
permits a defined convection. This method 
opens new avenues toward an understand- 
ing of spatiotemporal pattern formation in 
electrochemical systems. 
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Detection of Creatinine by a Designed Receptor 
T. W. Bell,*? Z. Hou, Y. Luo, M. G. B. Drew, E. Chapoteau, 

B. P. Czech, A. Kumar 

An artificial receptor has been designed to bind creatinine with a color change (chro- 
mogenic response) caused by proton transfer from one end of the receptor to the other. 
The receptor was synthesized and found to extract creatinine from water into chloro- 
carbon solvents. The color change in the organic layer is specific for creatinine relative 
to other organic solutes, and it is selective for creatinine relative to sodium, potassium, 
and ammonium ions. The chromogenic mechanism is revealed by x-ray crystal structures 
of creatinine, the free receptor, and the complex, showing "induced fit" binding resulting 
from electronic complementarity between host and guest. 

creatinine ( I )  is an end product of nitro- 
gen metabolism. In healthy individuals, it is 
transported by the kidneys from blood to 
urine. Blood levels of urea nitrogen and 
creatinine are key indicators of renal func- 
tion (2), but current creatinine assays have 
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poor specificity. During the past two de- 
cades, several enzymatic methods have ap- 
peared, the most promising of which require 
four or five enzymes (3, 4). Apparently, 
these approaches are more specific than the 
Jaff6 method, but they suffer the shortcom- 
ings of certain interferences, expense, and 
limited stability. The work reported here 
demonstrates that supramolecular chemis- 
try (5-7) can be applied to the design of 
chromogenic reagents for detection of clin- 
ically important molecules. 
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The receptor (1, Fig. 1) was designed 
with the use of Cram's principles (7) of 
host-guest complementarity and host preor- 
ganization (5-8). The successful binding of 
creatinine (2) by three hydrogen bonds was 
expected to cause the transfer of a proton 
from the OH group of the receptor to its 
end nitrogen atom. The resulting complex 
(1-2) would then have a dipolar structure; 
the delocalization of the negative and pos- 
itive charges was expected to cause a visible 
color change. In this designed receptor, the 
chromogenic group is intrinsic to the pre- 
organized binding site and communicates 
directly with the bound guest (9). In con- 
trast, color-producing or fluorescent moi- 
eties generally cannot be incorporated into 
the binding sites of biomolecular receptors, 
enzymes, or antibodies without altering 
their desirable binding characteristics. 

As shown in Fig. 2, creatinine receptor 1 
was synthesized in five steps (1 0) from inter- 
mediate 3 (1 1). The phenol ring in 4 was 
protected from ozonolysis as ester 5. Partial 
hydrolysis of the acetate group occurred dur- 
ing isolation of product 6, so this intermediate 
was converted to phenol 8 without purifica- 
tion. Nitration of 8 gave the target receptor 
(I),  which was difficult to purify because of its 
acid-base properties and low solubility in mdst 
solvents. Chromogenic analytical reagents are 
used in very small quantities, so the synthesis 
outlined in Fig. 2 is effective, despite its 

1 1 

1 1.2 
Fig. 1. Reversible binding of creatinine (2) to the designed receptor 1, forming a more deeply colored 
complex (1.2). (A) Space-filling diagrams of the yellow receptor, colorless creatinine, and brownish- 
orange complex, showing the ffi of creatinine in the binding cavity. (6) Structural diagrams showing 
rearrangement of the receptor 1 upon formation of the complex (1.2). 

Complex - 
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Fig. 2. Synthesis of the designed receptor 1 [for 
synthesis details, see (lo)]. 

Fig. 4. Ball-and-stick representation of the x-ray structures [see (1311 of complex 1-2 (A), creatinine (B), 
and receptor 1 (C). Color scheme: carbon, brown; hydrogen, yellow; nitrogen, blue; oxygen, red; and 
chlorine, green. 

