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 2 

Abstract 25 

Pathogen inactivation is a strategy to improve the safety of transfusion products. The Cerus 26 

Intercept technology makes use of a psoralen compound called amotosalen in combination with 27 

UVA light to inactivate bacteria, viruses and protozoa. Psoralens have structural similarity to 28 

bacterial multidrug-efflux pump substrates. As these efflux pumps are often overexpressed in 29 

multidrug-resistant pathogens and with recent reported outbreaks of transfusion-associated sepsis 30 

with Acinetobacter, we tested whether contemporary drug-resistant pathogens might show 31 

resistance to amotosalen and other psoralens based on multidrug efflux mechanisms through 32 

microbiological, biophysical and molecular modeling analysis. The main efflux systems in 33 

Enterobacterales and Acinetobacter baumannii, tripartite RND (resistance-nodulation-cell 34 

division) systems which span the inner and outer membranes of Gram-negative pathogens and 35 

expel antibiotics from the bacterial cytoplasm into the extracellular space, were specifically 36 

examined.  We found that amotosalen was an efflux substrate for the TolC-dependent RND 37 

efflux pumps in E. coli and the AdeABC efflux pump from Acinetobacter baumannii, and that 38 

minimal inhibitory concentrations for contemporary bacterial isolates in vitro approached and 39 

exceeded the concentration of amotosalen used in the approved platelet and plasma inactivation 40 

procedures. These findings suggest that otherwise safe and effective inactivation methods should 41 

be further studied to exclude possible gaps in their ability to inactivate contemporary, multidrug-42 

resistant bacterial pathogens.  43 

 44 

Importance 45 

Pathogen inactivation is a strategy to enhance the safety of transfused blood products. We 46 

identify the compound, amotosalen, widely used for pathogen inactivation, as a bacterial 47 
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multidrug efflux substrate. Specifically, experiments suggest that amotosalen is pumped out of 48 

bacteria by the major TolC-dependent RND efflux pumps in E. coli and the AdeABC efflux 49 

pump in Acinetobacter baumannii. Such efflux pumps are often overexpressed in multidrug-50 

resistant pathogens. Importantly, the minimal inhibitory concentrations for contemporary 51 

multidrug-resistant Enterobacterales, Acinetobacter baumannii, Pseudomonas aeruginosa, 52 

Burkholderia spp., and Stenotrophomonas maltophilia isolates approached or exceeded the 53 

amotosalen concentration used in approved platelet and plasma inactivation procedures, 54 

potentially as a result of efflux pump activity. Although there are important differences in 55 

methodology between our experiments and blood product pathogen inactivation, these findings 56 

suggest that otherwise safe and effective inactivation methods should be further studied to 57 

exclude possible gaps in their ability to inactivate contemporary, multidrug-resistant bacterial 58 

pathogens.  59 

 60 

  61 
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Introduction 62 

Bacterial contamination of transfusion product is currently the primary transfusion-related 63 

infectious risk (1-3) and is a leading cause of transfusion-related deaths in the United States. 64 

Culture-confirmed sepsis is estimated to occur in a least 1 in 100,000 platelet transfusions 65 

without pathogen reduction technology (4-6). The need for room temperature storage of platelets 66 

contributes to risk by allowing contaminating bacteria to multiply to dangerous levels.  67 

 68 

The majority of bacterial platelet contaminants are Gram-positive skin flora. However, recent 69 

events highlight potential contamination and transfusion-associated infection with Gram-70 

negative pathogens. In June 2019, the CDC issued a report describing four cases of sepsis 71 

attributed apheresis platelet transfusion. Occurring between the months of May and October, 72 

2018, in Utah, California, and Connecticut, the cases were notable for their identification of 73 

clonal Acinetobacter calcoaceticus-baumannii complex isolates (ACBC). One of these occurred 74 

despite use of pathogen reduction technology (7). Following a multi-state investigation, two 75 

additional, clonally distinct cases of ACBC platelet-transfusion-associated sepsis were reported 76 

in North Carolina, and one additional case was reported in Michigan (7). A summary of blood 77 

product contaminants in the United States, the United Kingdom and France published in 2005 78 

found that ~33% of platelet transfusion-associated infections were caused by either 79 

Enterobacterales or Acinetobacter; the percentage of transfusion-associated infections caused by 80 

these pathogens in red blood cell products was even higher at 55% (7, 8). A recent study from 81 

the American Red Cross found that Klebsiella and Acinetobacter spp. were the Gram-negative 82 

pathogens most frequently associated with platelet transfusion-associated sepsis (6). 83 

