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ABSTRACT 

Background: It is kn ow n  th a t a t least som e flu or oph or es can  act a s ‘su r r oga te’ su bstr a tes for  solu te ca r r ier s 

(SLCs) in volved  in  ph a r m aceu tica l d r u g u p take, an d  th is p r om iscu ity is taken  to r eflect a t least a  cer ta in  

str u ctu r a l sim ila r ity. As pa r t of a  com pr eh en sive stu dy seekin g th e ‘n a tu r a l’ su bstr a tes of ‘or ph an ’ 

tr an spor ter s th a t a lso ser ve to take u p  ph a r m aceu tica l d r u gs in to cells, w e h ave n oted  th a t m an y d r u gs 

bea r  str u ctu r a l sim ila r ities to n a tu r a l p r odu cts. A cu r sor y in spection  of com m on  flu or oph or es in d ica tes 

th a t th ey too a r e su r p r isin gly ‘d r u g-like’, an d  th ey a lso en ter  a t least som e cells. Som e a r e a lso kn ow n  to be 

su bstr a tes of efflu x tr an spor ter s. Con sequ en tly, w e sou gh t to a ssess th e str u ctu r a l sim ila r ity of com m on  

flu or oph or es to m ar keted  d r u gs, en dogen ou s m am m alian  m etabolites, an d  n a tu r a l p r odu cts. We u sed  a  set 

of som e 150 flu or oph or es. Results: Th e gr ea t m a jor ity of flu or oph or es tested  exh ib ited  sign ifican t 

sim ila r ity (Tan im oto sim ila r ity > 0.75) to a t least on e d r u g a s ju dged  via  descr ip tor  p r oper ties (especia lly 

th eir  a r om aticity, for  iden tifiab le r eason s th a t w e exp la in ), by m olecu la r  fin ger p r in ts, by visu a l in spection , 

an d  via  th e “qu an tita tive estim a te of d r u g liken ess” tech n iqu e. It is con clu ded  th a t th is set of flu or oph or es 

does over lap  a  sign ifican t par t of both  d r u g space an d  n a tu r a l p r odu cts space. Con sequ en tly, flu or oph or es 

do in deed  offer  a  m u ch  w ider  oppor tu n ity th an  h ad  possib ly been  r ea lised  to be u sed  a s su r r oga te u p take 

m olecu les in  th e com petitive or  tr an s-stim u la tion  a ssay of m em br an e tr an spor ter  activities. 

KEYWORDS: dr u gs – n a tu r a l p r odu cts – flu or oph or es – sim ila r ity – ch em in for m a tics – Tan im oto d istan ce  

ABBREVIATIONS  

PCA, Pr in cipa l Com pon en ts An a lysis; QED, Qu an tita tive Estim a te of Dr u g-liken ess; QSAR, Qu an titta ive 

Str u ctu r e-Activity Rela tion sh ip ; SLC, solu te ca r r ier ; TS, Tan im oto sim ila r ity; UNPD, Un iver sa l Na tu r a l 

Pr odu cts Da tabase  

INTRODUCTION  

Flu or escen ce m eth ods h ave been  u sed  in  b iologica l r esear ch  for  decades, an d  th eir  u tility r em a in s 

u n aba ted  (e.g. [1-16]). Ou r  specific in ter est h er e is in  th e tr an spor ter -m edia ted  m ean s by w h ich  sm a ll 

flu or escen t m olecu les en ter  livin g cells, an d  ou r  in ter est h as been  stim u la ted  by th e r ecogn ition  th a t a  

given  pr obe m ay be a  su bstr a te for  a  la r ge va r iety of both  in flu x an d  efflu x tr an spor ter s [17].  Efflu x 

tr an spor ter s a r e often  fa ir ly p r om iscu ou s, sin ce th eir  job  is la r gely to r id  cells of u n w an ted  m olecu les th a t 

m ay h ave en ter ed , a lth ou gh  th ey can  an d  do h ave oth er , im por tan t ph ysiologica l r oles (e.g. [18-28]), an d  
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th ey a r e capab le of efflu xin g a  var iety of flu or escen t pr obes (e.g. [29-36]). How ever , given  th a t m ost of 

th ese p r obes a r e con tem por ar y, syn th etic m olecu les, th e u p take tr an spor ter s for  w h ich  th ey a r e su bstr a tes 

m u st h ave evolved  in  n a tu r e for  oth er  pu r poses. Th ese pu r poses m ay r eason ably be expected  to in clu de 

th e u p take of en dogen ou s m etabolites in  m u lticellu la r  or gan ism s [37-40], a s w ell a s exogen ou s n a tu r a l 

p r odu cts w h ose u p take can  en h an ce b iologica l fitn ess (e.g. [41; 42]). Th is explan a tion  does seem s to h old  

w ell for  syn th etic, m ar keted  ph a r m aceu tica l d r u gs [42].  