Fig. 3. Chromogenic response of 1 to creatinine 
(2) in water-saturated CH,CI,. (A) W-visible ab- 
sorption spectra of 1 (51 FM) and 1.2 (51 FM 1 + 
43 ILM 2). (8) Graph of changes in absorbance at 
444 nm for 0.1 4 mM solutions of 1 in CH,CI, after 
shaking with aqueous solutions of creatinine (2) 
@H 6.0,O.l M MES buffer). 

length and modest overall yield (20%). 
Creatinine receptor 1 is an orange solid 

that is insoluble in water but slightly soluble 
in methanol, dimethyl sulfoxide, dichlo- 
romethane, and chloroform. Creatinine (2) is 
soluble in water and has very low solubility in 
chlorocarbon solvents; it is extracted from 
water into dichloromethane solutions of 1. 
Solutions of 1 in dichloromethane turn from 
yellow to brownish-orange upon binding cre- 
atinine, forming the colored complex (1.2). 
Figure 3 shows that thii color change corre- 

sponds to the appearance of a broad band in 
the ultraviolet (UV)-visible ahrption spec- 
trum (400 to 500 nm). The intensity of ab- 
sorbance of this band is clearly correlated with 
the concentration of 2 in the buffered aque- 
ous layer (Fig. 3B), proving that the color 
change is caused by formation of a creatinine 
complex, not by acid-base chemistry. The 
chromogenic response is selective for creati- 
nine; no color change was detected in exper- 
iments with histidine, proline, uric acid, urea, 
or creatine. The dissociation constant of com- 
plex 1.2 in water-saturated chloroform was 
calculated to be 0.5 p,M h m  the results of 
extraction and titration experiments. Weak 
responses to cationic analytes were observed, 
but the intensities of the optical responses to 
ammonium, potassium, and sodium were 
weaker by factors of 790, 3200, and 80, re- 
spectively. We conclude that this new analyt- 
ical method is sufficiently sensitive for mea- 
surement of creatinine at normal blood serum 
levels [40 to 130 p,M (3)], with correction for 
background levels of Na+ [I30 to 150 mM 
( la ] .  

The details of the molecular recognition 
process are revealed by the crystal structures 
of receptor I ,  creatinine (2). and their com- 
plex (1.2) (Fig. 4) (13, 14). The structure 
of the creatinine complex (Fig. 4A) shows 
that the hydrogen atoms are located in the 
positions indicated in the diagram of 1.2 
(Fig. 1). A second crystal of 1.2 grown from 

chloroform and methanol contained a mol- 
ecule of chloroform (1.2-CHC1,). The 
structure of the 1.2 complex in this crystal 
was almost identical to that shown in Fig. 
4A, with the chloroform molecules packing 
between the complexes. The positions of 
the hydrogen atoms in the three hydrogen 
bonds were located unequivocally in the 
crystal structures. 

In the crystalline creatinine-free receptor 
(Fig. 4C) we found the hydrogen atom in the 
binding site to be disordered over two posi- 
tions, oxygen atom O(12) and nitrogen atom 
N(13). The crystal therefore contains two 
structures corresponding to diagrams la  and 
l b  in Fig. 5. We located two superimposed 
solvent molecules (chloroform and metha- 
nol), each with approximately 50% occupan- 
cy (Fig. 4C). In the structure, a chloroform 
complex of la  is opposite a methanol complex 
of Ib. These receptor structures agree with the 
color responses observed for receptor 1. Neu- 
tral form la predominates in the light yellow 
dichloromethane solutions of 1, whereas the 
reddish color of methanol solutions indicate. 
the presence of a dipolar tautomer such as Ib. 
The receptor in complex 1-2 also has a dye- 
like structure that can be drawn either in the 
aromatic dipolar form shown in Fig. 1 or in a 
neutral nonaromatic form. 

creatinine can exist in two tautomeric 
forms (Fig. 5); the C=N double bond can be 
outside or inside the five-membered ring (2a 
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Fig. 5. Structural c iagrams of poss lbe  ' o m s  of receptor 1 and  c r e a t n n e  (23 In t he  'ree and  c o ~ n p l e x e d  
states. Forln l a  occurs  in c t ys tas  ox  receptor l al:d s proposed t o  b e  t he  tna,or fo rm n d~ch loromethat ie  
s o u t o n  I b  also occLlrs n cry3stals ox  1 and  ma!! b e  present in rr,ethanol s o u t ~ o n .  - au to~ne r  2a is 
t heo re t ca l y  t he  mos t  stable for171 of creatt i ine 2 )  bclt 2b s 'ound n t i le  s o d  state and  is the major fo rm 
in so lu t~ot i .  Dag ra ln  2c represents t he  b o n d  distances and  electron d ~ s t r ~ b ~ ~ t ~ o t i  in c r y , s tane  2 (2b); 2d 
represe~:ts the b o n d  ds tances  and  electron 31st r1but1on clpon po la r~za t~on  of 2 t i  t he  complex (1.2) 