 84 
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Numerous steps have been taken to protect against bacterial contamination risk. In March 2004, 85 

the AABB (previously known as the American Association of Blood Banks) required member 86 

institutions to employ means of identifying and mitigating bacterial contamination of platelet 87 

products (9). In 2010, the AABB’s standards were updated to recommend pathogen inactivation 88 

as well (10). In September 2019, the FDA issued non-binding recommendations to blood 89 

collection agencies and transfusion services for pathogen identification, pathogen reduction, and 90 

platelet storage (11). In practice, several protocols are now in use for identifying infected blood 91 

products including single and pooled unit culture assessment, lipoteichoic acid and 92 

lipopolysaccharide antigen detection, and pH-sampling (12-15). Recently, several methods of 93 

pre-emptive pathogen reduction, rather than passive detection, have been developed and utilized. 94 

 95 

In particular, psoralen compounds have compelling attributes for use in pathogen reduction 96 

technologies (16-19) Psoralens are tricyclic, planar compounds capable of forming irreversible, 97 

covalent adducts with nucleic acids following excitation with long-wave ultraviolet light (i.e., 98 

UVA) (20, 21). Therefore, psoralens can be added to blood products, which are then irradiated to 99 

destroy the nucleic acids of any contaminating pathogens.  100 

 101 

Psoralen compounds vary in their characteristics. For instance, while the psoralen, 8-102 

methoxypsoralen (8-MOP), has previously been shown to be effective in inactivating many 103 

bacterial species, it is less effective in inactivating viral pathogens (22). In comparison, while 4’-104 

aminomethyl-4,5’,8-trimethylpsoralen (AMT) inactivates both bacterial and viral pathogens, it 105 

exhibits high mutagenicity in the Ames test, a surrogate for carcinogenic potential, and therefore 106 

is considered inappropriate as a blood product treatment (22, 23). An ideal combination of 8-107 
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 6 

MOP’s safety profile and AMT’s efficacy was found in 4'-(4-amino-2-oxa)butyl-4,5',8-108 

trimethylpsoralen (trade name, amotosalen) (22-24). In 2014, the Cerus Corporation’s 109 

INTERCEPT Blood System, using amotosalen  in conjunction with a specialized UVA 110 

illuminator, became the first psoralen-based pathogen reduction system licensed by the US Food 111 

and Drug Administration for pathogen reduction in platelets (25) and is also now approved for 112 

pathogen reduction in plasma (26).  113 

 114 

Since amotosalen’s development, multiple studies have reported its efficacy against a broad 115 

spectrum of microbial pathogens (27-29). In August 2020, a study supported by the Cerus 116 

Corporation also demonstrated inactivation of ACBC and Staphylococcus saprophyticus isolated 117 

from the transfusion-related sepsis case mentioned above, which occurred despite use of its 118 

pathogen-reduction technology. The study showed a >5.9-log reduction in viable pathogen for 119 

both isolates after treatment, implying amotosalen susceptibility (30).  120 

 121 

Notably, the tricyclic, planar structure of psoralens, including amotosalen, is reminiscent of 122 

known bacterial multidrug efflux pump substrates (31). Moreover, increased susceptibility of an 123 

Escherichia coli acrA mutant to 8-methyoxypsoralen plus ultraviolet radiation was previously 124 

noted in 1982, prior to the identification of AcrAB-TolC as the major tripartite efflux pump in 125 

Escherichia coli (32). With the dramatic emergence of antimicrobial resistance, often associated 126 

with overexpression of such efflux pumps, we therefore considered the possibility that multidrug 127 

efflux resistance present in Gram-negative pathogens may also confer resistance to amotosalen 128 

and related psoralen compounds. To address this possibility, the activity of amotosalen against 129 

contemporary, drug-resistant Gram-negative species most commonly associated with blood 130 
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product contamination, including Acinetobacter baumannii, Escherichia coli, and Klebsiella 131 

pneumoniae, were accordingly characterized. The potential of psoralen to act as substrates for 132 

major multidrug efflux pumps found in these organisms was also assessed. 133 

 134 

Results 135 

Assessment of amotosalen activity against E. coli, K. pneumoniae, A. baumannii, Pseudomonas 136 

aeruginosa and Burkholderia strains was performed using reference standard minimal inhibitor 137 

concentration (MIC) testing. Accordingly, two-fold serial dilutions of amotosalen were prepared 138 

in microwell format, and added to bacteria in standard cation-adjusted Mueller-Hinton broth 139 

under conditions recommended by the Clinical Laboratory Standards Institute (33). Microplates 140 

were exposed to 2 Joules/cm
2
 of UVA, to approximate exposure during platelet pathogen 141 

inactivation (17), and incubated overnight to determine the MIC through absorbance 142 

measurements as previously described (34-37).  143 

 144 

Strains tested were from collections of contemporary multidrug-resistant strains and were 145 

generally carbapenem resistant (Table S1). FDA-CDC Antimicrobial Resistance Bank strains are 146 

available as a resource for validation of susceptibility testing methods against new and existing 147 

antimicrobials (38). Amotosalen MIC varied between and within genera (see Table I, Table S1). 148 

