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The gene encoding CIIP-A'-acet\ ' lneuraminic acid (CIIP-
NeuAc) s1'nthetase (EC 2.7.7.43) in Escherichia coli serot!'pe
07 Kl w'as isolated and overexpressed in E.coli W3ll0.
\Iaximum expression of 8-1Ooh of the soluble E.coli protein
rras achieved b1'placing the gene rr i th an engineered
5'-terminus and Shine-Dalgarno sequence into a pKK223
rector derivative behind the tac promoter. The overexpressed
s1'nthetase l las purif ied to >95o/o homogeneitf in a single
step b)'chromatographl'on high titre Orange A N{atrexrv d1'e
resin. Enzl'me purified b1' this method ll'as used directll' for
the sy'nthesis of C\IP-NeuAc and derivatives. The enzl'matic
s1'nthesis of Cl\'IP-NeuAc u'as carried out on a multigram
scale using equimolar CTP and A'-acet1'lneuraminic acid as
substrates. The resultant CN{P-NeuAc, isolated as its di-
sodium salt by ethanol precipitation, was prepared in an
overaf l f ield of 94oh and n'as judged to be >95o/o pure b1' lH

N\IR anall 'sis. A'-Carbomethoxl'neuraminic acid and
.A/-carbobenzl'lox1'neuraminic acid were also found to be sub-
strates of the enz]'me; S-azidoneuraminic acid n'as not a
substrate of the enz)'me. AlCarbomethoxl'neuraminic acid
n'as coupled to C\{P at a rate similar to that obsen'ed with
NeuAc, n'hereas l/-carbobenzr'loxvneuraminic acid $'as
coupled > 100-fold more slon'|1'. The high level of expression
achieved with the E.coli s1'nthetase, together with the high
degree of purity readily obtainable from crude cell extracts,
make the recombinant bacterial enzvme the preferred catall'st
for the enzl'matic s] nthesis of C\{P-A/-acet1'lneuraminic acid.

Ke y v' o r d s: CM P-.V-acetyl neurami nic aci d /CM P- l/-acetyl-
neu raminic acid sy'nthetas e f enz5,matic synthesis/si a lylation

Introduction

Sialylated biomolecules are found widely in nature and har,e
been implicated in a variety of biorecognition processes.
The structures of  natural ly occurr ing s ia ly lated species
range from the polymeric forms of  bacter ia l  colominic acid
to the var ious glycol ip ids and gl1 'coproteins found in
animals and man. Recent interest  in s ia ly ' lated biomolecules
has been fuel led by studies on host cel l  recogni t ion by a
var iety of  mammal ian pathogens includin-c inf luenza A and
B v i ruses  (Suzuk i  c t  u l . .  1986.  1987) .  Senda i  v i rus  (Suzuk i
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et al . .  1983. 1984) and the bacter ium l lvcoplasnto pneu-
nroniue (Loomes et  a l . .  1984).  The preparat ion of  sui table
substrates for  the study of  these host-pathogen interact ive
processes requires the isolat ion of  natural ly occurr ing
sialy lated biomolecules or.  a l ternat ively,  the synthet ic
sialy lat ion of  g l1 'coproteins and gl1 'col ip ids.

The biosynthesis of  s ia l . ' " lated biomolecules is dependent
on tu 'o enz) 'mat ic react ions:

i )  Sial ic acid + CTP - 'CMP-sial ic acid + PP,
i i )  CMP-sial ic acid + glycosyl-OH-+gl l ,sssf  i -s ia l ic  acid +
C M P

The f i rst  react ion.  catal l 'sed by CMP-.N-acetylneuraminic
acid (CN' lP-NeuAc) s1'nthetase. act ivates NeuAc at  the
expense of  one CTP equivalent.  The second react ion.
catal l 'sed br a fami ly of  CMP-sial ic acid glycosyl-
t ransferases. t ransfers s ia l ic  acid f rom the act ivated species
to targeted gl i ,cosl ' l  moiet ies.  In s imi lar  fashion to the
biological process. these t\r 'o enzymes have been used for
the sl ,nthet ic preparat ion of  a var iety of  s ia ly lated glyco-
proteins (Rear ick et  a l . .  1979: Higa and Paulson. 1985:
Gross et  a l . .  1987: Gross and Brossmer.  1988) and gl1 'co-
l ip ids (Rear ick et  a l . ,  1979).  The most common source of
CMP-NeuAc synthetase used lor  enzymic CMP-NeuAc
synthesis has been bovine brain. The enzyme prepared from
this source. however.  is  re lat ively impure and contains a
high level of phosphatase activity that significantly reduces
the react ion y ie ld (Higa and Paulson, 1985: Auge and
Gautheron,  1988:  S imon e t  a l . .  1988) .