Con sequ en tly, it seem ed  r eason ab le th a t existin g flu or escen t m olecu les, n ot specifica lly design ed  for  th e 

pu r pose bu t th a t a r e taken  u p  by b iologica l cells, m igh t a lso bea r  str u ctu r a l sim ila r ities to en dogen ou s 

su bstr a tes (m etabolites) an d  to n a tu r a l p r odu cts, an d  poten tia lly a lso to m ar keted  d r u gs. If so, th ey m igh t 

th en  ser ve a s su r r oga te tr an spor ter  su bstr a tes for  th em . In deed , th er e a r e exam ples – so-ca lled  flu or escen t 

fa lse n eu r otr an sm itter s – w h er e su ch  flu or escen t an a logu es of n a tu r a l su bstr a tes h ave been  design ed  

p r ecisely for  th is pu r pose (e.g. [43; 44]). Th e a im  of th e p r esen t w or k w as to a ssess th e exten t to w h ich  th is 

kin d  of str u ctu r a l sim ila r ity betw een  (i) com m on  flu or oph or es u sed  in  b iology an d  (ii) oth er  m olecu la r  

cla sses (en dogen ou s m am m alian  m etabolites, m ar keted  ph ar m aceu tica l d r u gs, an d  kn ow n  n a tu r a l 

p r odu cts) m igh t be tr u e. It is con clu ded  th a t in  str u ctu r a l ter m s com m on  flu or oph or es do in deed  over lap  

d r u g space sign ifican tly, an d  w e offer  an  exp lan a tion  based  on  th e con son an ce betw een  a r om aticity, 

con ju ga ted  π-bon ds, an d  flu or escen ce.  

MATERIALS AND METHODS 

Fluor ophor es w er e selected fr om the l i ter atur e and by scanning var ious catalogues of f luor ophor es, 

and included w ell  known cytochemical stains, food dyes, laser  dyes and other  f luor ophor es, including just 

a few  marketed dr ugs plus f luor escent natur al pr oducts. We chose only those w hose str uctur es w er e 

known publicly. The f inal set included 150 molecules. Supplementar y Table 1 gives a spr eadsheet of al l  the 

r elevant data that w e now  discuss, including the marketed drugs, Recon2 metaboli tes [45] (both given also 

in r ef 37) and a subset of 2000 natur al pr oducts fr om UNPD (see [42; 46]). 
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Figur e 1. Pr incipal components and t-SNE plots of the pr incipal components of the var iance in calculated 

pr oper ties of the molecules used. A. The f i r st tw o pr incipal components of the var iance in calculated 

pr oper ties of the four  classes f luor ophor es, dr ugs, metaboli tes and natur al pr oducts. Molecules ar e as in 

Table S1, w ith dr ugs and metaboli tes being those given in [37]. A sampling of 2000 natur al pr oducts fr om 

our  dow nload [42] of  UNPD w as used. Descr iptor s w er e z-scor es nor malised and cor r elation f i l ter ed 

(thr eshold 0.98. B. t-SNE plot of the data in (A), using the same colour  coding. C. Plot of the f ir st tw o 

pr incipal components of the var iance of the f luor ophor es alone. The excitation w avelength is encoded in 

the colour  of the mar ker s. The size of the symbol encodes the molecular  w eight, indicating that much of  

the f i r st PC is due to this (plus any other  covar ying pr oper ties). 
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Alth ou gh  th er e a r e a  gr ea t m an y possib le m olecu la r  en cod in gs (w h eth er  u sin g m olecu la r  fin ger pr in ts 

or  vector s of ca lcu la ted  pr oper ties), each  of w h ich  can  give a  d iffer en t Tan im oto sim ila r ity, for  ou r  pr esen t 

pu r pose w e ch ose to u se on ly th e Pa tter n ed  en cod in g w ith in  RDKit (w w w .r dkit.or g/). We a lso u sed  th e 

