linker. We postulate that 4R 
is not able to bind as well as C2 to the target due to 
misalignment of the hydrogen bonding. Additionally, 
the optimal number of tert-butyl groups was found to 
be two (C2, 4G), as analogs with additional (4J, 4I) and 
fewer (3AF, 4F) tert-butyl substituents have lower 
bioactivity. Finally, the testing of analogs with 
differing linker lengths (4Q, 4P) showed that the ideal 
length is one (3N) or two carbons (C2).

We hypothesized that these antimicrobials were 
working via a membrane-specific mechanism due to 
similar SAR trends seen in our group’s (W.M.W.) 
previous work.26,27 Further, attempts at selecting for a 
resistant mutant of S. mutans, after treatment of C2, 
were unsuccessful. Todd Hewitt Broth (THB) agar 
plates with a range of concentrations of C2 (MIC, 2X 
MIC, 4X MIC and 8X MIC) were plated with S. mutans 
cells. Three colonies were isolated and tested, but 
resistance to the activity of C2 was not observed. 
Failure to select for resistant colonies is a hallmark of 
membrane-targeting mechanisms.28 For that reason, 
the effect of our compounds on bacterial membrane 
integrity was investigated. Depolarization 
(DiBAC4(3)) and cell lysis (Propidium Iodide, PI) of 
the bacterial cell membrane were analyzed between 
2-250 µM (Figure 3a-d, Figure S4-S12).  Analog C2 
(Figure 3a) did not have a significant depolarization 
response when compared to the DMSO vehicle control 
(Figure S12) and the commercial oral antimicrobial, 
CPC (Figure  3b). CPC, known to act via a lytic 
mechanism, showed higher levels of membrane 
depolarization, causing a response as low as 8 µM 
(Figure 3b). Nevertheless, both C2 and CPC 
demonstrated a lytic response, denoted by an increase 
in PI fluorescence (Figure 3c and 3d). To visualize the 
membrane effects of C2, TEM images were obtained of 
compound treated cells, and lysis was observed at 
high concentrations (Figure 3g, red arrow). 

Figure 3. Comparison of the mechanism of action of C2 and CPC. a-b) Cellular membrane depolarization measured DiBAC4(3) recorded for 
1 hour. c-d) Cellular lysis measured with PI recorded for 1 hour. e-f) Confirmation of cellular membrane permeability measured with SYTOX™ 
Green for 20 minutes. g) TEM images of DMSO vehicle control and C2 (2 and 125 µM) treated S. mutans cells. 
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To further understand the differences between C2 
and CPC, we utilized SYTOX™ Green Nucleic Acid Stain 
to measure membrane permeabilization. The 
bacterial membrane was permeabilized by C2 from 32 
µM to 250 µM (Figure 3e). C2 has a more striking 
effect, responding with a higher maximum 

fluorescence, when compared to CPC (Figure 3e, f). 
With these data points in consideration, it appears 
that C2 affects the membrane stability and fluidity, 
which is evidenced in both the lytic (Figure 3c) and 
permeabilization activity (Figure 3e). The lack of 
depolarization events leads to the conclusion that C2 
does not interfere with the membrane potential. Thus,  
the inhibitory activity must stem from a more physical 
mode of action, akin to the mechanism demonstrated 
by bithionol and nTZDpa.29 Other active analogs were 
tested and demonstrate similar membrane effects 
(See SI). 

We calculated minimum bactericidal 
concentration (MBC) values to determine if the analog 
promoted cell permeabilization led to bacteriostatic 
or bactericidal cell inhibition to better understand the 
overall mechanism. Colony Forming Units (CFU) were 
used to determine viability with the MBC referring to 
a 3-Log reduction in growth, corresponding to 99.9% 
bacterial death (Table 1). In accordance with our 
previous work, the active compounds demonstrated 
bactericidal mechanisms, since the MBCs were within 
4X of the MIC.

Due to the bactericidal effect, the toxicity of C2 
relative to CPC was explored. Hemolysis values were 
determined using defibrinated sheep blood (Table 1). 
Interestingly, CPC exhibits significant hemolytic 
activity with a Lysis20 of 16 µM. Based on these results, 
CPC has a therapeutic index (TI) of 8, which is 
expressed as the ratio Lysis20/MIC. Conversely, 
equally potent analog C2 has a Lysis20 of 63 µM, 
yielding a higher TI of 32 again hinting at a mechanism 
of action that is disparate from that of CPC. This 
finding establishes the potential of compound C2 for 
use in dental health agents based on its superior TI.

With the perspective of being used as a 
dental agent, we were curious if these analogs 
would also inhibit commensal bacteria in the 
oral microbiome. The inhibition values 
reported above were all determined with S. 
mutans, one of the major agents in dental caries, 
but only one bacteria implicated in cavity 
formation. In an attempt to understand the 
broader impact of these compounds on the oral 
microbiome, the most potent analogs were 
tested against commensal bacteria S. gordonii 

and S. sanguinis, and the pathogenic species S. sobrinus. 
The analogs demonstrated comparable activity 
against these strains (Table 1).

Through this SAR study, the critical structural 
attributes of S. mutans inhibitor C2 have been 
delineated and a potential mechanism of action has 

been outlined. We have shown that C2 causes 
inhibition at high concentrations by disrupting 
membrane permeability of S. mutans. Through 
MBC calculations, it was determined that C2 is 
acting in a bactericidal fashion. While 
membrane effects are prevalent, other 

possible targets contributing to polypharmacology 
cannot be ruled out; future work will focus on 
confirming these findings.

In summary, the results presented in this work 
establish the potential of this new class of 
synthetically accessible bisphenolic compounds for 
antibacterial oral care. C2 possesses favorable 
properties for further development and an improved 
therapeutic index when compared to the ubiquitous 
CPC. Future work will investigate its translational 
potential as a next generation oral care product and 
will be reported in due course.
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