o r  2b, respectivcl~),  Qu'lnturn mechan~cal  
c, i lc~~lations indicate that form 2a is s l i ~ l ~ t l ~  -- , 

more st,ll~le t11a11 2b ( I S ) ,  but syectroscoplc 
stuL4ici shon. [hiit 2 b  ~ r e ~ l o m i l ~ a t e  111 so1~1- 
tion ( 15. 16) .  Hydrogel1 atoll1 ivere not  
l~>c~~tc ' i l  111 '1 crvstal s t r ~ ~ c t ~ ~ r e  o f  creat i l~i l~e  
L l e t e r ~ ~ ~ i n e ~ 4  in 1955 (1 l), Ixit fi.rm 7 a  \\-,IS 
lni;.rrcLl later 011 the l?as~i of l i o ~ ~ i l  le l~gthi  
(15). To clarll; th~.;  sit~latlon. \I-e redeter- 
m i ~ l e ~ l  the iryst;ll structu~-e of c r e a t ~ l ~ ~ n e  and 
cle<lrl\- loiiiteLl the t ~ ~ c -  h7.ilroge~l ;~tcims 011 

N(4.6) outs~ilc the ~1\~e-mem1ereL4 r ~ n g .  ~ J e n -  
t ~ t i ~ n n  form 2b. The hvLir+en l~onil  pattern 
ia sl10\\-11 I I IFL~.  4A. Tllc C(.il)-X (46) 13o11~l 
[1.3?9(3) .A] 1s slightly .Ilorter t l ~ a n  t l ~ e  
C(.il)-N(.i?) [l.?.i9(3) .A, \\-here the 
~ l ~ u n l i e r  in ~ ~ a r e n t l ~ e s e s  is the error 111 the laqt 
digit], leadll~n to the pre\.lous erroneous as- 
s~ ,z~l l l lc~l t  o t  the btructure ai 2a ( IS ) .  Conju- 
q'ltic?n 111 2 apparently proLlucek ;in electron- 
ilelocali:e,l ,>tructure best reprcse~lteLl 1iy ili- 
agr;im 2c  in Fly. 5 ( 17).  Electl-on ~lelocali-.a- 
tion re\-er\ei the ~isual relation betiveen 
h o n ~ i  le l~gth  ,111~1 nltrogel~ \.<llence; t h t  
C-NH- 1?onL1 is .horter t1~1n the C=NH 
linnLl. Re\-ersc~l ill' bonLl ~ l r ~ l e r  1s f ~ ~ r t l ~ c r  es- 
,1gger~lteil in t l ~ e  complex 1.2; here the 
C ( t ?  )-N(46) ;lnJ C ( t 2  )-hi(+?) Imnii 
lenzt l~s  are 1.?9$(9) anLl 1.429(1 L1) A, re- 
.peit l \-el~.  I11 the comples 1 ~ 2 ,  the lloilt~velv 
and neg,iti\.ely charged pc)s1t1ons a t  the cre- 
; ~ t ~ ~ l i n e  dipole (2c,  Fie. 5 )  plir  with the 
receptiir Lllyc.lc's nce,~tl\~el\. ;111~1 po.1t11-cly 
charyed pcxltlonr, respecti.i.elv; electrostatic 
h~st-:ut.st attracr1c.n apl>~~rentlv ilefi~rms the 
t r ~ ~ c t u r e  'lnd alters the i l l a r e  L1istrlliutli.n cf 
cre,itinlnc, as indicated 1.7 J1,iqram 2d (FI. 
5 ) .  \Y,'e 11~1-e reproLluceLl this ettect qualit'l- 
tively wit11 i lu ,~ l~ tu l~ l  mechanical calcula- 
tion. 11s111,n the hlOP.AC93 program ( i S), 