RDKit ver sion  of QED (h ttps://w w w .r dkit.or g/docs/sou r ce/r dkit.Ch em .QED.h tm l). Wor kflow s w er e w r itten  

in  KNIME as per  ou r  stan da r d  m eth ods [37-40; 42; 47-49]. t-SNE p lots u sed  th e fir st 10 PCs (95.3% exp la in ed  

va r ian ce) a s in pu ts based  on  27 RDKit descr ip tor s, an d  w er e oth er w ise a s p r eviou sly descr ibed  [50]. 

RESULTS 

Figur e 1A gives a Pr incipal Components Analysis (PCA) plot of the distr ibution of the four  classes based 

on a ser ies of descr iptor s in RDKit (w w w .r dki t.org/), w hi le Fig 1B gives a t-SNE [51] plot of the same data. 

These clear ly show  a str ong over lap betw een the r ather  l imited set of f luor ophores used and quite 

signif icant par ts of dr ug space. Fig 1C gives just the f luor ophor es, w ith the nominal exci tation maximum 

encoded in i ts colour . This suggests that even w ith just ~150 molecules w e have achieved a r easonable 

cover age of the r elevant ‘f luor ophor e space’, w ith no obvious bias, nor  tr end in exci tation w avelengths.  

We pr eviously developed the use of r ank order  plots for  summar ising the r elationships (in terms of 

Tanimoto simi lar i ties) betw een a candidate molecule or  set of molecules and a set of tar gets in a l ibr ar y 

[37]. Fig 2 show s such a rank or der  plot, r anking for  each f luor ophor e the most simi lar  molecule in the set 

of endogenous Recon2 [37; 52] metaboli tes, the set of mar keted drugs [37], and a r andom subset of 2000 of 

some 150,000 molecules taken [42; 49] fr om the Unif ied Natural Pr oducts Database (UNPD) [46]. This again 

show s ver y clear ly that the major i ty of f luor ophor es chosen do look moder ately simi lar  (TS>0.75) to at least 

one dr ug (and even mor e so to r epr esentatives of the natur al pr oducts database). 

 

Figur e 2. Ran ked  or der  of Tan im oto sim ila r ity for  flu or oph or es vs m ar keted  d r u gs (−−−−−−), 

flu or oph or es vs Recon 2 m etabolites (−−−−−−), an d  flu or oph or es vs a  2000-m em ber  sam plin g of UNPD 

(−−−−−−). Each  flu or oph or e w as en coded  u sin g th e RDKit ‘Pa tter n ed’ en cod in g, th en  th e Tan im oto 

sim ila r ity for  it ca lcu la ted  aga in st each  d r u g, m etabolite or  n a tu r a l p r odu ct sam ple. Th e h igh est va lu e of TS 

for  each  flu or oph or e w as r ecor ded  an d  th ose va lu es r an ked . Read  fr om  r igh t to left. 
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It is a lso con ven ien t [37] to d isp lay su ch  da ta  a s a  h ea t m ap  [53], w h er e a  b iclu ster  is u sed  to clu ster  

sim ila r  str u ctu r es an d  th e colou r  of th e cell a t th e in ter section  en codes th eir  Tan im oto sim ila r ity. Figu r e 3 

sh ow s su ch  h ea tm aps for  (A) flu or oph or es vs en dogen ou s (Recon 2 [45]) m etabolites, (B) dr u gs, an d  (C) 2000 

sam pled  n a tu r a l p r odu cts fr om  UNPD. Th e da ta  r eflect th ose of Fig 2, an d  it is aga in  clea r  th a t for  each  

flu or oph or e th er e is a lm ost a lw ays a  d r u g or  a  n a tu r a l p r odu ct for  w h ich  th e aver age Tan im oto sim ila r ity 

is sign ifican tly gr ea ter  th an  0.7. 
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Figur e 3. Heat maps i l lustr ating the Tanimoto simi lar i ties (using the RDKit patter ned encoding) betw een 

our  selected f luor ophor es and (A) Recon2 metaboli tes, (B) Drugs, and (C) a subset of 2000 natur al pr oducts 

fr om UNPD. 