Notably, MIC values used in our in vitro assay were close to, and for some strains exceeded, the 149 

150 µM concentration of amotosalen used in the Intercept pathogen inactivation procedure in 150 

clinical practice. The modal MICs of multidrug-resistant (MDR) E. coli and K. pneumoniae 151 

isolates exceeded the MICs of broadly-susceptible ATCC strains .of the same species; however, 152 
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broadly-susceptible A. baumannii 17978 (39) had an MIC of 128 µM, identical to the modal 153 

MIC of MDR A. baumannii isolates. 154 

 155 

Based on structural similarity of psoralens to known multidrug-efflux pump substrates and 156 

frequent elevation of efflux pump expression in MDR Gram-negative pathogens (40), we then 157 

examined whether well-characterized, major efflux pumps from E. coli and A. baumannii were 158 

capable of rendering these strains resistant to psoralen compounds. These pumps are classified as 159 

RND (resistance-nodulation-cell division) efflux pumps and consist of three components, 160 

residing in the inner membrane, periplasm and outer membrane, respectively.  161 

 162 

We first used a genetics approach to assess effects on psoralen efflux in isogenic strains that 163 

were competent or incompetent for expression of functional E. coli RND family efflux pumps. In 164 

E. coli, the RND efflux pumps depend on the shared outer membrane channel, TolC (41). We 165 

therefore compared psoralen MICs in an E. coli K-12 parent strain and a TolC-knockout (tolC) 166 

strain that were otherwise genetically identical (i.e., isogenic strains). For amotosalen, 8-MOP 167 

and AMT (see Table II), the MIC in the tolC strain was reduced by up to 16-fold, indicating 168 

that psoralens are TolC-dependent efflux substrates.   169 

 170 

The major MDR efflux pump in A. baumannii is the RND, AdeABC pump with each of the three 171 

proteins performing analogous roles to those in the tripartite AcrAB-TolC machinery. Multidrug-172 

resistance in A. baumannii and other Acinetobacter species is commonly associated with 173 

upregulation of the AdeABC efflux system (42-44). To examine whether AdeABC could efflux 174 

psoralens, we cloned adeAB and adeC on separate plasmids under control of inducible 175 
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 9 

promoters. These plasmids were then transformed alone or in combination into the E. coli 176 

AGX100AX strain, which has deletions in the main RND efflux pumps (acrAB, acrEF) that 177 

partner with TolC in E. coli, thereby reducing potentially confounding effects from existing 178 

efflux pumps in the E. coli experimental system (45). 179 

 180 

In these strains, we found evidence for pronounced efflux of psoralens, however, only if both the 181 

AdeAB and AdeC plasmids were present (see Table III) and induced in the same strain (data not 182 

shown), demonstrating the requirement for all three RND components.  For amotosalen, the 183 

modal MIC of AdeC expressing control strain, with an inoperative pump complex, was found to 184 

be 8 µM, which was comparable with the modal MIC of the AG100AX parent E. coli strain. In 185 

contrast, the AdeABC expressing experimental strain, with an operative, induced pump, 186 

exhibited a 32-fold higher modal MIC of 256 µM. This was similar to the high-level resistance 187 

of the multidrug-resistant A. baumannii AYE strain from which AdeABC was cloned for use in 188 

these experiments, which had a bimodal MIC of 128 µM and 256 µM across replicate 189 

experiments (Table S1). Although carbapenem-susceptible, AYE is considered a model MDR A. 190 

baumannii strain and is notable for having caused wide-spread epidemic infection in France with 191 

high mortality (46).  192 

 193 

The AdeB protein is the drug-binding channel and pump, energized by a proton motive force to  194 

move substrates form the bacterial cytoplasm into the periplasm (47). We therefore assessed the 195 

ability of amotosalen to bind purified AdeB using a fluorescence polarization taking advantage 196 

of the inherent fluorescence of amotosalen (see Fig. 1). The dissociation constant (KD) for 197 

binding to AdeB was 27.9±1.8 µM, in the same range as the 4.9 µM KD of the efflux pump 198 
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 10 

inhibitor, PAfor AdeB, and the KD of ethidium bromide (8.7 µM), proflavin (14.5 µM), and 199 

ciprofloxacin (74.1 µM) efflux substrates for the homologous, AcrB (31).  200 

 201 

The previously described cryo-EM structure of AdeB identified a pathway for efflux pump 202 

substrate extrusion with entrance through a cleft in the periplasmic domain and sequential 203 

binding to proximal and distal multidrug-binding sites (47, 48). Computer modeling of the 204 

molecular docking of amotosalen demonstrated binding to both the proximal and distal multidrug 205 

bindings sites within the AdeB periplasm domain (see Fig. 2). AMT and 8-MOP were also found 206 

to dock with the proximal and distal binding sites, and cleft and distal binding sites, respectively 207 

