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Abs t r ac t .  Synthes i s ,  propert ies ,  and  reac t ions  of the  title reagent ,  b is (phenoxycarbonyl-  
e thyl)phasphinic  acid, are  reported.  The reagent ' s  util i ty for b iomacromolecu la r  modif icat ion has  been  
demons t r a t ed  by success fu l ly  c ross- l lnking  h u m a n  hemoglobin.  Copyright © 1996 Elsevier Science Ltd 

Cross- l inking  reagen t s  have  long played pivotal  roles in probing s t ruc tu re  and  funct ion  of both  
prote ins  I and  nucle ic  acids.  2 While na tu ra l  c rass - l inkers  s u c h  as ml tomycin ,  3 psora lens ,  4 and 
an thramycins  s have been  extensively explored in nucleic acid chemistry,  synthet ic  cross- l lnking reagents  
conta in ing  aldehyde,  6 imide, 7 ester,  a azide, 9 imldate  ~° or enol-e ther  t~ funct ional i t ies  have  domina ted  the 
protein field. However,  these  funct ional  g roups  suffer  from a var ie ty  of d rawbacks ,  for example,  while 
a ldehydes readily form Schiff  bases  with amine  nucleophi les  of proteins  and  nucleic  acids, the react ions 
are  often reversible,  requi r ing  an  addi t ional  reduc t ion  s tep ~2 after the  cross- l ink  format ion  so as  to 
stabilize the  product .  Es te r  and  imide la groups,  on the  other  hand,  f requent ly s h o w  low reactivity under  
physiological  condi t ions,  whe reas  imida tes  14 and  enol -e thers  ~s undergo  facile hydrolysis .  Azide 
coupl ings  ~6 are  often photo- induced,  and more  often t h a n  not, yield mul t ip le  products .  We repor t  here  
the  syn thes i s  of a novel  c ross- l inklng  reagent ,  b is (phenoxycarbonyl -e thyl )phosphin ic  acid (I), which 
contains  the  act ivated ester  functionali t ies  that  are reactive enough  toward amine  nucleophfles ,  bu t  are 

o 

I 

r emarkab ly  s table  toward hydrolysis .  Fur the rmore ,  the  p resence  of an  acidic phosph in i c  acid group 
affords facile convers ion  of  I to its water -so luble  alkali  meta l  sal ts ,  t h u s  enab l ing  its u se  in the  
predominenf ly  a q u e o u s  m e d i u m  of biological macromolecules .  The reagent ,  a crystal l ine solid with an  
Indefini te shelf-life, is easy  and  inexpens ive  to prepare  from c o m m o n  s ta r t ing  mater ia ls ,  and  with its 
one-s tep  synthes is ,  can  be convenient ly  p roduced  on a large scale. 

Reagent  1 was  p repa red  by two different methods ,  u s ing  the  known chemis t ry  of p h o s p h o n o u s  
and phosphin ic  acids,~7 both  commenc ing  with hypophosphorous  acid (Scheme 1). In the  first method,  
an  ice-cold so lu t ion  of  an  equiva len t  of hypophospho rous  acid in me thy lene  chloride was  sequent la l ly  
t reated with N,O-bis-trimethylsilylacetamide (3.6 equiv) and phenyl  acrylate  (2 equiv), and  the  react ion 
mixture  was  s t i r red at  room t e m p e r a t u r e  for 48 h. Acidification with 1N hydrochlor ic  acid, ext ract ion 
with  chloroform,  solvent  removal ,  and recrystal l izat ion from e thanol  gave I in 30% yield. The bet ter-  
yielding (>60%) second  m e t h o d  involved the initial t r ans fo rmat ion  of  h y p o p h o s p h o r o u s  acid to its 
a m m o n i u m  salt,  followed by sequent ia l  t r ea tmen t s  with t r ie thylamine (3.5 equiv), chlorotr imethylsf lane 
(3.5 equiv), and  pheny l  ~-chloropropionate  (2 equiv). The reagen t  is a colorless  solid, mp  164-166 °C; 
IH NMR (CDCI s) 6 7.2 - 7.0 (m, 10 H, Ph), 4.67 is, 1 H, OH), 3.0 - 2.9 (m, 4 H, CH2), 2 .28 - 2.02 (m, 4 
H, CI-~); MS {FAB) m / z  363 (MH*); Anal.  Calcd. for C~8HIgOoP: C, 59.67; H, 5.29. Found:  C, 59.52; H; 
5.29. 
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The reactlvlty of 1 toward amine nucleophiles was assessed by reactions with a variety of primary 
and secondary amines. including n-butyl-, ethanol-, cyclohexyl-, phenyl-. and benzylamine and 
morpholtne, at room temperature, using acetonitrlle as the solvent (Scheme 2). The b&amide products 
2a-3f were characterized by spectral and microanalytical data. I8 

Scheme 2 
a; R,=H. Q=(CH,),CH, 
b; R,=H, %=(CH.&OH 

In order to assess its suitability for aqueous systems, reagent 1 was further converted to its 
sodium salt (3) (Scheme 3) by passing a solution of 1 in aqueous acetonitrile through a column packed 
with the resin AG 5OW-X8 (Na’ form), and eluting with water. The product was reacted with 
benzylamine as before, but using water as the solvent, which gave 2f in a comparable yield of 73%. No 
products of hydrolysis were detected at the ambient temperature in which the reaction was carried out. 
Furthermore, there was no change in the LJV absorbance of reagent 3 in the pH 7.5-8.0 range (PBS 
buffer) even after 24 hours. 