While is r ather  arbi tr ar y, to say the least (given how  the Tanimoto simi lar i ty var ies w ith the encoding 

used), as to w hether  a par ticular  chemical str uctur e is seen by humans as ‘simi lar ’ to another , w e pr ovide 

some i l lustrations that give a feel ing for  the kinds of simi lar i ty that may be obser ved.  

Thus (Fig 4A) w e i l lustr ate the dr ugs closest to f luor escein in t-SNE space (as per  Figur e 1B), since 

f luor escein is a ver y common f luorophor e, is also w idely used in ophthalmology (e.g. [54; 55]), and can 

enter  cel ls via a var iety of tr anspor ter s [56] such as monocar boxylate tr anspor ter s (SLC16A1, SLC16A4) 

[57], SLCO1B1/3B1 [58; 59] and SLC 22A20 [60] (see also Table 1).  
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Figur e 4. Observable str uctur al simi lar i ties betw een selected f luor ophor es and dr ugs. The chosen 

molecules ar e (A) f luorescein, (B) dapoxyl (both f luor ophor es) and (C) ni tisinone (a dr ug). Data ar e 

annotated and/or  zoomed fr om those in Fig 1B.   

Fluor escein is simi lar  in t-SNE space (Fig 4A) to a var iety of drugs. This simi lar i ty is not at al l  r elated to 

the class of dr ug, how ever , as close ones include balsalazide (an anti-inf lammator y used in inf lammator y 

bow el disease [61]), bentir omide (a peptide used for  assessing pancr eatic function [62]), butenafine (a 

topical anti fungal [63]), ser tindole (an atypical antipsychotic), and tolvaptan (used in autosomal dominant 

polycystic kidney disease [64]). Simi lar  r emarks may be made of dapoxyl (Fig 4B). Note, of cour se, that the 

t-SNE plots ar e based on pr oper ty descr iptor s, w hile the Tanimoto distances ar e based on a par ticular  form 

of molecular  f ingerpr int, so a pr ior i  w e do not necessar i ly expect the closest molecules to be the same in 
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th e tw o cases. In  add ition , w e n ote th a t m olecu les w ith  d iffer en t sca ffolds m ay be qu ite sim ila r ; in  th e 

ch em in for m a tics liter a tu r e th is is kn ow n  as ‘sca ffold  h opp in g’ (e.g. [65-70]).  

For  a  dr u g, w e p icked  n itisin on e, a  d r u g active aga in st h er ed ita r y tyr osin aem ia  type I [71] an d  

a lkap ton u r ia  [72; 73], a s it is su r r ou n ded  in  t-SNE space (Fig 4C) by sever a l tr icyclic flu or oph or es, th a t do 

in deed  sh ar e sim ila r  str u ctu r es (Fig 4C).  

Bicker ton  an d  colleagu es [74] in tr odu ced  th e con cep t of th e qu an tita tive estim a te of dr u g-liken ess (QED) 

(bu t see [75]), an d  it is of in ter est to see h ow  ‘d r u g-like’ ou r  fou r  cla sses of m olecu le a r e by th eir  cr iter ia . 

Fig 5A sh ow s th e d istr ibu tion  of QED dr u g-liken esses for  m ar keted  d r u gs, for  Recon 2 m etabolites, for  ou r  

selected  flu or oph or es, an d  for  a  sam ple of 2000 m olecu les fr om  UNPD. Ou r  flu or oph or es a r e n oticeab ly 

m or e sim ila r  to dr u gs th an  a r e en dogen ou s m etabolites, an d  r ou gh ly as sim ila r  to d r u gs a s a r e n a tu r a l 

p r odu cts (Fig 5A). 
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Figur e 5. Distr ibution of quanti tative estimate of dr ug-l ikeness (QED) values in di f fer ent classes of  

molecule. A. Cumulative distr ibutions for  the four  classes. B. Relationship betw een QED and ar omatici ty 

for  th e fou r  cla sses a s en coded  by th e fr action  of C a tom s exh ib itin g sp 3 bon din g. QED va lu es w er e 

ca lcu la ted  u sin g th e RDKit Pyth on  code a s descr ibed  in  Meth ods an d  p lotted  in  (A) u sin g ggp lot2 an d  in  (B) 

u sin g Spotfir e. C. Den sity d istr ibu tion  of fr action  of C a tom s w ith  sp 3 bon d in g. D. Histogr am  of d istr ibu tion s 

of n u m ber s of a r om atic r in gs in  th e fou r  given  cla sses. 