(data not shown). These data are consistent with binding of known efflux substrates to AdeB and 208 

homologous RND pumps (31).  209 

 210 

Discussion 211 

Microbial contamination of blood products remains a critical transfusion safety issue. Numerous 212 

studies have established the use of amotosalen combined with UVA treatment for broad-213 

spectrum inactivation of bacterial, protozoan, and viral pathogens (27-29, 49-52). Recently, a 214 

case of a septic transfusion reaction was reported with a pathogen-reduced product. While a 215 

follow-up study indicated that the implicated strains were inactivated by amotosalen (30), this 216 

event paired with potential gaps in the existent literature led us to investigate the possibility that 217 

MDR Gram-negative organisms, such as Acinetobacter baumannii, may have the potential to 218 

escape pathogen inactivation.   219 

 220 
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Gram-negative pathogens in particular are known to have a significant penetration barrier to 221 

antimicrobials based on their double cell membrane along with a plethora of multidrug efflux 222 

pumps that limit access to the bacterial cytoplasm (53). Here we demonstrate that psoralens 223 

including amotosalen are multidrug efflux substrates. It is of interest that the derivation of 224 

amotosalen and AMT included the instillation of a primary amine into an existing planar 225 

structure with low globularity and few rotatable bonds (Fig. 3). These features taken together are 226 

now known to be associated with enhanced penetration of antibiotics across the Gram-negative 227 

membrane barrier (54). Therefore, the increased activity (lower MIC values) of amotosalen and 228 

AMT compared with 8-MOP is fully consistent with our current understanding of antimicrobial 229 

penetrance into Gram-negative pathogens. Nevertheless, access to an intracellular target (in this 230 

case, DNA) is a balance of penetration and efflux, and, based on our data, psoralens including 231 

amotosalen, appear especially vulnerable to efflux. 232 

 233 

Specifically, amotosalen, AMT, and 8-MOP were found to be substrates for the major efflux 234 

pumps in Enterobacterales and A. baumannii. These RND efflux systems, AcrAB-TolC and 235 

AdeABC, respectively, share similar substrate specificity and 50% amino acid identity (55). 236 

Therefore, the finding that both pumps efflux psoralens, manifest as large increases in the MIC 237 

in pump-competent compared with pump-defective strains, is not surprising. Binding of 238 

amotosalen to AdeB showed a micromolar dissociation constant, consistent with known affinities 239 

of antibiotics to RND pumps (31) and MATE family transporters (56). This affinity is likely 240 

located within an optimal dissociation continuum that allows for the ability to bind to several 241 

sites within the pump itself with eventual handoff to the outer membrane pump protein and 242 

release into the extracellular space (47). Molecular docking to the previously determined cryo-243 
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EM structure of AdeB suggest that amotosalen binding is consistent with what has been either 244 

determined or predicted for other canonical efflux substrates.  245 

 246 

Notably, both AcrABC and AdeABC are upregulated in resistant pathogens. For example, 247 

acrABC is upregulated in Enterobacter species resistant to colistin (57); E. coli resistant to 248 

multiple antibiotics (58-60); and in drug-resistant Salmonella (61, 62) and Klebsiella (63, 64). 249 

The expression of adeABC is often upregulated in resistant Acinetobacter strains (42-44). 250 

Therefore, we would expect resistance to amotosalen to be correspondingly increased in these 251 

strains.  252 

 253 

We found in activity spectrum studies that multidrug-resistant E. coli, K. pneumoniae, and A. 254 

baumannii demonstrated varying levels of resistance to amotosalen with a significant fraction of 255 

isolates with MICs exceeding the concentration of amotosalen used in the Intercept pathogen 256 

inactivation procedure. Although we cannot, without extensive genetic and expression analysis, 257 

definitively conclude that higher MIC values in these strains were due to efflux activity alone, it 258 

is reasonable to hypothesize that efflux is a major contributor. Unlike the pan-susceptible ATCC 259 

strains of E. coli and K. pneumoniae examined, which had low MICs, the otherwise broadly 260 

susceptible A. baumannii 19798 is known to express AdeABC and the related AdeFGH and 261 

AdeIJK pumps potentially explaining its higher intrinsic resistance (65). 262 

 263 

We expected that Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and Burkholderia 264 

spp. are to be likely candidates for efflux mediated resistance to psoralens, as these bacteria often 265 

express or overexpress multiple efflux pumps, resulting in characteristic intrinsic resistance to 266 
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many antibiotics (66-68). In examination of a limited number of strains (five, two, and eight for 267 

these species groups, respectively), we found that they had very high MICs values, often 268 

exceeding 256 µM, the highest concentration of amotosalen tested (see Table S1), as well as the 269 

