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Summary 

A systemat:c investigation into the mteractmn of several tnazmyl dyes with 
two enzymes from purme metabohsm, IMP dehydrogenase (IMP NAD ÷ ox:- 
doreductase, EC 1.2 1.14) and adenylosuccmate synthetase (IMP L-aspartate 
hgase (GDP-formmg), EC 6.3.4.4) has been conducted. Ewdence from kmetm 
mhlb:tmn studms, enzyme mactlvatmn with specffm affinity labels and specffm 
elutmn techmques from agarose-lmmobfl:sed dyes mdmate that trmzme dyes 
such as Procmn Blue H-B (Clbacron Blue F3G-A), Red HE-3B and Red H-3B 
are able to dffferentmte between the nucleotlde-bmdmg sites of these enzymes. 
This mformatmn has been explo:ted to design specffm elutmn techmques for 
the purffmatmn of these enzymes by affm:ty chromatography 

Introduction 

It is well estabhshed that the anthraqumone dye Procmn Blue H-B or 
C:bacron Blue F3G-A when covalently bound to agarose Is an exceedingly 
useful 'group-speclfm' adsorbent for the punf:catlon of a plethora of proteins 
by affinity chromatography [1--6]. For example, :mmob:hsed C:bacron Blue 
F3G-A appears to be a partmularly effective adsorbent for the punfmatlon of 
pyrldme nucleotlde<lependent dehydrogenases, kmases, flavoprotems, glyco- 
lytm enzymes, blood proteins and a number of seemingly unrelated proteins 
[5,6]. Several stud:es have been m:tlated to estabhsh the basis for these selec- 

Abbrevmtlons XMP, xanthomne 5'-monophosphate, C16-IMP, 6-chloro-mosme 5'-monophosphate 
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tlve interactions [7--10] and it has been tentatively concluded that the poly- 
sulphonated aromatm chromophore of the dye mlmms, at least m part, the 
naturally occurrmg biological heterocycles [9]. However, more recent physmo- 
chemmal studies suggest that the anthraqumone dyes are not highly specffm 
analogues of nucleotlde mono-, dl and tnphosphates, NAD*, NADP ÷, flawns, 
acetyl-CoA or fohc acid smce~ m fact only part of the chromophore accurately 
reflects coenzyme bmdmg to the complementary proteins [7--10,11] Not 
surprisingly, therefore, a number of other trmzmyl dyes have been tested as 
potential replacements for, or complements to, Clbacron Blue F3G-A m the 
hope of achmwng either different or improved specffmlty [5,12--14]. In par- 
tmular, the reactive azo dye Procmn Red HE-3B has proven a useful addltmn 
to Clbacron Blue F3G-A m that it displays enhanced specffmlty and affinity 
for NADP÷-dependent dehydrogenases [5,15] as well as affinity for protems 
such as carboxypeptldase G1 [12] and a number of NAD÷-dependent enzymes 
[14,16]. It thus appears that lmmobillsed Procmn Red HE-3B behaves as a 
'group-specffm' affinity hgand similar to Clbacron Blue F3G-A but with dif- 
ferent selectlwty and bmdmg propertms. 

Few studms have been conducted to estabhsh at whmh site on the enzymes 
these dyes actually bmd. This mformatmn is crucial for the optlmahsatmn of 
approprmte adsorptmn and specffm elutlon condltmns for affinity chromatog- 
raphy. Where studms have been performed, primarily with Clbacron Blue 
F3G-A, a rather confusing medley of strmtly competitive, non-competitive, 
mixed or other unusual types of enzyme mhlbltmn have been observed [17]. 
To the author's knowledge no studms have been performed to establish 
whether tnazme dyes can dffferentmte between structurally related binding 
sites such as those found m proteins binding several different purme nucleo- 
tides. This paper describes an mvestlgatmn into the mteractmn between 
Clbacron Blue F3G-A and Procmn Red HE-3B and two multlple-nucleotlde 
binding enzymes from purme metabohsm, mosme 5'-monophosphate dehydro- 
genase (IMP NAD ÷ oxldoreductase, EC 1.2 1.14) and adenylosuccmate syn- 
thetase (IMP. L-aspartate hgase (GDP-formmg) EC 6 3.4.4). These studms 
demonstrate unequivocally that the chromatographm behawour of these 
enzymes on lmmobillsed trmzme dyes can be attributed to the ability of 
trmzme dyes to discriminate between nucleotlde binding sites on the same 
enzyme. 

Materials and Methods 

Materials NAD ÷, GMP (dlsodmm salt) and L-aspartate were obtamed from 
British Drug Houses, Poole, Dorset, U.K. Inosme 5'-monophosphate (IMP), 
adenosine 5'-monophosphate (AMP), xanthosme 5'-monophosphate (XMP), 
GTP (dlsodmm salt, type I) and reduced glutathlonme were from the Sigma 
(London) Chemmal Co., whilst DEAE-cellulose was from Whatman Blocheml- 
cals, Mmdstone, Kent. Sepharose 4B was purchased from Pharmacla (G.B.) Ltd. 
while pyruvate kmase (rabbit muscle, 200 umts/mg) and phosphoenolpyruvate 
(trmyclohexylammonmm salt) were from the Boehnnger Corporation, Lewes, 
Sussex, U.K. Clbacron Blue F3G-A was a gift from Clba-Gelgy (U.K.), 
Manchester, whilst the other Proclon dyes, including Proclon Red HE-3B, were 
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a generous and much appreciated gift from Dr. C.V. Stead, Organms Division, 
ICI, Manchester, U.K. The active site label, 6-chloro-mosme 5 ' -monophosphate  
(C16-IMP) was from Calblochem-Behrmg Corp. 