 

Given  th a t essen tia lly a ll d r u gs a r e sim ila r  to a t least on e n a tu r a l p r odu ct [42], th is is en tir ely con sisten t 

w ith  ou r  th esis th a t m ost flu or oph or es do look r a th er  like on e or  m or e m ar keted  d r u gs. On e a spect in  

w h ich  (a ) d r u gs an d  flu or oph or es d iffer  n oticeab ly fr om  (b) m etabolites an d  n a tu r a l p r odu cts is th e exten t 

to w h ich  th ey exh ib it a r om aticity, h er e en coded  (Fig 5B, on  th e abscissa ) via  th e fr action  of ca r bon  a tom s 

sh ow in g sp 3 h ybr id isa tion  (i.e. n on -a r om atic). Th is is sh ow n  as a  d istr ibu tion  in  Fig 5C. Th er e is clea r ly a  

sign ifican t ten den cy for  d r u gs to in clu de (p lan a r ) a r om atic r in gs, an d  a lth ou gh  th is is ch an gin g som ew h a t 

[76-80] th er e a r e str on g th er m odyn am ic r eason s a s to w h y th is sh ou ld  be so (see Discu ssion ). Th e m oda l 

n u m ber  of a r om atic r in gs for  both  d r u gs an d  flu or oph or es is tw o, sign ifican tly gr ea ter  th an  th a t (zer o) for  

m etabolites an d  for  n a tu r a l p r odu cts (Fig 5D). On e r eason  for  flu or oph or es to exh ib it a r om aticity is sim ple, 

a s r eason able visib le-w avelen gth  flu or escen ce in  or gan ic m olecu les r elies str on gly on  con ju ga tion  (e.g. 

[81]), to w h ich  a r om atic r in gs can  con tr ibu te str on gly. Th is a r gu m en t a lon e pr obably accou n ts in  la r ge 

m easu r e for  th e d r u g-liken ess of flu or oph or es. 

Fin a lly, a  ver y r ecen t, p r in cip led , an d  effective clu ster in g m eth od  [82; 83], r ep r esen tin g th e sta te of th e 

a r t, is th a t based  on  th e Un ifor m  Man ifold  Appr oxim a tion  an d  Pr ojection  (UMAP) a lgor ith m . In  a  sim ila r  

vein , an d  based  on  th e sam e descr ip tor s a s u sed  in  th e t-SNE p lots, w e sh ow  th e clu ster in g of ou r  fou r  

cla sses of m olecu le in  UMAP space, w h er e m ost clu ster s con ta in in g d r u gs a lso con ta in  flu or oph or es. 

Desp ite bein g based  on  p r oper ty descr ip tor s, th e UMAP a lgor ith m  is clea r ly ver y effective a t clu ster in g 

m olecu les in to str u ctu r a lly r ela ted  classes.  
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Fig 6. UMAP pr ojection  in to tw o d im en sion s of th e fou r  cla sses of m olecu les, an n ota ted  by th e type of 

m olecu la r  str u ctu r e in  th e va r iou s clu ster s.  

DISCUSSION 

The basis of the main idea pr esented her e is that the str uctur es of common f luor ophor es ar e suff iciently 

simi lar  to those of many dr ugs as to pr ovide suitable sur r ogates for  assessing their  uptake via solute 

car r ier s of the SLC (and indeed their  eff lux via ABC) famil ies. Whi le the latter  tr anspor ter s ar e w ell known 

to be r ather  pr omiscuous, and to tr anspor t a var iety of f luor ophor es [34; 36; 84-86], considerably less 

attention has been paid to the for mer . Of cour se some mar keted pharmaceutical dr ugs that ar e 

tr anspor ted into cel ls are in fact natur ally f luor escent, including molecules such as anthr acycl ines [87-89], 

mepacr ine (atebr in, quinacr ine) [90], obatoclax [91; 92], tetr acycl ine der ivatives [88; 93] and topotecan [94], 