It was of interest to determine if an overexpressed CMP-
NeuAc svnthetase, isolated from Eschericlt ia coli, u,ould
provide a superior enzyme preparation for the enzymic
synthesis of  act ivated sial ic acid der ivat ives.  The CMP-
NeuAc s)'nthetase encoding gene from E.coli has been
isolated (Vann eI  a l . ,  1987) and sequenced (Zapata et  a l . ,
1989) previously.  Using an ol igonucleot ide probe based on
the prel iminary sequence data of  Vann et  a l .  (1987).  u 'e hat,e
also obtained the synthetase encoding gene. This report
describes the high level expression of CMP-NeuAc s1'n-
thetase in E.coli. a convenient assay to monitor synthetase
act iv i ty.  a s imple s ingle-step column pur i f icat ion of  the
overexpressed enzyme and a protocol for use of the enz)'me
in the mult igram scale synthesis of  CMP-NeuAc.

Results and discussion

Orererpressiort of C M P-NeuAc s)'nllrctase

The gene encoding CMP-NeuAc synthetase of  E.col i  u 'as
isolated as descr ibed under Mater ia ls and methods. In i t ia l
expression exper iments wi th the c loned CMP-NeuAc syn-
thetase encoding gene were carr ied out by isolat ing the gene
on a 2.7 kb EcoRIlHindl l l  f ragment f rom pCMP.3 and
l igat ing the f ragment into the complementary s i tes on vector
pKK223-NaeA behind rhe rac promoter (Figure l ) .  This
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c o n s t r u c t .  g i V e n  l h e  n a n r c  p K K C M P . l .  w , a s  u s e d  t o  t r a n s -
lo rnr  E . to l i  W3l  10 .  lndLrc t ion  o f  the  t rans fornred  ce l l s  n i th
2.0 mM isopropl ' l  7/-n-thio_ealactoside ( IPTG) y ie lded crude
ext rac ts  w i th  op t i rna l  CMP-NeuAc express ion  i i t  -  1 .8 , ' , ,  o f
the  so lub le  p ro te in .  To  inc rease the  y ie ld  o f  enz) /me pro-
duc t ion .  the  s1 'n the tase  encod ing  DNA inser t  \ \ ,as  t runcated
at  t l re  3 ' - te rnr inus  and bo t l r  the  5 ' - te rminus  and Shrne-
Dalgarno sequences u,ere engineered. Truncat ion was car-
r ied out by digest ing the 2.7 kb EcoRl /  Hindl l l  f ragmenr
u' i th / / .s i l  that  c leaved l l2 bp 3 ' -proximal to the syntherase
terminat ion codon. The resul t ing EcoRl l l ls i l  synthetase
encoding fragment.  Do\\ '  -  1.4 kb in length.  was l igated into
the  EcoRI lPs t l  s i tes  o f  vecror  pKK223-NaeA ro  y ie ld
v e c t o r  p K K C M P . 2 .  I n d u c t i o n  o f  E . c o l i W 3 l l 0  h a r b o u r i n g
pKKCMP.2 shou'ed an overal l  -2- fo ld increase in s1'n-
thetase expression level  over that  obtained with the
pKKCMP. I  vec tor .  In  a  f ina l  eng ineer ing  exper iment .  the
parent Shine-Dal_earno sequence u,as modif ied to y ie ld a
more extended r ibosome bindirrg s i te u, i th a stretch of  e ight
aden ine  res idues  5 ' -p rox in ra l  to  the  in i t ia t ion  codon.  Th is
extended r ibosonte binding si te has been demonstrated to
provide high ef f ic iencv in E.c,ol i  t ranslat ional  in i t iat ion
( S u l l i v a n  e r  a 1 . . 1 9 8 9 :  G o l d  a n d  S t r o m o .  1 9 9 0 ) .  T o  c a r r y  o u r
th is  man ipu la t ion .  a  s ing le  s i len t  muta t ion  u .as  made in
construct  pKKCI\{P.2 to converr  the unique Xhol l  s i te
Iocated 40 bp from the in i t iat ion codon ro a unique BantHI
si te.  The synthetase Shine-Dal_sarno sequence and 40 bp of
the 5 ' - terminus u 'ere subsequent ly,  remor.ed b1, di*eest ion
n, i th EcoRI and BantHI.  The N-terminal  encoding gene

f ragnter t t  u i th  thc  des i red  Sh ine-Da lgarnc- r  scquencc  \ \ 'as
then rep laccd by  u t i l i z ing  a  62  bp  s1 'n the t ic  o l igonuc lcor idc
casset te .  In  the  course  o f  th is  rnan ipu la t ion .  ser  e ra l  codons
u 'e re  mod i f ied  to  those expec ted  in  _eenes encod ing  h igh l r
expressed E. r ' r t l i  p ro tc ins  (Gou1 '  a r rd  Gaut ie r .  1982) .  Thc
sequence o f  the  eng ineered r ibosonre  b ind ing  s i te  and 5 ' -
te rminus  o f  the  s \  n the tase  encod ing  gene is  shorvn  in  F igure
2 .  Th is  f ina l  cons t ruc l .  g iven  the  des ignat ion  pKKCMP.SD.
gave expression levels 5-fold higher than that achieved with
vector pKKCMP.I  and resul ted in t1 'p ical  speci f ic  act iv i t ies
of 0.25 U /me in crude cel l  extracts of  induced cel ls.  This
va lue  is  ca .  833- fo ld  h igher  than tha t  repor ted  prev ious ly
for expression of  the isolated CMP-NeuAc synthetase
encoding gene (Zapata et  a l . .  1989).