Bacterial stratus and preparation of  cell-free extracts Escher~ch~a coh K12 
strata W3110 was used as the protot rophm parental stram for the isolation of 
gua and Pur mutants.  Stock cultures were mamtmned on Dorest egg slopes 
[18].  Cell-free extracts of the mutants  PL1068 (guaA 48) and MW1068 (PurB 
773) were prepared as described prewously [19].  

Protein assays The protem concentrat ion m crude cell-free extracts and m 
column effluents was determined by the ultraviolet absorption method of  
Warburg and Chnstlan [20] The protein concentrat ion of purified preparations 
of  IMP dehydrogenase and adenylosuccmate synthetase was determined by  the 
method of Lowry et al. [21] using crystalhne bovine serum albumin (fraction 
V) as standard. 

Enzyme assays. The reaction mixture for the assay of  IMP dehydrogenase 
contained the following m a total volume of 1 ml: Tns-HC1, pH 7.5, 50 ~mol, 
KC1, 50 /~mol, GSH, 5.0 /~mol, NAD ÷, 1.25 pmol;  IMP, 1.35 ~mol, enzyme, 
0--0.030 umts [18,19].  The reactmn was mltmted by the addltmn of enzyme 
to the cuvette (10 mm pathlength) and followed continuously at 35°C m a 
Unmam SP1800 spect rophotometer  by  measurmg the productmn of  NADH at 
340 nm. The reference cuvette contmned all components  of  the assay mLxture 
except  IMP. 1 umt  of  enzyme act lwty is defined as the amount  of  enzyme 
required to transform 1 pmol of  substrate/mm at 35°C using a molar extmc- 
tmn coeffmsent of  6.225 • 103 1 • mo1-1 • cm -1 for NADH at 340 nm. 

The reactmn mLxture for the assay of  adenylosuccmate synthetase contained 
the foUowmg m a total volume of 1 ml: Hepes-KOH, pH 7.0, 50 /~mol, MgC12, 
5 /~mol, L-aspartate, 5 pmol,  IMP, 0.65/~mol,  phosphoenolpyruvate, 0.5/~mol,  
GTP, 0.25 pmol; pyruvate kmase, rabbit  muscle, 10 umts; adenylosuccmate 
synthetase, 0--0.8 umts.  1 umt  of  enzyme act lwty is defined as the amount  of  
enzyme reqmred to produce 1 nmol p roduc t /mm at 25°C using a molar 
ex tmctmn coeffmmnt of  11.7 • 1031 • mo1-1 • cm -~ for adenylosuccmate at 290 
nm [19].  

Inactwat~on of  IMP dehydrogenase wtth Cl6-IMP and the effect of  tnazme 
dyes IMP dehydrogenase was reactivated with CI6-IMP at 25°C m a 1 ml total 
reactmn mixture contammg Tns-HC1, pH 7.5, 50 /~mol, KC1, 50 ~zmol, 
enzyme, 0.1 umt  and C16-IMP, 1.37 nmol. Samples (10 p.l) were withdrawn for 
assay of  IMP dehydrogenase actlwty over a permd of 1 h. The control reactmn 
muxture contamed all components  except  C16-IMP (1.37 nmol).  The mactlva- 
tmn by CI~-IMP was also performed m the presence of  IMP (1 /lmol), Clbacron 
Blue F3G-A (1 /~mol) and Procmn Red HE-3B (1 /~mol) respectively. IMP 
dehydrogenase was also reactivated by the two dyes, Clbacron Blue F3G-A and 
Procmn Red HE-3B, at 25°C m a reactmn mLxture (1 ml total volume) con- 
taming Tns-HC1, pH 7.5, 50 pmol; KC1, 50 /~mol; enzyme, 0.1 umt  and 
trmzme dye, 1 pmol. The concentratmns of  the nucleotldes and dyes were 
determmed spectrophotometrmally at kmax usmg the foUowmg molar extmc- 
tmn coeffmmnts (1. mo1-1, cm-1): IMP (250 nm; 12 300) [19] Clbacron Blue 
F3G-A (620 nm; 13 300) [9] and Procmn Red HE-3B (530 nm, 30 100). The 
structures of  the two trmzme dyes, Clbacron Blue F3G-A and Procmn Red 
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HE-3B are described in Ref. 29. Proclon Blue H-B is identical to Clbacron Blue 
F3G-A. 