Rearr'll~cement o f  receptor 1 ,  s ignal i~y 
complesatiol~ of cre'ltinine, 1.; reminiscent o i  
the "inL1uced i ~ t "  mec l~~ l l~ i sm proposeL1 h r  
i.l~:yme-.~~Li>trate hinL1inS (5, 13). XIorei,ver, 
the structural detormatlon of cre:itinlne in- 
duced hy I ? inJ i~~g  tn the r ~ g ~ l  ilipol:i~- cleft 
sLlggests that ileslgneil receptor, mieht be ~ i , e ~ l  
as artltici,ll e~~zymes,  operating the prlncl- 
yle ot tral1~1t1on-st;ite .tab~l~:;ition ( 2 2 ) .  The  
mc.lecular recognition iiemon,trateil in this 
s t ~ ~ ~ l \ -  is cl1~lr,1cter1:eil bv preorqanizatlo~~ o t  

I~vdroge~~-bo~lJingg groups in the polye\-clic 
receptor ;inLl electronic comp1ementa1-ity pro- 
~ luc i~ ln  m ~ ~ t ~ i ; i l  rol;iriz;itlon o t  l~os t  '111,l quest 
111 the complex. Tliese feat~lres eupliiln n-hy 
leceptor I l i  ;~hle to estract cre:itinlne frolll 
iviiter 111to orga111c sol\-ents, \\hereas neutral 
receptors pre\-louil~ desiqned ti, binid creati- 
nine for111 iveaker coml~leses (21 ). This ill~is- 
[rates the possibility o i  clesignl~lg cllrollloye~lic 
reagents for Llual~tif~catiol~ of Imyortant or- 
g'lnic analytes b~ aypl1c;itlon of the pr~nc~ples  
o i  supramolec~~lar chemistry. 
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a -J  2 ;I-lcr~-~e c- ckc ro fo r r  o r c~ lp ,~~ 'g  the sz i i e  
sl:e. tyd1o;en z:ol-,s o -  N'l3 51-:: 0 ' - 2  v,ere 
lc;?:ec -rom s dl--e el-re F o ~ r ~ e r  n i x  21-c ref,ie:: 
zt 30;: occupzncy ai-i-, ;o i s - r z ~ i e d  Ikclid el-g:Rs 
zn: t ie rms pzrsi-e-ers A l  ioni-! clogel- a:cr-s 
,?:He l e i  -lei s i so-I o . ,  c?,ll!. ,-lie-ess solvet-t at- 
olls?,-:: -~;drogei atoi-s :>!ele e f i e c  I S O ~ I O D I ; ~ ~ ~ ;  

:o z f131 9 8.al~1e of 2.C76. Tne coordristec 3,id 
o-he r-!st2 Icgrspl-r deta s fc all ti-ref st1 .l'c:Lrl es 
ha;e iseel d e ~ o s t e l j  '!!i:l- -ne C z r ~ ~ r d ~ e  C ys;sl- 
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Molecular Diffuse Interstellar Ba11d 
Carriers in the Red Rectangle 
Fa. J. Sarre," J. R. Miles, S. M. Sca~rstt 

High-resolution optical spectroscopic observations of unidentified emission bands from 
the unusual biconical nebula known as the Red Rectangle are reported. The peak wave- 
lengths and the widths of prominent bands near 5799, 5853, and 661 6 angstroms de- 
crease with increasing offset from the central AO-type star HD 44179 and, in the limit of 
large distance from the star, are shown to converge toward the known values for some 
of the narrower diffuse interstellar absorption bands at 5797, 5850, and 661 4 angstroms. 
The same carriers give rise to both Red Rectangle emission and corresponding diffuse 
interstellar absorption bands, and these particular bands arise from electronic transitions 
in gas-phase molecules. 
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ills? interstellar al>.~)rl~tii~il llanils is ~111e ot tlle 
i~ io\ t  cha1lc1-i~i1-i~ astrophvsical yrol?lems of 
this ce11t1u.y. X large n ~ ~ m l ~ e r  of l~al-iiis 11a1.e 
been iliscorereil ( 1 ) ,  al-iil tl-icir relat11.e 
itrcl-iqtlii, t h e ~ r  ni,ltha, anii in ,I f c \ ~  caies 
tlleir shayes ( 2 )  11~i1.e heen cl~aracterisz~l. El.- 
iiience 111 finvor free molecules a carriers 