Purific'ation of C Jl[ P- I'cuA c s.t'tttltetase

Recombinant CMP-NeuAc synthetase u/as pur i f ied -  I  1.2-
fold f rom crude cel l  extracts of  E.c 'o l i  in an overal l  y ie ld of
50-55o, , .  Pur i f i ca t ion  to  >  95c 'o  homogene i ty .  as  judged b i '
Coomass ie  b lue  s ta in ing  o f  a  9 .5 ' 'o  SDS-po lyacrv lamide ge l
(Figure 3).  u 'as rout inely carr ied out by s ingle-step column
chronratographl ,  of  crude cel l  extracts on high t i t re Orange
,A N4atrer ' "  d le resin fo l lor i 'ed br,  ammonium sulphate
f rac t ionat ion  and prec ip i ta t ion .  The major i t l '  o f  con tami -
nat in_s proteins \ \ 'ere removed in the chromatographic
procedure  b1  ex tens ive  u 'ash ing  o f  the  Orange A Mat rer ' "
d1'e resin.  The CMP-NeuAc s1'nthetase \ \ 'as pur i f ied fur ther
b i 'e lu t ion  f rom the  dye  res in  u , i th  a  l inear  KCI  g rad ien t .  A
t lp ical  protein elut ion prof i le f rom the Orange A \ ' latrer ' "
d1'e column is shown in Figure 4.  A s l ight  increase in
enzyme pur i ty '  was subsequent ly achieved b1'  f ract ionat ion
of the pooled chromatographic f ract ions u ' i th 60.c,  &lr-
mon ium su lphate .

A speci f ic  act iv i ty of  2.5-2.8TJ /mg u'as rout inely obtained
for the pur i f ied recombinant CMP-NeuAc synthetase. This
value is comparable to the speci f ic  act iv i ty of  2.1 U/m-e
reported previously by Vann et  a l .  (1987) for  enzyme pur i f ied
from a u'i ld ty'pe E.coli strain. Minor contaminants re-
maining in the enzyme preparation may be removed b1'
af f in i ty chromatography on CDP-hexanolamine a,sarose
(data not shou'n). However, for preparing enzyme to be
used in the synthesis of  CMP-NeuAc, th is lat ter  pur i f icat ion
step was unnecessary.

The purif ication of overexpressed CMP-NeuAc s)'n-
thetase from E.coli by chromatography on Oran-se A
MatrexE resin provides an ef f icacious method of  enzl 'me
recoverv from crude cell extracts. Successful purif ications
\ \ 'ere carr ied out when Orange A resin wi th a dye content of
3.77 and 4.22 mg/ml was employed. Howet 'er .  Orange A
resin wi th 2.3 mg dye/rnl  only bound the synthetase u'eaklv
and was unsat isfactory for  pur i f icat ion.  The yield of  pur i f ied
synthe tase o f  10 .7  U/g  o f  E .co l i  W3l l0  t rans formed u ' i th
vector pKKCMP.SD is > 200-fold higher than that ob-
tained fronr an equivalent quant i ty of  bovine brain t issue.

\ /ec icr

Con s l ruc l Insen Resl r ic l ion L lap

pCMP 3

pKKCMP 1

pKKCMP 2

H i n C I l l  E c o R l  X h o l l

EcoRI Xhol l

EcoRl  Xhol l

EcoRl BrmHl

N s i l  N s i l H i n d l l l

SD se4uencc : ACfi CCC.AATA ATG

SD sequencc: AGCGCCAATA ATG

pKKCMP SD

SD scquence: ACCAGGA{{!,,{{{AAT(; . - -

Fig.  l .  Construct ion of  cMP-NeuAc s1'nthetase expression 'ectors.  A
graphical  representat ion of  the steps carr ied out  to enhance the
expression of  the cMP-NeuAc synthetase encodin_e sene is shor,rn.  The
E.col icMP-NeuAc s1'nthetase structural  gene is represented by the
st ippled box and non-coding DNA as sol id l ines.  The tac prornoter  l ies
5"-proximal  to the EcoRI s i te in vecror pKKl23.Nac.A.

M R T K I I A I I P A R S

SY'}thClaS' S'qUCNCC: AATTCAAAAATCASSCCEAATA ATC ACA ACA AAA ATT ATT CCC ATA ATT CCA CCC CCT ACT C . . .