Kmetzc mhzb~tzon studtes wtth tr~azme dyes Initial velocities for the IMP 
dehydrogenase-catalysed reaction with IMP as variable substrate were measured 
In 1 ml total  volume at 25°C contalnmg. Tris-HC1, pH 7.5, 50 ~mol; KC1, 50 
~mol; NAD ÷, 1.25 pmol; GSH, 5 pmol; enzyme, 0.0148 units (at 250C) and 
IMP, 3.675--98.0 nmol, In the absence of  and m the presence of  5.9 and 17.7 
nmol  Clbacron Blue F3G-A and 30 and 50 nmol Proclon Red HE-3B. With 
NAD ÷ as variable substrate, the reaction cuvette contmned in a total volume of  
1 ml" Trls-HC1, pH 7.5, 50 pxnol; KC1, 50 ~mol; GSH, 5/~mol; IMP, 1.35 
~mol: enzyme, 0.0148 umts  (at 25°C) and NAD ÷, 42.95--601.3 nmol In the 
absence and m the presence of  17.7 and 29.5 nmol Clbacron Blue F3G-A and 
30 and 50 nmol  Proclon Red HE-3B. 

Initial velocltms for the adenylosucclnate synthetase catalysed reaction with 
IMP as variable substrate were measured at 25°C m 1 ml total volume con- 
taming: Hepes-KOH, 50 ~mol; MgC12, 5/~mol; L-aspartate, 5 pmol,  GTP, 0.25 
~mol; phosphoenolpyruvate, 0.5 ~mol; pyruvate kmase, 10 units; adenylosuc- 
create synthetase,  1 unit;  IMP, 3.65--109.5 nmol m the absence of  dye and in 
the presence of  1.2 nmol Clbacron Blue F3G-A or 5 nmol Proclon Red H-3B, 
respectively. With GTP as variable substrate, initial velocltms were measured in 
the  absence of  dye  and in the presence of  1.2 nmol Clbacron Blue F3G-A or 10 
nmol  Procmn Red H-3B in the above reaction mixture containing: IMP, 0.65 
~mol and GTP, 4--40 nmol. With L-aspartate as variable substrate the reaction 
mixture contmned" IMP, 0.65 ~mol, GTP, 0.25 /~mol and L-aspartate, 
100--.2000 nmol. 

Kmetlc constants were deduced from weighted lmear regressmn analysis of  
double reciprocal plots using a Hewlett-Packard 9810 A Programmable calcu- 
lator. 

The IMP dehydrogenase used in these studies was a homogenous  preparatmn 
of specific act lwty 9.1 unlts/mg prepared by  a prewously published procedure 
[19].  The adenylosuccmate  synthetase was a partially purified preparation of  
specific act lwty 508 units/mg (Stage 4, Table V). The concentratmns of  the 
nucleotldes and dyes were determined spectrophotometrlcaUy: GTP (kr~ax 
253 nm; e M 13 700 1 • mo1-1 • cm-1); NAD ÷ (kmax 260 nm, e M 17 800 1 • mo1-1 • 
cm -1) [19] ; Procion Red H-3B (kmax 530 nm; eM 18 100 1 • mo1-1 • cm-1). 

Dye zmmoblhsatzon The monochlorotrmzme dyes, Clbacron Blue F3G-A 
and Proclon Red HE-3B were covalently at tached to Sepharose 4B essentially 
according to Lowe et al. [14] .  To 10 g exhaustively washed (2 1 distilled water)  
Sepharose 4B was added 100 mg dye  In water  (10 ml) followed by  NaC1 (2 ml; 
22% w/v) to give a final concentrat ion of  2% (w/v) NaC1. The gel was slowly 
tumbled  at room temperature (25°C) for 30 mln prior to adding sohd Na2CO3 
to a final concentrat ion of  1% (w/v). The gels were tumbled  gently for 5 days 
at 25°C and then washed exhaustively with water and 1 M KC1 until no 
dyes tuf f  was evident In the washmgs. The gels were stored moist  at 0--40C. 

Immobfllsed dye concentrat ions were determined by  acid hydrolysis of  the 
gels [4] .  Moist gel (30 mg) was transferred to 5 M HC1 (0.6 ml) incubated at 
370C for  5 mm and 2.5 M sodium phosphate buffer,  pH 7.5, (2.4 ml) added. 
Dye concentrat ions were determined spec t rophotometncal ly  at kmax using the 
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molar extinction coefficients quoted above. 
Chrornatograph~c procedures. Analytmal scale chromatography of cell-free 

extracts of E coh mutants was performed as follows. Dlalysed cell-free 
extracts of the guaA mutant  PL1068 (100 p.l, 0.6 units IMP dehydrogenase) or 
the purB mutant  MW1068 (200p.l; 6.5 umts adenylosucclnate synthetase) were 
apphed to columns (0.45 × 3.2 em) containing agarose-lmmobfllsed dyes (0.5 g 
moist weight gel). Unbound protein was washed off  with starting buffer 
(10--12 ml) and enzyme activity eluted w:th a linear gradient of  IMP (0--20 
mM, 20 ml total volume, adenylosuccmate synthetase) or with linear gradmnts 
of  various nucleotldes (20 ml total volume, IMP dehydrogenase; see Results 
for details). Fractions (1.5 ml) were collected at a flow rate of 7.5 ml/h and 
assayed for enzyme act:v:ty, protem and eluant. The Irrigating buffer for IMP 
dehydrogenase chromatography was 50 mM potassium phosphate, pH 7.0, and 
for adenylosuccmate synthetase, 50 mM Trls-HC1, pH 7.5, containing 1.5 mM 
MgCI: and 1 mM dlthlothre:tol. The concentration of the elutmg nucleot:des 
were determined spectrophotometrmally at kmax using the following molar 
extraction coefflcmnts (1. mo1-1, cm-1): AMP (260 nm, 15 300), GMP (252 
nm, 13 700) and XMP (280 nm, 8900) 