has gro\i-i-i in recent vears, [but tliere is ai yet 
no yroot as to nhcther the banils origil-iate in 
Just yrains 01. 111~1lec11lc<. Tl-it.1-e has dlso heen 
,I lack a t  anr ;pectroscollic patterns tliat illight 
euiik lal~oratc~r~-l?azeii esperimel-its. A stell 
for\vClril \i a iiiaiie \vith the reco-nit~~>n (-3, 4) 
t1i;it milie <of the illore i i r o ~ l i ~ ~ l c ~ i t  eiii1ssio1-i 
hands ol?aer\ cil from the Red Rectangle ay- 
pear tc> arise t1.0111 tlie S J I ~ C  carriers as a sul~sct 
ot  the iiitf~lse hand carriers (5). Yim11,lr cnl~i -  
SILJII l~anLl.; hare  also reccntly I3eei-i .letccteii 111 

the car l lo~- i - r~~h R C r 6  star VSS4 Cell dtlriny 
min~mum 1 1 ~ h t  (6). YC'e report here higl1- 
I - ~ S O ~ U ~ I O I ~  and 111~11 s~g~~; l l - t i ) -~loi<e optical 
ITeztra of the ReLl Rcctanple that ,slio\v con- 
c2~1.11-el\. t h ~ t  the Rei] Rectarliile ernla>liin and 
complement,~r~- ditfuse il~ti.r.tellar ahrorpt~on 
' ~ n d s  arlsc tro~ll  the same carriers a i d  that 
tlli'se partic~ilar iiitt~~be l>ands x i r e  from elec- 
tronlc t r ~ n s ~ r ~ o n a  in ti-ee, i ~ t  as yet ~ ~ n d e n t i -  

P J Sa-e a-la J. F, r.1 es. % e a ~ t l r e r  of C b e ~ r i s t r ~  
Ln,,,e s - ,  ct Not- ig'am, lJl-.i~e*sit. Pal k, he--1rcjIia1- 
NZ- 22D. CIK 
S. A1 Scallz-i Pi. .SICS leparti-.el-.: ?IniJe,s~t!, c i  

ileLl. gar-pliaie ~no lec~~ lzs .  In ;iiiil~tlcin, the 
res111th prLo\-iLlc clc'ir a~~rpcirt  tclr rllc iLIea ot 
"tamil~es" of ilifti~sc l?a~-iils, ilemonstrate that 
some ot  the i l l t h e  l'anii carrieri tl~li~reice. ,111~1 

open up nelr o r l ~ ~ ~ r t ~ m i t i c i  fcor 1al~iirator)- 
ituily tl-irc)ugh the seal-ch for iiiolcc~~lar e1111.- 
s101i spectra. 

Tlic IieJ 1iect;lngle is a l?~coliical ilchula 
that ii .seen in both reflectii~n l i~~ci  r ~ l l ~ s s ~ c i ~ i .  
The  reflected coi l i~~onent  arlses from ligl-it 
from the cel-itral ,tar I i D  44179 scattered by 
ilu,t grains in the esten,le~l iiehular meillurn. 
The optical emi~sion i0llbl\tS of a briuil rcil 
C O L I I I Y ) ~ I ~ I - ~ ~  [estei-i~lc~l rcii emi .~i i~)n  (ERE)] an 
n.111cl-i iq superimyiiseil a rc'il~arl<al~lc riiectruili 
c)t ui-iiLlentitie~l emi\sion l?ailLls t h ~ t  are a1.o 
esciteil by 1leht f r ~ m  the central star (T- i ) ) ,  
prohahly thrL>uqh a rc>~>nx-ice t l~~clresc~ncc 
i l - iec l~~i~i~si~l  s11i11 2.; occuri 111 comet.;. Receiit 
ohel-vations confirm t11,it HD 44179 is a 1.1- 
11ar\ system ( J i ) ,  anii a l>l,iusihle scenario ih 
that O I I ~  co~ilpo~ieli t  act. ,IS the ~l lum~nat ion 
source for ~m,iter~al e m a ~ ~ a t w g  from one \tar or 
iii>~\i131y trc>111 l > < ~ t l ~  \tar>. 