EnSineTcd soquc'Icc AATrcATAACCAGCAAAAAAAA ATG CGT ACT AAG ATC ATC CCC ATC ATC CCG CCC COT AOT O - " .

F i8.  2.  Scqucnce of  the nal i le  and enaineered r ibosome binding s i tes and 5"- lcrmin!s of  thc CI{P-NeuAc s lnthetase cncoding gene. The Shinc.
f )a lgr  rnr ,  scqucnr:cs arc undcr l lncd.
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Fig.  3.  Anal l 's is  of  CMP-NeuAc s1'nthetase pur i f icat ion b1
SDS-pol iacr l lamide gel  e lectrophoresis.  A 9.5 o, ,  pol lacr l lamide gel
s ta ined  u i th  Coomass ie  b lue  i s  shoun .  (A )  100  7 re  o f  c rude  ce l l  ex t rac t :
(B) l8 7rg of  pur i f ied C1\{P-NeuAc s lnthetase:  (C) 30 7rg of  pur i f ied
Clt {  P-NeuAc s1'nthetase.

En:ynnt ic svnthesis o.f C l lf P-,\ 'eu Ac'

The mult igram scale synthesis of  CN4P-NeuAc was carr ied
out successful l l , in -94oo f  ie ld u ' i th the pur i f ied recombin-
ant CMP-NeuAc s) 'nthetase as cataly 'st .  The enzvme, as
purif ied from E.coli. shou'ed no detectable phosphatase or
nucleot idase act iv i ty as evidenced by the stoichiometr ic
conversion of  CTP to the corresponding CMP-NeuAc
derivative. This can be compared to s1,'ntheses that required
the addi t ion of  3 mole equivalents of  CTP to dr ive the

E.col i  C\ IP-, \ -acetv lneuraminic acid s1 'nthelasc

reac t ion  to  comple t ion  u 'hen the  par t ia l l y  pur i f ied  ca l f  b ra in
enz) 'n le  u 'as  used (S imon e t  a l . .  1988) .  Fur thern tore .  thc
high f  ie ld of  pur i f ied synthetase readi l l "obtained from I  I  of
bacter ia l  cul ture al lou's for  the addi t ion of  nrore catal l 's t  to
the react ion mixture and. thus.  decreases both the react ion
t inre and the extent of  spontaneous CTP hydrolysis.

The CM P-NeuAc obtained from the preparat ive synthet ic
react ion using the recombinant E.col i  enzyme displal 'ed rH

(500 MHz) and 3'P (200 MHz) NMR spectral  data ident ical
to that  obtained with authent ic mater ia l  f rom Sigrna. as u 'e l l
as mater ia l  prepared previously using the bovine brain
enz) 'me (S imon e t  a \ . ,1988) .  Pur i t l '  r vas  judged to  be  >  95n. ,
by the lack of  addi t ional  resonances above the basel ine of
the high f ie ld spectra.

Alternatit 'e suhstrates of C lV P-lVeuAc st'nthetase

To begin to examine the substrate speci f ic i ty of  E.col i  CMP-
NeuAc synthetase. three sial ic acid der ivat ives.  5- / / -carbo-
benzl ' loxr ' - .  5- / / -carbomethoxy- and 5-azidoneuraminic
acid u 'ere evaluated as CMP acceptors.  As shou'n in Table
I .  the carbomethox) '  and carbobenzyloxy der ivat ives of
neuraminic acid u 'ere al ternat ive substrates of  the E.t 'o l i
synthetase. whereas no react ion u 'as detected with the
5-azido der ivat ive.  At  a concentrat ion of  5.0 mM. 5-I ' -
carbomethoxyneuraminic acid was turned over at  a rate
equal  to that  observed u' i th NeuAc and > 1OO-fold faster
than the rate observed u'ith 5-//-Cbz-neuraminic acid.
Because of  l imi t ing quant i t ies of  the NeuAc analogues. no
further k inet ic character izat ion was carr ied out.  To de-
termine i f  the enzymic synthesis of  the CMP-NeuAc ana-
logues could be carried out on a larger scale and to verify
that the obsen'ed rates of  P,  format ion in the k inet ic assa) 's
\ \ 'ere indicat ive of  CMP coupl ing.  the synthetase react ions
were carr ied out on a 0.1 mmol scale and monitored by tH

NMR. Whereas the .N-carbomethoxy derivative shou'ed
>80oo product format ion in 4 h and complete coupl ing in
l4 h,  the format ion of  CMP-//-Cbz-neuraminic acid only
proceeded to -  l0oo conversion af ter  22 h.  Thus. the
relative rates observed in the preparative scale reactions
\\,ere consistent with those found with the kinetic assay.