Large scale pur~fzcat~on of E coh adenylosuccmate synthetase. Two over- 
mght cultures (each 5 ml) of  purB mutant  MW1068 m minimal medmm con- 
taining glucose (2 mg/ml) and supplemented with adenme (20 ~g/ml) and 
thmmlne hydrochlonde (wtamm B-l,  4 ~zg/ml) were transferred to mlmmal 
medium (2 × 200 ml) contmnmg glucose (2 mg/ml) and supplemented with 
adenine (10 ~g/ml) and wtamm B-1 (4 gg/ml). The cultures were shaken for 
8 h at 37°C, after which two samples (each 200 ml) were transferred to two 
aspirators, each containing 20 1 of mmunal medmm contmnlng glucose (2 mg/ 
ml) and supplemented with adenine (5 ~zg/ml), vitamin B-1 (4/~g/ml) and 
casem hydrolysate (1 mg/ml). The cultures were incubated at 37°C for 12--15 
h under stirring and continuous aeratmn with filtered mr at 15 1/min. The cells 
were harvested in a flow-through Sharples centrifuge at 50 000 × g. All sub- 
sequent operatmns were performed at 0--40C. The cell paste was washed with 
50 mM Trls-HC1 buffer,  pH 8.0, contmnmg 1.5 mM MgC12 and 2 mM dlth:o- 
threltol (approx. 180 ml), spun down at 1 9 0 0 0  × g  (MSE centrifuge, 6 × 250 
ml head) for 15 mln and resuspended m 30 ml of the same buffer. The cells 
were somcated at 20--21 kHz (6.5 peak-to-peak amplitude) in six bursts of  2 
mm leavmg 1 mm mtervals between bursts m a 100 W MSE ultrasonm d:s- 
integrator. Cell debris was removed by centnfugatmn at 30 000 × g for 45 mln. 
The supernatant was dlalysed overmght against 20 vol. of  50 mM Trls-HC1 
buffer,  pH 8.0, contmnlng 1.5 mM MgC12 and 2.0 mM dlthmthre:tol.  

The extract (50 ml, 5290 umts of  adenylosuccmate synthetase; 2.38 g pro- 
tein) was apphed to a column (3.4 × 14.5 cm, 130 g moist weight) of DEAE- 
cellulose (DE-52, Whatman, U.K.) equilibrated with the same buffer as above. 
Non-adsorbed protein was washed off  w:th irrigating buffer (216 ml) and 
adenylosuccmate synthetase act lwty eluted with a hnear grad:ent of NaC1 
(0--0.4 M, 1.5 1 total volume). Fractmns (18 ml) were collected at a flow rate 
of 200 ml/h and those containing adenylosucclnate synthetase actlv:ty were 
pooled and taken to 50% saturatmn w:th sohd (NH4)2804 over a 15 mln period 
under stirring. The mixture was left for a further 15 mm and the precipitated 
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protein collected by centrffugatmn at 30 000 × g for 30 mm. The supernatant 
was taken to 80% saturatmn with sohd (NH4)2SO4 over a 15 mm period under 
sttrrmg, the mLxture left for a further 15 mm and the precipitated protem col- 
lected by cenmfugation at 30 000 × g for 30 mm. The pellet was dissolved m 
2.7 ml 50 mM Trm-HC1 buffer, pH 7.5, contmnmg 1.5 mM MgC12 and 2.0 mM 
d:thmthreltol and dlalysed agmnst 2 1 of the same buffer over a 6 h permd. 

The dmlysed adenylosuccinate synthetase preparatmn (7.1 ml; 4786 umts 
adenylosuccmate synthetase; 284 mg protem) was apphed to a column (1.1 × 
16.5 cm, 16 g momt weight gel) of agarose-bound Procmn Red H-3B (1.4 ~zmol 
dye/g mo:st gel) equilibrated with the same buffer as above. Flow was mter- 
rupted for 5 mm, whence non-adsorbed protem was subsequently washed off 
with starting buffer (90 ml) and adenylosuccmate synthetase act:wty eluted 
with a linear grddmnt of KC1 (0--1 M, 120 ml total volume). Fractions (9 ml) 
were collected at a flow rate of 30 ml/h and those contammg adenylosuccmate 
synthetase actlwty pooled and concentrated (22 lb/inch 2) to 2ml  m an 
AMICON concentrator supplemented wzth a ULVAC ultraffltratmn membrane 
(10000 cut-off; ChemLab Instruments Ltd.). The concentrate was then 
d:alysed overmght against 1 1 of the same buffer. 