E,irlier tuiiieh ot  the ~1ltra~1olrt-\.is11~lc' 
and mfr,rreil (IRI spectra ot the ~ l r b u l a  11,ive 
~ - ~ r c i r l c ~ l  3 range L > f  L I ~ I L I ~ L I ~ ~  A\pects, 111clu~1- 
ine limis51o11 line> oi Na I), C a  11 H anLi K, 
Ha (S), ,iilil the CO (J i ) and CH-- ( I .?)  
molecules: there ib also str~lnq ERE ( I  3 )  and 
a p r o m ~ n e ~ ~ t  set ot " u ~ ~ l d e ~ ~ t i i i e i i "  IR b a ~ ~ i i a  
(14).  hot11 ot \v11ich prol~ai:ly .irlse trom poly- 
cyclic aromatic l ~ ~ i l r o c a r l ~ o n  (PAH) m,itcri- 
a1 or molecules (15). \'cry- s t r lk l~~q ,  hon.e\ er, 

og:,/ (Dover. New 'I'oI!~. 15373, cl i rp,  5: J. Kra-~t, 
Scre:lce 242, 533 11 5331 
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is the set of htrollg optical emisslca-i h,i~lil.;, 
tl-ie nic)st prolillne;-it of \vhlch fill near 5799, 
5353, anLl 6616 A, t h , ~ t  lie clilse in Lvave- 
le~lqth  to those ~ 1 f  solilt strong, relt~tir-ely 
II;~I-I-O\V ~ l i t i~ lse  aI?sorptioll 1~a1-iils (X= 5797, 
X=5S5,?, and X=hhl.i, \\here X inil~c,ites the 
l l o~u i~ la l  ~va\.elength); these Ll~ft;~se l7a1l1l? 
l-ia\,e heen 111-il;eii into a "i~111-i1ly" ( I  6) on  the 
h a s ~ i  of tl-ieir ~ ( T I I I I ~ I ~ I I  relative al~sc~~-ptiun 
.strength ~ 1 o 1 - i ~  varictls 1111ca of sight. 

0111- data coverll-ig the 1-e~ion iron1 5122 to 
6922 L4 were recordcL1 n-it11 the RGCJ syecrro- 
gralll~ on tlie 3.9-111 A~-i:lo-~$~str~iliall tcle- 
SCOPC at a rcil~ol~~ti~)~-i  of C.64 A ;il-iil \\-it11 the 
slit of \\r~~ltl-i 1 52 p,m aliqneil alollg the ni~rtll- 
\\e,t-sout1li.ast ~\il-iiikcr at 1~ositio1-i a ~ ~ p l e  162". 
.% ci~rnpar~so~-i l~e tnecn  the 5$2,? L4 1-e"i~~-i of 
tl-ie Reil Rectangle at  ~nterliieiliatz offset 
(cznterc,l ;at 7.5 ; r c  see) anil the ,lifft~se intel-- 
stellar l ~ n J  ;~l>so~-pt~on s y e c t r ~ ~ m  ali~lig tl-ie 
line of siglit to\\-ard the heavily reLILlel-ie~l star 
HI) 183 143 i \  ,110n.n 111 Fie. I .  The  narran 
X=5797 dnLl X=ji?j ,? diffuse intcritellar 
handi 11e ~ T I I  the sl-ii)~-t-\v,ivelc~letl-i edge of the 
ciirsesp(onJinq hruaLlcr l ieJ  Rcctanyle feu- 

Wavelength (8) 
Fig. I. Coirt?par;son SeP~vee'i t he  d~ffcise absorp-  
t ~ o n  band  specrrum t o ~ v a r d  HD 183133  (upper 
cL.rve,i (25) and  tne Red-Rectalngle si:ectr~.'n (lo121/- 
er cvrve: In t l i e  58'30 A reglcln. No te  t he  corre- 
sponae -ce  between t l ie  diffuse b a n s  and  R e g  
Rectalngle features  near 5769 .  5799 a - d  5853  A 
(stars). and  :lie absence of Red  P,ec:angle emis- 
sion In t l ie  r ego t i  of t i le  X=5780 dAuse  Salnd. 
'u\jh~ch f a s  in a dfferelnt fan?ily (76: The Red  Rect- 
angle data  are t he  su~nn-eci  spectra for t he  reg1317 
5 to 1 3  arc sec offset f r c l r  HD 311 7 9  recorded 
w ~ t l i  an  ~ t e g r a t i o n  tltne of 7 2 0 3  s .  