CMP'NeuAc synthetase of E.coli shows some tolerance
for binding unnatural N-substituted neuraminic acid derir '-
atives. The broad substrate specificity of the bovine enzyme
for 9-substituted neuraminic acids has allowed for the
enzymic synthesis of several novel CMP-NeuAc derivatives
and glycoproteins (Gross et  a l . .  1987; Gross and Brossmer.
1988).  Ul t imately,  a better understanding of  the structural
similarit ies between the bacterial and bovine enzymes mav

Table I .  Substrate speci f ic i t i  of  CMP-NeuAc svnthetase of  E.<o/ i

Relat ive ra le" CMP adducr '
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97- ,

t- t\oo

C

J.. 1
lo.+ =t

l o .  gJ0.o

0.8

0 .3
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+
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?
J

o.4 €
l

o.. :E
o

o 0.2
@
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o . l

H3CC(O)NH-
H3COC(O)NH-
Cbz-NH-
i . t  

" -

I
I

<  0 . 0 t
Not detectablc

>  9 0 o o .  4  h
>  9 0 o o .  4  h
<  1 0 , , , , .  2 f  h
None detectedlo 20 30 40 50 60 70 80 90

Froc f ion  Number

Fig.  d.  Pur i f icat ion of  CMP-NcuAc s1'nthetasc b1 chrornatographl  on
an  Orange  A  Mat rcx ' "  d1 ' c  co lumn.  A  t rp i ca l  e lu t i on  p ro f i l r . ' f r on r  an
Oransc  A  \ ' l a t rex ' "  dve  co lun rn  u i th  4 .22  n rg  dvc /n r l  i s  sho r rn .  Ac t i r i t l
rvus dctcrmincd using a micro-scale assay method busr-d on thut
dcsc r ibcd  in  IV ta tc r ia l s  and  luc thods .

o Subst i tut ion at  the C--5 posi t ion of  s ia l ic  acid.  Cbz :

C6HsCH"OC(O) - .
I '  Rclat ive rate determined at  5.0 mt ' r  substra lc undcr standard assav
cond i t i ons .
"  CMP adduc t  de tec ted  b l ' tH  NN{R spcc l roscop l  as  dcsc r ibcd  in  the
tcx t .  Va lucs  cn tc re 'd  a rc ' cs t i n ra l cs  ( ) l ' pc rccn t  con rc rs ion  a t  g i r cn  t i n t cs
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e v o l v c  b 1 ' e x a r n i n i n g  s i r n i l u r  9 - s u b s t i t u t c d  s i a l i c  a c i d  d c r i r ' -
at i \  es as substnt tcs of  lhc E.t 'o l i  enzvnrc.

Conclusion

The enz l ,n r ic  svn thes is  o f  CMP-NeuAc f ronr  NeuAc and
CTP is  opera t iona l l ) ,  s i rnp lc r  us ing  recombinanr  CI \4P-
NeuAc synthetase isolated from E.col i  in comparison to
using the enzyme isolated from cal f  brain for  three reasons.
First .  the s ingle-step isolat ion of  overexpressed CMP-
NeuAc s) 'nthetase from bacter ia l  cul ture requires less ef for t
than the mult i -step procedure for isolat in_c the enzyme from
calf  brain.  Secondl i ' .  the absence of  contaminat ing phos-
phatase act iv i tv in the E.col i  preparat ion el iminates the
requirement for  excess CTP in the enzl 'nr ic react ion mixture.
Last ly.  the absence of  s ide products caused by contani i -
na t ing  enz) 'me ac t iv i t ies  in  the  ca l f  b ra in  p repara t ion
s imp l i f ies  the  iso la t ion  o f  CMP-NeuAc:  a  s ing le  e thano l
precipi tat ion step produces CN{P-NeuAc of  suf f ic ient  pur i t l '
for  use in subsequenl  enzvnte-catalvsed react ions.

\ Iater ia ls and methods

Inor-canic p1 rophosphatasc i ind CTP \ \  e re f ronr Sigma. . \ ' -Acc.rr  l -
neu ramin ic  ac id  r ras  l rom e r thc r  S ign ta  o r  Genzvnre .  Res t r i c t i on  enz \ l res
and T-1 D:-A l igase uere f rom Bethesda Research Laborator ies.  Cal f
i n tes t i ne  a l ka l i ne  phospha tase  uas  f rom Boehr inger -Mannherm.  Orange  A
\ {a t re r *  d1e  res ins  u 'e re  f rom Amicon .  Sequenase  DNA sequenc ing  k i t
and IPTGU'ere f rom US Biochemical  Corp.  Sterox SE 0.01' ' ,  uas f rom
\ ' \ \ 'R.  1,-3!P-ATP and : -35S-dATP \ \ 'ere f rom Anrersham. SDS-
pol lacr l lamide gel  e lectrophoresis molecular  u 'e ight  standards uere f rorn
BioRad. Al l  other b iochemical  reagents uere rhe highest  qual i t l  avai lable
from Sigma and Aldr ich.  unless otheru ' ise indicared.