The dlalysed preparatmn (2.8 ml, 2128 umts adenylosuccmate synthetase; 
16.8 mg protein) was apphed to a column (1.1 × 13.5 cm, 12.8 g mo:st we:ght 
gel) of agarose-bound Procmn Blue H-B (0.8/~mol dye/g moist gel) equilibrated 
with 50 mM Tns-HC1 buffer, pH 7.5, contmning 1.5 mM MgC12 and 2.0 mM 
d:thmthreitol. Flow was interrupted for 5 min, whence non-adsorbed protein 
was washed off w:th lmgatmg buffer (66 ml) and adenylosuccmate synthetase 
actlwty eluted with an eluant (50 ml) comprising IMP (4 mM), GTP (2 mM) 
and L-aspartate (10 mM) m the above trr:gatmg buffer. Fractmns (9.5 ml) were 
collected at a flow rate of 40 ml/h and those contmnmg adenylosuccmate 
synthetase actlwty pooled and concentrated (22 lb/inch 2) to 1.8 ml (1829 
umts of adenylosuccmate synthetase; 3.6 mg total protem, 508 umts/mg) m an 
AMICON concentrator contmnmg a ULVAC ultraflltratmn membrane (10 000 
cut-off). 

Results and Discussion 

The mteractton of  E colt IMP dehydrogenase wtth tr~azmyl dyes 
E colt mosme 5'-monophosphate dehydrogenase catalyses the mterconver- 

mon of IMP and XMP w:th the concomitant reduction of NAD ÷ to NADH and 
can be purifmd by affinity chromatography on lmmobflmed AMP and IMP 
[18,19], GMP [23] and a number of chemmally distract tnazmyl dyes [14]. 
Under appropnate cond:tions the enzyme is adsorbed to both agarose- 
:mmobflmed Cibacron Blue F3G-A (Proclon Blue H-B) and Procmn Red HE-3B 
[14]. It is therefore of mterest to establish whether this enzyme brads to these 
adsorbents though its substrate/product site, 1.e. IMP/XMP, its coenzyme site, 
1.e. NAD÷/ NADH, or neither of these sites. Fig. l(a) illustrates the mhibltory 
effect of free Clbacron Blue F3G-A (Procmn Blue H-B) on the mlt:al velocity 
of the IMP dehydrogenase reactmn at constant saturating NAD ÷ concentration 
and vaxlable IMP concentratmn. Clbacron Blue F3G-A appears to be a strictly 
competitive mhlb:tor with respect to IMP w:th a competlt:ve mhlbitmn con- 
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stant, K~ = 5.7 /~M. On the other hand, under snmlar conditions, free Proclon 
Red HE-3B displays mixed inhibition with respect to IMP (Fig. l (b ) .  However,  
with IMP as fLxed substrate and NAD ÷ as variable substrate, Proclon Red HE-3B 
displays weak competit ive inhibition versus NAD ÷ with K, = 114.3 t~M, as 
illustrated m Fig. 2(b). Under the same conditions, Clbacron Blue F3G-A 
displays mLxed inhibition versus NAD ÷ as variable substrate (Fig. 2(a)). It seems 
likely therefore that Clbacron Blue F3G-A binds preferentially to the substrate 
(IMP) site whilst Procion Red HE-3B interacts preferentially with the 
coenzyme (NAD ÷) site. This tentative conclusion is supported by the data 
shown in Fig. 3 which illustrates the inactivation of IMP dehydrogenase with 
the substrate slte-speclfm affinity label, C16-IMP [22,33].  Under the conditions 
cited, C16-IMP rapidly inactivated IMP dehydrogenase in such a manner that  
specific protect ion is afforded by IMP. Similar protect ion against inactivation 
by C16-IMP is afforded by Clbacron Blue F3G-A but  no protect ion is observed 
with Proclon Red HE-3B. Preferential binding of  Clbacron Blue F3G-A and 
Proclon Red HE-3B, respectively, to the IMP and NAD ÷ binding sites of IMP 
dehydrogenase is further substantiated by the specific elution of  E colt IMP 
dehydrogenase from immobfllsed dye columns. Table I illustrates that  under 
approximately equivalent lmmobfllsed hgand concentrations, 0.8--1.0 pmol  
dye/g moist weight gel, IMP dehydrogenase may be blospeclflcally eluted from 
an lmmobfllsed Proclon Red HE-3B column with AMP and NAD ÷ with 
recoveries of enzyme activity of 60 and 50%, respectively, but  not  with IMP or 
its competitive nucleotldes GMP and XMP [18].  On the other hand, IMP is an 
especially effective eluant of  the enzyme, with quantitative recovery of  enzyme 
activity, from agarose-Lmmobfllsed Clbacron Blue F3G-A. Other nucleotldes, 
such as AMP, NAD ÷, GMP and XMP, also proved effective in elutmg the 
enzyme from this adsorbent although with lower yields of  recovered enzyme 
activity (68--78%). The ability of  AMP and NAD ÷ to act as eluants may 
mdlcate some binding of  Clbacron Blue F3G-A to the NAD÷-slte as has been 
found for a number  of other dehydrogenases [5,17].  