150 µM concentration used during pathogen inactivation of blood products.  In the context of the 270 

current study, however, we did not examine whether this intrinsic resistance was specifically 271 

associated with efflux pump activity, a goal of future work.  Interestingly, a minority of strains 272 

were either always or variably killed by UVA light in the absence of amotosalen exposure (Table 273 

S1). Based on prior literature, we speculate this may result from free radical generation during 274 

UVA excitation of bacterial fluorescent pigments and/or endogenous photosensitizers (69, 70). 275 

 276 

Though generally effective against most pathogens, psoralens are ineffective against non-277 

enveloped viruses such as HAV, HEV, parvovirus B19, and poliovirus, and relatively imporous 278 

bacterial spores (71-73). Taken together, our data now raise the possibility that contemporary 279 

multidrug-resistant bacterial isolates have reduced susceptibility to inactivation based on their 280 

ability to efflux psoralens and thereby avoid UVA-catalyzed nucleic acid damage. Collectively, 281 

our data also suggest the need for further study of psoralen-efflux pump interaction and that 282 

future chemical optimization of pathogen inactivating compounds should specifically explore 283 

Gram-negative penetrance in the presence of efflux pumps. 284 

 285 

Our study has several limitations and results should not be extrapolated directly to the 286 

performance of the Cerus INTERCEPT system. Notably, we did not employ the INTERCEPT 287 

Illuminator for UVA exposure. We also tested inactivation of pathogens in standard 288 

antimicrobial susceptibility testing medium and in lid-less microwell plates with a very short 289 
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path length for UVA exposure, not in blood products contained in bags with potentially greater 290 

UVA opacity. Therefore, our results may differ from the INTERCEPT system when used 291 

according to manufacturer’s specifications. Also, our results should be taken in context. MDR 292 

Gram-negative pathogens thus far are relatively rare causes of transfusion associated sepsis. In 293 

addition, pathogen inactivation strategies have provided significant benefit in reducing the 294 

overall frequency of transfusion-associated blood stream infection (74). Nevertheless, emerging 295 

antimicrobial resistance, including resistance associated with efflux mechanisms, is becoming 296 

increasingly common. Our findings serve as an alert to a potential vulnerability in pathogen 297 

inactivation methods that may explain some instances of pathogen inactivation breakthrough and 298 

should be an area of further research. 299 

 300 

Materials & Methods 301 

Chemicals 302 

Amotosalen HCl 3mM solution was obtained from the Cerus INTERCEPT Blood System for 303 

Platelets Pathogen Reduction System Dual Storage Processing Set and stored in light-protected 304 

aliquots at 4C. 4’-aminomethyltrioxsalen hydrochloride (AMT) was from Cayman Chemical 305 

(Ann Arbor, MI); 8-methoxypsoralen (8-MOP) was from Sigma-Aldrich (St Louis, MO). 8-MOP 306 

and AMT were dissolved in DMSO and stored as aliquots at -80C prior to use. 307 

 308 

Bacterial Strains 309 

Clinical bacterial strains are listed in Table S1 and were obtained from the American Type 310 

Culture Collection (ATCC) (Manassas, VA), the CDC-FDA Antimicrobial Resistance Isolate 311 

Bank (ARIB) (Atlanta, GA), Walter Reed Army Institute of Research (WRAIR) (Silver Spring, 312 
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MD) and BEI Resources (Manassas, VA). The Keio strain BW25113, and isogenic, JW5503-313 

KanS tolC E. coli were obtained from the Coli Genetics Stock Center (Yale University, New 314 

Haven, CT).(75) E. coli AG100AX acrAB acrEF(76) was from Ed Yu (Case Western 315 

University, Cleveland, OH). 316 

 317 

Creation of isogenic AdeABC efflux strains 318 

Vectors for regulated expression of adeAB and adeC were created as follows: To create the 319 

isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible, pAdeC vector, pBMTL-2(77) was first 320 

converted to pBMTL-2NTC by replacing the kanamycin resistance gene was with a 321 

nourseothricin acetyltransferase resistance gene. Specifically, pBMTL-2 was amplified by PCR 322 

using "F pLAC (NAT)" and "R pLAC (Nat)" primers (see Table S2), and the nourseothricin 323 

resistance gene was amplified from plasmid pMOD3-mNeptune2-nat (78) (Addgene plasmid 324 

#120335; http://n2t.net/addgene:120335; RRID:Addgene 120335) using primers "F Nat" and "R 325 