Finally, the sodium salt 3 was reacted with human hemoglobin (HBAo) under oxygenated 
conditions in PBS buffer (pH 7.4) at room temperature. A typical experimental procedure involved 

Scheme 3 

AG 5OW-X8 (Na+) 
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incubat ion of 100 ~L of 0.77 mM HhAo with 15 pL of 500 mM reagent  in a total  buffer  vo lume  of 150 pL 

for 60 minu tes .  Isoelectr ic  focus ing  (IEF) analys is  of the  reac t ion  mix tu re  indica ted  tha t  the  react ion 
had  taken  place, by  reveal ing modified prote in  tha t  had  the  pl in the  more  acidic region, i.e. below the 
pl of the  unmodi f ied  HbAo. This  observa t ion  is cons i s ten t  wi th  neu t ra l i za t ion  of  s o m e  of the  posit ive 
charges  p resen t  on the  prote in  u p o n  covalent  cross-linklng. However, s ince charge neutra l izat ion could 
also resu l t  f rom mere  e lect ros ta t ic  in te rac t ion  of  the  posit ive charge  of prote in  wi th  the  phosph ina te  
an ion  of  the  cross- l inker ,  t he  reac t ion  mix tu re  was  fur ther  sub jec ted  to SDS-PAGE, HPLC and  FPLC 
analyses .  Unde r  the  dras t ic  dena tu r i ng  condi t ions  of sod ium dodecyl  su l fa te -polyacry lamide  gel 
e lectrophoresis  (SDS-PAGE), pure ly  ionic in terac t ions  would  be  overcome,  and  only the  covalent  cross- 
l inks  are  detectable .  The SDS-PAGE analys is  of the  reac t ion  mix ture  (Figure 1) clearly indica ted  the  
p resence  of covalent  cross- l inks  due  to the  p resence  of bands  cor responding  to d imers  of the  m o n o m e r  
un i t s  wi th  a molecu la r  weight  of - 32 kDa. The HPLC ch roma tog ram (Vydac C 4 prote in  co lumn,  pore 

size 300 p, particle size 5 p) of the diluted reaction mixture  in O. 1% tr i f luoroacet lc  acid  (TFA), employing 
a grad ien t  of 35-50% acetoni t r i le-water  with 0.1% TFA as  an  e lut ing solvent  with a flow rate  of 1 
m L / m i n ,  revealed the  p re sence  of  two newly cross- l inked hemoglob ins  wi th  re ten t ion  t imes  of 46 and  
51.5 min,  a long with  the  un reac t ed  HbAo wi th  re tent ion  t imes  of 38 and  41 min,  co r respond ing  to the  

and  a chains ,  respectively.  Fur the rmore ,  s ince  the peak  in tegra t ion 
of only the ~ chains  of the unreac ted  HbAo was  cons iderably  r educed  as  
compared  to the  reference s tandard ,  the  chemica l  modif icat ion s eems  to 
lie p redominenf ly  in the  ~ chains .  The FPLC analys is  (two P h a r m a c i a  
Supe rose -12  co lumns ,  connec ted  in series,  each  lOx300 mm,  par t ic le  
size 10 microns)  of  the  reac t ion  mix ture  u n d e r  d issocia t ing condit ions,  
employing e i ther  PBS or 50 mM bis- t r is  buffer  (pH 7.4) in the  p resence  
of I00  mM MgCI2 for e lut ion,  corrobora ted  the above finding, by 
reveal ing a d is t inct  peak  tha t  co r responded  to cross- l inks  be tween  the  Fig. 1: SDS-PAOE Analysis. 

L a n e s  I • 6: M. W. M a r k e r s ;  
like subuni t s  of HbAo (e.g. p~) that  eluted earl ier  (retent ion t ime 56 min) 

L a n e  2: HbA Ref. (3.0 pg); 
t h a n  the  peak  tha t  co r re sponded  to HbAo tha t  is e i ther  cross- l lnked 

L a n e  3: XLHbA (1,0 pg); 
be tween  the  un l ike  s u b u n i t s  (a~) or  is unc ross - l inked  (retent ion t~ne Lane 4: XLHbA (2.0 pg); 

59.9 min). Lane 5: XLHbA (3.0 pg). 

In light of the  keen  interes t  in hemoglobin  cross-l inklng in sea rch  of an  efficacious and  pathogen-  
free blood subs t i t u t e  for emergency  t ransfus ion ,  ~9 he igh tened  by the  cu r ren t  ep idemic  of  b lood-borne  
d iseases  s u c h  as  AIDS and  hepati t is ,  the  p re sen t  work  carr ies  a t imely significance.  
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