The same is tr ue of cer tain vi tamins such as r ibof lavin [95; 96] (that necessar i ly have tr anspor ter s, as cel ls 

cannot synthesise them), as w ell  as cer tain bioactive natur al pr oducts (e.g. [97-99]). As an i l lustr ation, and 

as a complement to our  detai led gene knockout studies [17], Table 1 gives an indication of dyes w hose 

inter action w ith specif ic tr anspor ters has been demonstrated dir ectly. In some cases, their  sur r ogacy as a 

substrate for  a tr anspor ter  w ith a know n non-f luor escent substr ate is clear , and as mentioned in the 

intr oduction they ar e sometimes r efer r ed to as ‘false f luor escent substr ates’. Overal l, w hi le not intended to 

be r emotely exhaustive, this Table does ser ve to indicate the potential ly w idespr ead activi ty of 

tr anspor ter s as mediators of f luor ophor e uptake, and indeed a number  of such tr anspor ter s ar e know n to 

be r ather  promiscuous.  

 

Table 1. Some examples in w hich f luor escent dyes have been found to inter act w ith uptake tr anspor ter s 

dir ectly as substrates or  inhibi tor s. We do not include know n non-f luor escent substrates to w hich a 

f luor escent tag has been added (see e.g. [100-102]). 

 

Dye Transporter Comments Reference 

    

Amiloride OCT2 (SLC22A2) Also a drug. Rhodamine 123 and 6G also [103] 
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served as substrates.  

    

4’,6-diamidino-2-phenylindol 

(DAPI)  

OCT1 (SLC22A1) Potently inhibited by desipramine. Also by 

various organophosphate pesticides. 

[104]; [105] 

    

DiBAC(4)3 Na+/HCO3- NBCe1-A 

SLC4A4 

Competes with 

4,4’-Diisothiocyanatostilbene-2,2’-disulfonic 

acid 

[106] 

    

5-carboxyfluorescein OAT3 (SLC22A8 Very high Vmax [60] 

    

6-carboxyfluorescein OAT1 (SLC22A6)  [60]; [107] 

    

2’,7’-dichlorofluorescein OATP1B1 

(SLCO1B1) 

Good substrate [108] 

    
4-(4-(Dimethylamino) 
styryl)- 
N-methylpyridinium (ASP+) 

Dopamine transporter 

(SLC6A3) 

 [109; 110] 

 Noradrenaline 

transporter (SLC6A2) 

 [109; 111; 112] 

 Serotonin transporter 

SLC6A4 

 [109; 113] 

 Various monoamine 

transporters 

 [114] 

 OCT1/OCT2 

(SLC22A1/2);  

Seen as a model substrate [115]  

  Various OCT 

transporters 

 [116] 

 Other, unknown 

(non-OCT1/2) 

transporters with low 

affinity 

 [117] 

    

Ethidium OCT1/2/3 

(SLC22A1/2/3) 

Substrate [118] 

    

FFN511 VMAT2 (SLC18A2) ‘False fluorescent neurotransmitter’ (i.e. 

surrogate substrates) concept  

[43] 

    

FFN54/246 SLC6A4, SLC18 ‘False’ fluorescent substrates for serotonin 

and VMAT transporters. Potent inhibition by 

imipramine  and citalopram 

[44] 

FFN270 SLC6A4, SLC18  Another example of a fluorescent false 

neurotransmitter 

[119] 
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Fluorescein SLCO1B1/3B1 Effective substrate; analysis of inhibitors [58] [59] 

 OAT6 (SLC22A20)  [60] 

 SLC16A1, SLC16A4  [57] 

 Many OATPs (SLCO 

family) expressed in 

insect cells 

 [56] 

    

Lucifer yellow Sodium-dependent 

anion transporters 

Inhibited by probenecid [120; 121] 

    

Rhodamine 123 OCT1/OCT2 

(SLC22A1/2)  

Potent substrate [122] 

    

Stilbazolium dyes  Norepinephrine 

transporter (SLC6) 

Dyes related to ASP+ [123] 

    

Zombie Violet, Live/Dead 

Green, Cascade Blue, Alexa 

Fluor 405 

OATP (SLCO) 

1B1/1B3 and 2B1 

All shown to be direct substrates, and uptake 

inhibited by known transporter inhibitors 

[124] 

 

Str u ctu r a l sim ila r ity (or  th e a ssessm en t of p r oper ties based  sim ply on  an a lyzin g str u ctu r es) is an  

elu sive con cep t (e.g. [125]), bu t a s ju dged  by a  stan da r d  en cod in g (RDKit pa tter n ed) th er e is con sider ab le 

sim ila r ity in  str u ctu r e betw een  a lm ost a ll of ou r  ch osen  flu or oph or es an d  a t least on e d r u g, w h eth er  th is is 

ju dged  by th eir  descr ip tor - or  fin ger pr in t-based  pr oper ties (Figs 1-3), by obser va tion  (Figs 4, 6), or  (Fig 5) 

via  th e QED [74] m easu r e.  