.\ 'curarttinic acid dcrh utircs

The svntheses of  5-A'carbomethorr  - .  5- . \ ' -carbobenzl ' lox1,-  and
5-azidoneuraminic acids u 'ere carr ied out  by Dr A.Schrel l  lHarvard Uni-
rers i t l ' ) .  Detai ls  of  the svntheses are publ ished elseuhere (Schrel l  and
Whi tes ides .  1990) .

l/ectors and bactcrial strains

E.coli serol! 'pe 07 K I u'as obtained from rhe ATCC (srrain f 23503 l. E.coli
W3l  I0 u 'as a gi f t  f rom Dr i . - .Galakatos (CIBA-GEIGY Pharmaceur icals.
Summit .  NJ) and stra in DH-5:  u 'as f rom Bethesda Research Laborator ies.
A l l  s t ra ins  \ \ ' e re  g roun  a t  37 "C  on  2xTY med ium tha t  con ta ined  l6  g
Bactotr l 'p tone.  l0 s Bacto ) 'east  e\ t ract  and 5 g ; r -aCl / l  of  cul ture medium.
Gro\r ' th medium u'as supplemented ui rh 75 7rg ampic i l l in /ml  u 'hen
required.  For enzl 'me preparat ions.  bacter ia l  cul tures u 'ere gro$'n to an
ODr ro  o f  1 .2 -1 .4  and  induced  b1 'ad jus t i ng  the  med ium ro  2 .0  mM IPTG.
Cel ls  u 'ere harvested by 'centr i fugat ion fo l louing a -5.5-h inducr ion per iod.
Cloning vector  pUCl9 u 'as f rom Bethesda Research Laborator ies.  Vector
pKK223-NaeA u'as prepared b1'  complete di -eest ion of  veclor  pKK223-3
(Pharmacia)  u ' i th. \ 'ac l .  fo l loued b- ' -  -eel  pur i f icar ion and l igar ion ui rh T4
DNA l igase.

DNA nranipulation.r und sequcncinSi

Al l  manipulat ions of  DNA rvere carr ied out  using standard techniques
based  on  those  desc r ibed  b i ,Man ia t i s  c t  u l .1198 l )  o r  b1 'manu fac tu re rs '
instruct ions.  Sequencing u 'as performed b1 the dideor l '  melhod of  Sanger
et  a l .  (1977 )  according to the di rect ions of  rhe Sequenase k i t .
Ol igonucleol ides u 'ere prepared using an Appl ied Biosvsrenrs 3t i0-B DNA
sl  nthesizer using standard phosphoranr id i tc  chenr ist r t ' .  Thc resul tant
ol igonucleot ides uere pur i f ied b1'  preparal i rc '  polracr l lamidc gel  e lccrro-
phorcsis.  When desircd.  o l i -ponucleot ides r lerc phosphor l lated on the 5 '
cnd  u ' i t h  T4  po lynuc leo t ide  k inasc -  p r io r  to  annea l ing .  O l igonuc lco r idcs
\ \ c rc  annea led  in  77  mM Tr i s  bu f l c r  (p l J  l . - r1 .  con ta in ing  l l  n r l \ , |  MgCl ,
and  I  m lV  d i th io th re i to l  (DTT)b1 'hca t ing  to  65oC fo r  l 0  n r in .  f o l l oued  bv
slc l rv cool ing tO room tcntpr ' raturc.
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( i cn t rn r  j c  D \ , , \  f ron t  [ . r  r r l i  sc ro l l  pc  O7  K  I  uas  t so ] l t cd  b r  s tandard
p r o c c d u r c  u n d  p u r r l i c d  o n  l  C s C l g r a d i c n t  ( l r l a n i a t i s  t ' t  u l . . 1 9 f , 2 1 .  T h c  g c n c
cncc 'Crng  ( ' \ 1P- \cu . {c  s \n lhc lasc  uas  i so la ted  on  a  -1 .7  kb  I t i t , d l l l
l r agn tcn l  ( \ ' l nn  t  I  u l  .  l 9S7)  f ron r  a  1 .5J . , {  kb  s i ze  sc l cc l cd  H i t td l l l
scnonr l c  D \ . , \  i r h ra r \  cons t ruc ted  in  pUC l9  r ' ec to r .  A  to ta l  o f  7 - ( ( t
r cconrb rnan l \  \ \ c rc  sc rccncd  u r th  a  3 :P - labe l l ed  o l i gonuc leo t idc  p robc
( A TG A G,A A C,,\,A,A A A TTA TTGCG ATAATTCCA C CCCGTAGTGGA )
tha t  encodcs  thc  \ - te rn ru rus  o f  the  s1  n the tase  (Vann  c t  a l . .  1987  1 .  Four
pos i t i re  c loncs  ue re  rdcn t r l l t ' d  i n  the  l i b ra ry 'and  ve r i f i ed  b1 ' res t r i c t i on  map
and  sequence  ana l r scs .  Onc  c lone .  des igna ted  pCMP-3 .  u 'as  i n  a  p re fe r rcd
or ien ta t i on  and  choscn  fo r  use  in  a l l  f u r the r  cons t ruc ts .  The  iden t i t l  o f  t hc
isolated CN{P-NeuAc s1 nthetase c lone \ { 'as fur ther conf i rmed br
sequenc ing  bo th  the  5 '  and  -1 '  reg ions  o f  the  i so la ted  gene .  The  sequence
obtained ovcr lhese rcgions uas idcnt ical  to that  reported by 'Zapata ct  a l .
i l  989 ) .