The mteractzon of  E coh adenylosuecmate synthetase with lmmob~hsed 
trtazmyl dyes 

Adenylosuccmate synthetase (EC 6.3.4.4) catalyses the GTP~lependent syn- 
thesis of adenylosuccmate from IMP and L-aspartate [19].  Table II illustrates 
the chromatography of  the E colt enzyme on a number of  lmmoblhsed Proclon 
dyes at room temperature.  PrelLrmnary studms mdmated that on chroma- 
tography of  a crude bacterial extract on small columns of  lmmobfllsed Proclon 
Green HE-4BD, Proclon Yellow MX-R and Clbacron Blue F3G-A at 0--4°C and 
at ambmnt temperature,  23--24°C, consistently higher recoveries of enzyme 
activity (20--60%) were obtmned at the higher temperature.  All subsequent 
chromatographm steps were therefore performed at room temperature [24].  
Examination of Table II reveals that,  despite dlsparltms m lmmoblhsed dye 
concentrations, E coh adenylosuccmate synthetase appears to display greater 
affinity for the green, red and blue dyes than the yellow and orange dyes. Thus, 
for example, at comparable hgand concentrations of  1.0--1.1 /xmol/g moist 
weight gel, the enzyme displays no affinity for tmmoblhsed Proclon Yellow 
H-A but  binds tightly to unmobfllsed Proclon Red HE-3B and Clbacron Blue 
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Fig 3 Inact4vat lon of E coil IMP d e h y d r o g e n a s e  by  CI6-IMP in the  presence  of  P roc lon  Blue H-B or 
Proc lon  Red  HE-3B IMP d e h y d r o g e n a s e  (0 I un i t ,  10 #1) was  i n c u b a t e d  a t  25°C  wi th  C16-IMP (1 37 
n m o l )  m 50 m M  po t a s s ium p h o s p h a t e  b u f f e r  p H  7.0 con ta in ing  50 raM KC1 m I ml  to t a l  i n c u b a t i o n  
v o l u m e  wi th  the  fo l lowing add i t ions  IMP, 1 ~tmol (A), Proc lon  Blue H-B, 1 # tool  (o) ,  Proe lon  Red  HE-3B,  
1 ~ m o l  (e) ,  n o n e  (~),  con t ro l  i ncuba t ion  (~) con ta in ing  no  CI6-IMP Samples  (10 ~1) were  r e m o v e d  a t  the  
t i m e  mter~a l s  mchca t ed  a nd  assayed  for  e n z y m e  a c t l w t y  as desc r ibed  in the  t e x t  

T A B L E  I 

SPECIFIC E L U T I O N  OF E C O L I  IMP D E H Y D R O G E N A S E  F R O M  I M M O B I L I S E D  T R I A Z I N E  DYES 

C h r o m a t o g r a p h y  and  e n z y m e  assays were  p e r f o r m e d  as descr ibed  m the  t ex t  E lu t lon  was  e f f ec t ed  wi th  
l inear  gradients  (20 ml  to ta l  v o l u m e )  of  AMP a n d  N A D  + (0- -20  r a m ) ,  IMP (0---50 m M )  an d  GMP and  XMP 
(0 - -40  m M )  Figures  re fe r  to  the  c o n c e n t r a t i o n  of  e luan t  (raM) requLred to  e lute  m a m m a l  ac t lw ty  of  
e n z y m e  on a l inear  grachent  a nd  f igures m paxenthesas re fe r  t o  the  % of a p p h e d  e n z y m e  ac t iv i ty  (0 6 u m t s )  
b o u n d  and  subsequen t ly  e lu ted  I m m o b f l l s e d  dye  c o n c e n t r a t i o n s  1 0 /~rnol P roc lon  R e d  HE-3B/g  mo i s t  
gel,  0 8 /~mol Proclon Blue H-B/g mo i s t  gel No e lu t lon  cou ld  e f f ec t ed  wi th  IMP, GMP or  XMP 

Eluan t  Im m obf l l s e d  dye  

Proc lon  Red  HE-3B Proc lon  Blue H-B * 

AMP 5 5 (65)  1 4 (78)  
N A D  + 4 5 (55)  3 3 (74)  
IMP - -  32 (101)  
GMP - -  25 (74)  
XMP - -  20 (68)  

* Clbacron  Blue F 3 G - A  
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T A B L E  II  

C H R O M A T O G R A P H Y  OF E C O L I  A D E N Y L O S U C C I N A T E  S Y N T H E T A S E  ON I M M O B I L I S E D  

T R I A Z I N E  DYES 

E l u h o n  was  e f fec ted  wi th  a hnear gradient o f  IMP (0 - -20  raM, 20  ml  tota l  v o l u m e )  m 50  m M  Tns-HC1 p H  
7 5 c o n t m n i n g  1.5 m M  MgC12 a nd  1 m M  dlthlothre l to l  

I m m o b l h s e d  [ D y e ]  Recovered  adeny losuccmate  [IMP] reqmred Capacity 
dye (/~mol/g synthetase  act ivity (%) to  elute peak (umts  m 

m m s t  wt . )  act ivity IMP gradient)  
Buffer IMP 1 M Tota l  of  e n z y m e  
wash gradient KCI recovery  (mM)  