Alth ou gh  th er e is a  m ove to ph en otyp ic scr een in g [126-129], m an y d r u gs w er e developed  on  th e basis of 

their  abi l i ty to bind potently in vitro to a tar get of inter est. If  the unbound molecule is confor mationally 

ver y f lexible, and the bound ver sion is not, binding necessar i ly involves a signif icant loss of entr opy. 

Potent binding (involving a signif icant loss in fr ee ener gy) of such a molecule w ould thus r equire a ver y 

lar ge enthalpic ter m. Consequently, i t is much easier  to f ind potent binder s i f  the binding can involve f lat 

(w hich implies ar omatic), confor mationally inf lexible planar  str uctur es. Such r easoning pr esumably 

r ef lects the obser vation (Fig 5B) that dr ugs tend to have a low  sp3 char acter , typically w ith a number  of 

ar omatic r ings. Conjugated ar omatic r ings ar e also a major  (physical and electr onic) str uctur e that al low  

flu or escen ce fr om  or gan ic m olecu les [130-133], w ith  gr ea ter  π-bon d  con ju ga tion  m ovin g both  absor ban ce 

an d  flu or escen ce tow ar d  th e r ed  en d  of th e spectr u m . Over a ll, th ese tw o sepa r a te r oles for  a r om atic 

r esidu es, in  low  en tr opy of b in d in g an d  in  electr on ic str u ctu r e, p r ovide a  p lau sib le explan a tion  for  m u ch  

of th e d r u g-liken ess of com m on  flu or oph or es. 

Wh ile th is stu dy u sed  a  com par a tively sm a ll set of flu or oph or es, in cr easin g th eir  n u m ber  can  on ly 

in cr ease th e likelih ood  of fin d in g a  dr u g (or  n a tu r a l p r odu ct) to w h ich  th ey a r e seen  to be sim ila r . Th is sa id , 

th is set of m olecu les p r ovides an  excellen t sta r tin g poin t for  th e developm en t of com petitive 

h igh -th r ou gh pu t a ssays of d r u g tr an spor ter  activity. 

CONCLUSIONS 

An analysis of some 150 f luor ophor es in common usage in biological r esear ch has show n that a ver y 

gr eat many of them bear  signif icant str uctur al simi lar i ties to mar keted dr ugs (and to natur al products). 
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Th is sim ila r ity h olds tr u e w h eth er  th e an a lysis is don e u sin g str u ctu r es en coded  as fin ger p r in ts or  via  

ph ysico-ch em ica l descr ip tor s, by visu a l in spection , or  via  th e qu an tita tive estim a te of d r u g liken ess 

m easu r e. For  an y given  d r u g th er e is th u s likely to be a  flu or oph or e or  set of flu or oph or es th a t is best 

su ited  to com petin g w ith  it for  u p take, an d  th u s for  deter m in in g by flu or im etr ic m eth ods th e QSAR for  th e 

r elevan t tr an spor ter s. Th is sh ou ld  p r ovide th e m ean s for  r ap id  an d  con ven ien t com petitive an d  

tr an s-stim u la tion  a ssays for  scr een in g th e ab ility of d r u gs to en ter  cells via  SLCs. 

SUPPLEMENTARY MATERIALS 

The fol low ing supplementar y mater ials ar e avai lable onl ine in the f i le f luor ophor esSI.xlsx. Table S1: 

The l ist of al l  the molecules and pr oper ties used in the pr esent analysis. 

DATA AVAILABILITY 

• Th e da ta set gen er a ted  fr om  (or  an a lyzed  in ) th e stu dy can  be fou n d  in  th e Su pp lem en ta r y Excel sh eet 

en titled  flu or oph or esSI.xlsx. 
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