Nat" with inclusion of 5' tails encoding overlap between vector and nourseothricin amplicons, 326 

respectively. pBMTL-2 was a gift from Ryan Gill (Addgene plasmid # 22812; 327 

http://n2t.net/addgene:22812; RRID:Addgene_22812). All amplification reactions were 328 

performed using Q5 high-fidelity DNA polymerase (New England Biolabs, Beverly, MA). PCR 329 

amplification was followed by DpnI digestion for 60-90 minutes at 37C. PCR products were 330 

column-purified (Qiaquick PCR Purification kit, Qiagen, Valencia, CA) and assembled using the 331 

HiFi reaction kit (New England Biolabs). Transformants were selected on 50 µg/ml 332 

nourseothricin. The adeC gene from A. baumannii strain AYE (ATCC BAA-1710) was then 333 

similarly amplified from genomic DNA prepared with the Wizard Genomic DNA Extraction Kit 334 

(Promega, Madison, WI) using primers "F AdeC" and "R AdeC" and cloned downstream from 335 
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the vector pLac site and Shine-Delgarno sequence in pBMTL-2NTC using vector primers, “F 336 

pLAC (AdeC)” and “R pLAC (AdeC)”, with the new vector again assembled using HiFi as 337 

described above.  338 

 339 

To create the arabinose-inducible pAdeAB vector, pBAD-LSSmOrange(79) was amplified using 340 

primers "R pBAD" and "F pBAD" to exclude the existing fluorescent protein. pBAD-341 

LSSmOrange was a gift from Vladislav Verkhusha (Addgene plasmid # 37129; 342 

http://n2t.net/addgene:37129; RRID:Addgene_37129). adeAB genes were amplified from A. 343 

baumannii AYE genomic DNA, while adding a Shine-Delgarno sequence with optimized 344 

spacing from the start codon using primers "F AdeA" and "R AdeB". Amplicons were assembled 345 

by HiFi.  346 

 347 

Plasmid constructs were confirmed by Sanger sequencing. Vectors, pAdeC and/or pAdeAB, 348 

were introduced into chemically-competent E. coli strain AG100AX using the 1X TSS method 349 

(80). 350 

 351 

MIC determination 352 

For MIC determination of ATCC, FDA-CDC ARIB, WRAIR, BEI Resources, and tolC 353 

isogenic strains, bacterial stocks frozen at -80°C were streaked onto tryptic soy agar plates 354 

containing 5% sheep blood (Remel, Lenexa, KS) and grown overnight at 35°C in ambient air. 355 

Colonies were then suspended in 0.9% saline to 0.5 McFarland, measured using a Densicheck 356 

(Biomerieux, Durham, NC); diluted 1:300 in cation-adjusted Mueller-Hinton broth (BD, 357 

Franklin Lakes, NJ); and dispensed with an Integra ASSIST (Integra LifeSciences, Plainsboro 358 
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Township, NJ) into 384-well polystyrene plates (Greiner Bio-One, Monroe, NC) at 50 µL per 359 

well.  360 

 361 

For MIC determination of AG100AX strains containing pAdeC and pAdeAB plasmids, –80ºC 362 

frozen stocks were inoculated directly into non-cation-adjusted Mueller-Hinton broth containing 363 

100 µg/ml ampicillin, 50 µg/ml nourseothricin, 5mM calcium chloride, and 5 mM magnesium 364 

chloride, with or without adeABC induction using 1% L-arabinose and 1.0 mM IPTG (Isopropyl 365 

β-D-1-thiogalactopyranoside), and grown overnight at 35ºC in 15mL conical tubes with 366 

continual rotation. Bacterial cultures were then adjusted to 0.5 McFarland and diluted 1:300 in 367 

the same medium, and dispensed as above into microplates.  368 

 369 

Filled 384-well plates were centrifuged at 1250 RCF for four minutes to ensure the entire inoculum 370 

was in continuity with the bottom of the well. Then two-fold doubling dilutions of stock solutions of 371 

amotosalen supplemented to 0.3% Tween-20 (Sigma-Aldrich), AMT, or 8-MOP were dispensed 372 

into microwells using the HP D300 digital dispensing system (HP, Inc. Palo Alto, CA), as previously 373 

described,(34-37) and the microplates were mixed for 5 minutes on a microplate shaker to ensure 374 

complete mixing of psoralens with the inoculum. Microplates were then exposed to ultraviolet light 375 

in a UV Stratalinker 1800 (Stratagene, La Jolla, CA), retrofitted with UV BL F8T5 CFL 12-inch 376 

UVA 365nm Blacklight Bulbs (Coolspider, Jiinyun, China) and calibrated according to 377 

manufacturer’s instructions with an UVA365 UV Light Meter (Amtast, Lakeland, FL).  378 

 379 

After incubation at 35°C for 20 h, the A600 of the microplate was measured using a TECAN 380 