Y e l l o w  H-A 1 1 102  0 0 102 - -  0 
H-5G 2 7 0 32 0 32 1 6 1 6 
MX-R 8 3 50  58 0 108 0.5 0 9 
MX-SG 3 3 50 0 0 50  - -  0 

Brown H-2G 0 6 11 65 0 76 1 8 14 5 
Orange MX-G 6 3 11 13 0 24  1 6 0 3 
Scarlet MX-G 5.1 10  33 59 102  2 4 0 8 
R u b m e  MX-B 1 9 9 47 47 103  2 0 3 1 
Red H-3B 1 4 0 87 0 87 1.4 7 5 

HE-3B 1 0 26 72 0 98 0 7 9 2 
MX-5B 8 7 0 16 43 59 1 7 0 3 

Blue MX-R 6 7 6 13 14 33 1 7 0.3 
H-B * 1 0 11 26 55 92  0 9 3 3 

Green H E - 4 B D  2 5 0 27 59 86  9 5 1 4 

* C1bacron Blue F 3 G - A  

F3G-A. The tight binding and high capacities observed for lmmoblhsed blue, 
green and red dyes has also been observed for E colt IMP dehydrogenase [14] 
and pig heart lactate dehydrogenase [25]. The overall recovery of enzyme 
actlwty typmally fell within the range 24--108%, depending on the lmmoblllsed 
dye [14].  The adsorbents bearing Proclon Red HE-3B, Red H-3B and Clbacron 
Blue F3G-A exhibited the highest capacity for E coh adenylosucclnate syn- 
thetase m terms of the recovered units of  enzyme actlvity/gmol lmmoblhsed 
dye. Similar behawour has been noted for E colt IMP dehydrogenase [14] and 
these dyes were therefore selected for further study. 

Kinetic  mh,b,t ton studtes wlth adenylosuccmate synthetase 
Kinetic inhibition studies were performed with E coh adenylosucclnate 

synthetase and Proclon Red H-3B and Clbacron Blue F3G-A versus IMP, GTP 
and L-aspartate as variable substrates. For both Proclon Red H-3B and 
Clbacron Blue F3G-A, E coh adenylosuccmate synthetase displayed strmtly 
competitive mhlbltion with respect to GTP, mLxed-type inhibition with respect 
to IMP and non-competitive inhibition with respect to L-aspartate. The two 
dyes, Clbacron Blue F3G-A and Procion Red H-3B thus appear to be able to 
discriminate between the binding sites of  the three substrates, IMP, GTP and 
L-aspartate on E colt adenylosuccmate synthetase. The kinetic inhibition con- 
stants (K~) are summansed m Table III and reveal that the enzyme has a con- 
slderably higher affinity for Clbacron Blue F3G-A than for Red H-3B, an 
observation also found for IMP dehydrogenase (Table III). 
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T A B L E  I I I  

K I N E T I C  C O N S T A N T S  OF T R I A Z I N E  DYES F OR E C O L I  IMP D E H Y D R O G E N A S E  A N D  
A D E N Y L O S U C C I N A T E  S Y N T H E T A S E  

The t y p e  o f  m h ~ b l t m n  m c, c o m p e t i t i v e ,  m ,  m i x e d ,  nc ,  n o n - c o m p e t i t i v e  The  c o n c e n t r a t i o n s  o f  the  d y e s  
were  d e t e r m i n e d  by  absorbance  using the  f o l l o w i n g  m o lar  e x t r a c t i o n  c o e f f i c i e n t s  P r o c m n  Blue H-B 
(Clbacron Blue F3G -A ) ,  13 3001  mo1-1 c m  -1 ,  Proe lon  R e d  HE-3B,  30 100  1 tool -1 c m  -1 ,  Proc ion  
Red  H-3B, 18 1 0 0  1 tool  -1 c m  -1 

E n z y m e  Substrate  K m Inhibi tor  K 1 ( # M )  
(pM) ( T y p e  of  m h l b l t m n )  

Blue H-B R e d  HE-3B R e d  H-3B 

IMP d e h y d r o g e n a s e  IMP 9 4 5 7 (c) - -  ( m )  - -  
N A D  + 390  2 24 4 (m)  114 3 (c) - -  

A d e n y l o s u c c m a t e  s y n t h e t a s e  IMP 16.7  0 5 (m)  - -  6 4 (m)  

GTP 11 5 0 5 (c) - -  13 2 (c) 
L-Aspartate  1270  1 4 (nc)  - -  54 0 (nc)  

Btospeczftc elutlon orE coh adenylosuccmate synthetase 
When the enzyme was chromatographed on agarose-lmmobthsed Clbacron 

Blue F3G-A, any single substrate or any combination of two substrates resulted 
m poor enzyme activity recoveries (26--34%, Table IV). This may reflect the 
low Inhibition constants of Clbacron Blue F3G-A versus IMP, GTP and 
L-aspartate (0.5, 0.5 and 1.4 pM, respectively, Table III) compared to the 
M1chaehs constants for the same substrates, 16.7, 11.5 and 1270 phi respec- 
tively (Table III). In contrast, nearly quantitative elutlon of adenylosuccmate 
synthetase actlwty (86%) from an lmmobfllsed Clbacron Blue F3G-A (Proclon 
Blue H-B) column could be effected m the presence of all three substrates 
(Table IV). These observations concur with those reported for lactate dehy- 
drogenase and 3-phosphoglycerate klnase where elutlon from blue dextran- 
agarose columns was facilitated with 1 mM NAD ÷ plus 10 mM pyruvate or ATP 
plus 3-phosphoglycerate respectively but not by the substrates individually 
[4,26]. 