En:.t tnc a.i.r4.] .t

C \ {P -NeuAc  s ln the lase  ac t r \ r t \  r ras  rou t ine ly  assayed  by  coup i ing  the
s1 nthetase react ion to inor-eanic p l rophosphatase and moni tor ing the
produc t ion  o I i no r -ean ic  phospha te  u i th  ma lach i te  g reen  reagen t  (Lanze t ta

t r u l . .  l r 9 7 9 ) .  O n e  u n i t  ( U ) o f  a c t i r i t ) , i s  d e f i n e d  a s  t h e  a m o u n l  o f  e n z l m c
required to produce I  Trmol  of  PP, (2 Trmol  P,)  f rom CTP and NeuAc per
min at  l l 'C.  The standard assal '  mixture contained 0.1 I r {  g lvc ine (pH 9.5) .
l 0  n r \ I  \ 4gC l " .  5 .0  mN{  NeuAc .  1 .5  mN{  CTP and  I  U  o f  i no rgan ic
p l r cphospha lase  in  0 . -5  m l  f i na l  vo lume.  The  reac t ion  u 'as  i n i t i a ted  b l  t he
a id r t ron  o f  l -5  mU o f  C l t lP -NeuAc  s )n the tase .  A l i quo ts  o f  30  7 ,1  ue re
rcmcr \ed  a t  5 -m in  t ime  in te rva ls  ove r :0 - -10  m in  and  added  d i rec t l l  t o
( )  3  m l  ma lach i te  g reen  reagen t .  A f te r  1 .5  m jn .  the  ma lach i te  g reen  reac t ion
\ \as  neu t ra l l zed  b1  the  add i t i on  o f  0 .1  m l  o f  -14 ' ' n  sod ium c i t ra te  so lu t i on .
The  absorbance  o f  the  so lu t i ons  u 'as  eva lua ted  a t  646  nm and  the  ra te
determined f rom the s lope of  the resul t ing l ine.

Protein concentrat ions \ \ 'ere determined b1 usrng a microscale vers ion of
the  b iu re t  assa l  desc r ibed  b1 '  La1 'ne  (19 -s7 t  Bor ine  se rum a lbumtn  uas
used as a standard for  the assa\ ' .

P ur i fi c a t i o n ct f C .l I P -,ti e u.4 c s t' tt t lt e t a -s c

CMP-NeuAc s)'nthetase from E.coli u'as routinel)' purified br chro-
matographl '  on high t i t re Orange A Matrexl '  d)e resin fo l loued bv
ammonium sulphate f ract ionat ion and precip i tatron.  The pur i f icat ion
buffer  contained 50 m1\{  Tr is  (pH 7.8) .  50 mM NaCl.  l0 mM MgCl, .  I  mM
EDTA and I m\4 DTT. All operations \r'ere carried out at 4'C. A
descr ipt ion of  a t1 'p ical  preparat ion fo l lous.

The cel l  pel let  obtained f rom 2 I  of  induced cul ture (-  la g f rozen cel l
paste stored at  -70"C) was resuspended in 50 ml buf fer  and the cel ls  l l  sed
b1 passage through a French pressure cel l .  Fol lou ' ing br ief  sonicat ion to
shear  genomic  DNA (15  pu lses .2  s  each) .  t he  ce l l u la r  debr i  u 'as  remored
b1'  centr i fugat ion.  The resul tant  crude extract .  u ' i th a CMP-NeuAc
slnthetase speci f ic  act iv i t ) 'o f  0.25 Ulme (360 U).  u 'as appl ied to a h igh
t i t re (4,2 mg dle iml)  Orange A matrex-"  d1'e column (2.5 x 30 cm) pre-
equi l ibrated in pur i f icat ion buf fer .  Af ter  u 'ashing the column wi th 700 ml
buf fer .  the remaining proteins u 'ere eluted r+ ' i th a 0.H.8 M KCI gradient
prepared in pur i f icat ion buf fer  and 8.5 ml f ract ions col lected.  The f ract ions
contain ing CIVP-NeuAc s lnthetase act iv i ty  (0.25-O.38 M KCI)  uere pooled
and adjusted to 60", ,  saturat ion q, ;11 (NH1)2SO,.  The resul t ing precip i tate
u'as isolated bl  centr i fugat ion.  d issolved in 20 ml buf fer  and dia l lsed
against  3 x 500 ml pur i f icat ion buf fer .  Part iculates were removed br
centr i fugat ion and the CMP-NeuAc s1'nthetase.  u ' i th a speci f ic  act i r in of
?.7 Ulmg. u 'as precip i tated by adjust ing the dia l l 'sed sample to 600, ,
satural ion \ \ ' i th  (NH4)rSOr.  The (NH{)2SO{ suspension of  the svnthelase
u'as stored at  4oC for  up to 6 months u ' i thout  detectable loss of  act i \  i t \ .