M1000 microplate reader. Minimal inhibitory concentration was determined based on a growth 381 

inhibition A600 cutoff of 0.06, consistent with our prior determination of absorbance cutoffs for 382 
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accurate MIC determinations in 384-well plate format (35, 37, 81). Notably, the AdeABC pump 383 

was inactive in E. coli AG100X in Mueller-Hinton broth without the addition of divalent cations, 384 

consistent with prior use of magnesium supplementation when expressing this A. baumannii 385 

efflux pump in E. coli (82). The concentrations of MgCl2 and CaCl2 used were empirically 386 

determined to be optimal for efflux of minocycline and ethidium bromide (data not shown). 387 

 388 

AdeB binding affinity and molecular docking 389 

His-tagged AdeB protein was purified as described previously (31). Fluorescence polarization assays 390 

were performed in a ligand binding solution consisting of 20 mM HEPES-NaOH pH7.5 and 0.05% 391 

n-dodecyl-β-D-maltoside (DDM) and 3 μM amotosalen. The experiments were done by titrating the 392 

AdeB protein in solution containing 20 mM HEPES-NaOH pH7.5 and 0.05% DDM into the ligand 393 

binding solution while keeping DDM concentration constant.  Fluorescent polarization was measured 394 

at 25ºC using a PerkinElmer LS55 spectrofluorometer coupled with a Hamamatsu R928 395 

photomultiplier. The excitation wavelength for amotosalen was 350 nm and the fluorescent 396 

polarization signal (P) was measured at 470 nm.  Titration data points represent 15 measurements 397 

and 3 biological replicates were performed to determine the KD as previously described (31). 398 

ORIGIN Version 7.5 (OriginLab Corp., Northampton, MA) was used for curve fitting.  399 

 400 

Molecular Docking 401 

A structure of the “binding” protomer of AdeB-Et-I (PDB ID: 7KGH) was used to as the template, in 402 

which the bound Et ligands were removed from the protomer (48). The Protein Preparation Wizard 403 

Module of Maestro (Release 2019-3) (Schrödinger, New York, NY) was used for induced-fit-404 

docking simulations46 using default parameters to predict binding modes of amotosalen, AMT, and 8-405 

MOP to AdeB. For each calculation, residues within 5Å of the bound ligand were selected for side 406 
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chain optimization using Prime refinement. The docking results with the lowest XP scores were 407 

selected as predicted poses. 408 

  409 
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Table I.  Minimal inhibitory concentration of amotosalen on ATCC quality control strains 680 

and multidrug-resistant clinical strains 681 

 682 

 683 

Species Strains Tested Modal MIC (µM)
a
 MIC Range (µM) 

E. coli 25922 - 8 - 

E. coli strains 8 128 64-256 

K. pneumoniae 13882 - 32, 64
b
 - 

K. pneumoniae strains 8 128 128-256 

A. baumannii 17978 - 128 - 

A. baumannii strains 17 128 64-256 

 684 

 685 

a
Modal MIC (minimal inhibitory concentration) for individual strains determined from values 686 

obtained from 3 separate experiments with two technical replicates per experiment. Modal MIC 687 

value for groups of strains were determined from the modal MIC values of the individual strains 688 

represented. 689 

b
Equal number of replicates showed MIC of levels of 32 and 64 µM.  690 
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Tables II.  Effect of a tolC deletion, inactivating RND efflux pumps in E. coli, on the 691 

minimal inhibitor concentration of psoralens. 692 

 693 

Psoralen
a
 Strain

b
 MIC (µM)

c
  

Amotosalen  wt 32  

Amotosalen  tolC 2  

8-MOP wt 128  

8-MOP tolC 32  

AMT wt 32  

AMT tolC 8  

 694 

a
8-MOP = 8-methoxypsoralen; AMT = 4’-aminomethyltrioxsalen hydrochloride 695 

b
Escherichia coli Keio wild type (wt) strain and isogenic tolC mutant that cannot produce 696 

functional RND (resistance-nodulation-division) efflux transporters due to the absence of the 697 

required TolC outer membrane component. 698 

c
Modal MIC (minimal inhibitory concentration) for individual strains determined from values 699 

obtained from at least 3 separate experiments with two technical replicates per experiment. 700 

  701 
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Table III.  Effect of a heterologously expressed AdeABC efflux pump from A. baumannii 702 

on minimal inhibitor concentration of psoralens in E. coli. 703 

 704 

Psoralen Compound Efflux Pump Strain
a
 MIC (µM)

b
 

Amotosalen pAdeAB + pAdeC 256  

Amotosalen pAdeC 8  

8-MOP pAdeAB + pAdeC 128  

8-MOP pAdeC 16  

AMT pAdeAB + pAdeC 256  

AMT pAdeC 8  

 705 

a
E. coli strain AG100AX lacking major endogenous E. coli RND efflux pumps (acrAB 706 

acrDE) was transformed with plasmids expressing the indicated A. baumannii AdeABC efflux 707 

pump components under inducing conditions.   708 

b
Modal MIC

 
(minimal inhibitory concentration) for individual strains determined from values 709 

obtained from at least 3 separate experiments with two technical replicates per experiment. 710 

  711 
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Figure Legends 712 

 713 

Figure 1. Binding affinity of amotosalen and AdeB determined using fluorescence 714 

polarization. Indicated concentrations of AdeB were mixed with 3µM amotosalen.  The change 715 

in fluorescence polarization signal (FP) indicates a KD of 27.9±1.8 µM for amotosalen. 716 

 717 

Figure 2.  Modeling of amotosalen binding to AdeB. Two amotosalen docking sites were 718 

identified in the periplasmic domain of the recently determined cryo-EM structure of AdeB (48) 719 

using Induced Fit Docking and XP scores for ranking. The sites are within the hydrophobic cleft 720 

between PC1 and PC2 subdomains in AdeB that are thought to form the entry site and pathway 721 

for efflux from the periplasm (47). Amotosalen is predicted to bind proximal and distal drug 722 

binding sites, as previously defined through autodocking and experimental analysis of antibiotic 723 

efflux substrates for AdeB and homologous RND transporters.(47, 83, 84) Specifically, critical 724 

contacts are made with hydrophilic residue D664 in the PAIDELGT sequence defined “F-Loop” 725 

which forms both part of the cleft entrance and the proximal drug binding site. Amotosalen also 726 

binds to the distal multidrug binding site inclusive of hydrophobic interactions with F178, I607 727 

and W610. This hydrophobic patch in the homologous AcrB is critical for stable binding of all 728 

substrates, and is further highlighted in corresponding residue interactions in the AcrB-729 

minocycline crystal structure and corresponding MtrD-erythromycin cryo-EM structure (47, 83-730 

85). The predicted binding affinities (XP scores) to the two sites are -10.63 and -11.66, 731 

respectively.  732 

 733 
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Figure 3. Chemical structures of amotosalen, AMT, and 8-MOP.  These related psoralens 734 

share a core planar structure with few rotatable bounds. However, amotosalen and 4’-735 

aminomethyltrioxsalen (AMT) also contain primary amino groups, which when combined with 736 

molecular planarity and small numbers of rotatable bonds, are associated with enhanced 737 

penetrance into Gram-negative pathogens (54).  Therefore, structural properties appear to explain 738 

the observed enhanced activity of amotosalen and AMT compared with 8-MOP. 739 

 740 

 741 
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Figure 1. Binding affinity of amotosalen and 
AdeB determined using fluorescence polariza-
tion. Indicated concentrations of AdeB were 
mixed with 3µM amotosalen.  The change in fluo-
rescence polarization signal (∆FP) indicates a KD 
of 27.9±1.8 µM for amotosalen.
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Figure 2.  Modeling of amotosalen binding to AdeB. Two amotosalen docking sites were identified in the 
periplasmic domain of the recently determined cryo-EM structure of AdeB (48) using Induced Fit Docking 
and XP scores for ranking. The sites are within the hydrophobic cleft between PC1 and PC2 subdomains in 
AdeB that are thought to form the entry site and pathway for efflux from the periplasm (47). Amotosalen is 
predicted to bind proximal and distal drug binding sites, as previously defined through autodocking and 
experimental analysis of antibiotic efflux substrates for AdeB and homologous RND transporters.(47, 83, 84) 
Specifically, critical contacts are made with hydrophilic residue D664 in the PAIDELGT sequence defined 
“F-Loop” which forms both part of the cleft entrance and the proximal drug binding site. Amotosalen also 
binds to the distal multidrug binding site inclusive of hydrophobic interactions with F178, I607 and W610. 
This hydrophobic patch in the homologous AcrB is critical for stable binding of all substrates, and is further 
highlighted in corresponding residue interactions in the AcrB-minocycline crystal structure and correspond-
ing MtrD-erythromycin cryo-EM structure (47, 83-85). The predicted binding affinities (XP scores) to the 
two sites are -10.63 and -11.66, respectively.
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amotosalen AMT 8-MOP

Figure 3. Chemical structures of amotosalen, AMT, and 8-MOP.  These related psoralens 
share a core planar structure with few rotatable bounds. However, amotosalen and 4’-aminometh-
yltrioxsalen (AMT) also contain primary amino groups, which when combined with molecular 
planarity and small numbers of rotatable bonds, are associated with enhanced penetrance into 
Gram-negative pathogens (54).  Therefore, structural properties appear to explain the observed 
enhanced activity of amotosalen and AMT compared with 8-MOP.
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