S.r'nllrc.sr"r of C,ll P-.\euAc and analogue s

Al l  sy 'nthet ic  react ions u 'ere carr ied out  in 50 mM Tr is buf fer  1pH 8.5) .
contain ing -50 m\{  MgClr .  The desired quant i ly  of  CMP-NeuAc svnthetase
for  a g i ren react ion uas isola lcd f rom the (NHr)"SO.,  enz-y-me suspension
bv centr i fugal ion.  The rcsul t ing pel let  * 'as d issolved di rect l f  in to the
react ion mix lure.

The preparat ive scale s! 'nthcsis of  CM P-NeuAc u 'as carr ied out  u i th 2.2 g
CTP (3 .1  n tn ro l )  and  1 .0  g  NeuAc  (3 .2  mmol )  i n  50  m l  reac t ion  bu f fe r .
The  reac t ion  u 'as  i n i l i a ted  b1 ' the  add i t i on  o f  8 .0  U  o f  E .co l iCMP-NeuAc
svn thc las r ' .  T l r c  reac t ron  uas  a l l o r r cd  to  p rocccd  fo r  -1  5  h  u i th  s t i rnn t  u t
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l l 'C 'and  the  p l l  r r l t s  l t t a i t t l r t i t t cd  r t l  l r . 5  b }  n ranua l  adc l i t i o r t  o f  I  N  NaOH

Thc  rcsu l tan t  p rcc ip i l u l c ' .  p resunrub l r  t l t c  n lagncs iu l l l - l t n l t t t t ' n iu t l l  s l r l t  t r f

p r rophospha tc .  \ \ i l s  r c r t tovcc l  b - r ' l i l t r a t i on  and  $ashcd  $ i th  l 5  n r l  d i s t i l l cd

\ \ i i lcr .  Thc f i l t ratcs r rcrc combit lc 'd at td thc C' \1 P-Ncu,Ac prccipr tutcd br

t h c  a d d i t i o n  o i 6 7 - s  n t l c t h a n o l  ( 9 : l  r / t  ) .  T h c  C \ 1 P - N c ' u A c  u u s  i s o l a t c d  b 1

c c n t r i f u g a t t o n  ( 1 0 0 ( ) ( )  g .  l ( )  m r n )  i r n d  d r i c d  t n  r a c u o  a l  ( ) . 1  t o r r  l o  g i r c

l . l  g  o f  a  * ' h i l c  p o r r d c r  ( 1 . 9  n t n r t r l . 9 4 " ,  l r c l d  a s s u m i n g  C \ { P - \ c u A c ' N a "

o f  9 5 '  , ,  p u r i t i  ) .
Sc r  e ra l  Neu .Ac  ana logucs  rvs rc  cx i t t t r i ned  as  subs t ra l cs  o f  t hc  s1  n the tasc

on  a  0 .1  mmol  sca le .  E lch  ana l t r suc  u 'as  d i sso l r cd  in  3 .0  m l  o f  reac t ion

bu f fe r  con ta in ing  0 .1  n tn to l  CTP and  the  reac t ion  uas  in i t i a ted  b1  thc

addr t i on  o f  1 .0  U  o f  C \ {  P -NcuAc  sy  n thc tase .  The  p rog rcss  o f  thc  coup l ing
reac t ions  uas  de te rn t i ncd  a t  4 .  l - l  and  22  h .  A l i quo ts  o f  0 .5  m l  uc re

removed f ront  each reacl ion nt ix lurc at  the appropr iate l tme. f r t lzen in
l rqu rd  n i t rogen  and  l i oph i l r zcd .  The  resu l tan t  d r ; '  samp les  ue  re  d i sso l r cd
in  0  5  m l  D"O and  ana l - r ' sed  b i '  tH  n 'MR (500  MHz) .  The  d iagnos t i c
doun f ie ld  sh i f r  o f  t he  s ia l l lC3 -equa to r ia l  p ro ton  f rom, i  2 .21  (dd )  to  2 . ' 1 t i

t dd t  and  the  up f ie ld  sh i f t  and  cnhanced  coup l ing  pa l te rn  o f  the  C3-a r ia l
p ro ron  f rom , i  I  E - i  (dd )  to  1 .6 -s  (ddd) .  bo th  charac tc r i s t j c  o i  C l \4P-
ac t i r  a ted  s ia l i c  ac ids .  r r  as  n ron i l o red .
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su lpha  te .
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