T A B L E  IV 

SPECIFIC E L U T I O N  OF E C O L I  A D E N Y L O S U C C I N A T E  S Y N T H E T A S E  F R O M  I M M O B I L I S E D  
T R I A Z I N E  DYES 

A sample  (200  #1, 6 5 u m t s  a d e n y l o s u c c m a t e  s y n t h e t a s e )  wa s  a p p h e d  to  a c o l u m n  (0.45 × 3 2 c m ,  0 5 g 
m o i s t  weigh t  gel, 0 8 ~ m o l  Proc lon  Blue H-B/g mo i s t  we igh t  gel) ,  w a s h e d  wi th  10 - -12  m l  50  m M  Trls-HC1, 
p H  7 5,  c o n t a t n m g  1 5 m M  MgCI 2 a nd  1 m M  dl th io thre l to l .  E n z y m e  a c t l w t y  w a s  e lu ted  b y  app ly ing  a 
pulse  (5 m l )  of  5 m M  of  each  o f  the  e luants  b e l o w  C h r o m a t o g r a p h y  wa s  p e r f o r m e d  at 2 3 - - 2 5 ° C  

Eluant  (5 m M )  Eluted  e n z y m e  a c t l w t y  (%) 

IMP 26 
GTP 32 
L-Aspartate  0 
IMP + L-Aspartate  28 
GTP + L-Aspar t a t e  32 
IMP + G T P  34 
IMP + G T P  + L-Aspar t a t e  86 
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T A B L E  V 

L A R G E  S C A L E  P U R I F I C A T I O N  O F  A D E N Y L O S U C C I N A T E  S Y N T H E T A S E  F R O M  E COLI purA 
M U T A N T  M W 1 0 6 8  

P u r i f i c a t i o n  s tage  V o l u m e  T o t a l  T o t a l  Spec i f i c  Yie ld  P u r i f i c a t i o n  
(rni) p r o t e i n  act lwty  act imty (%) ( - fo ld)  

( rag)  (un i t s )  ( u m t s / m g )  

1 Cell free extract  5 0  2 3 8 0  5 2 9 0  2 2 1 0 0  1 0 
2 C h r o m a t o g r a p h y  o n  

D E A E - c e l l u l o s e ,  0 - - 5 0 %  
s a t d  ( N H 4 ) 2 S O  4 7 1 2 8 4  4 7 8 6  1 6  8 9 0  7 6 

3 P r o c l o n  R e d  H-3B  agaxose  2 8 16  8 2 1 2 8  1 2 7  0 4 0  5 7  7 
4 P r o c l o n  Blue H-B a g a r o s e  1 8 3 6 1 8 2 9  5 0 8 . 0  3 5  2 3 1  0 

Large scale purlf~cat~on of  E coh adenylosuccmate synthetase 
Affinity chromatography on lmmobflised trlazine dyes may be exploited to 

purify E coh adenylosuccinate synthetase with a higher specific activity than 
that previously reported [27,28]. The cell-free extract arising from a 40 1 cul- 
ture of E coh MW1068 was subjected to a preliminary chromatography on 
DEAE~ellulose with subsequent elutlon with a linear gradient of NaC1 (Table 
V). The fractmns contmnmg adenylosucclnate synthetase activity eluted at 
approximately 0.15 M NaC1 and were pooled and precipitated immediately 
with 50% saturated (NH4)2SO4. After dialysis a 7.6-fold enhancement in spe- 
cific activity was observed with a 90% overall yield whence the crude enzyme 
preparation could be applied to an lmmobillsed Procmn Red H-3B column and 
eluted with a hnear gradient of salt. The pooled concentrated and dlalysed frac- 
tmns were apphed to an immobfllsed Cibacron Blue F3G-A (Proclon Blue H-B) 
column and enzyme activity eluted with nearly 90% recovery with a specific 
eluant mmture comprising IMP, GTP and L-aspartate. Specific elutlon of 
adenylosucctnate synthetase by IMP from columns of Procion Red H-3B was 
not used on a preparative scale, despite bemg effmmnt on a small scale (Table 
II), smce recoveries of enzyme actlwty were significantly reduced on scale-up 
of the chromatographic procedures. The overall purification scheme sum- 
marlsed m Table V affords 3.6 mg adenylosuccinate synthetase of specific 
actlvlty 508 unlts/mg (determined at 25°C) and compares favourably with the 
punfmatmn schemes of Lmberman [27] and EyzaguLrre and Atkmson [28], 
resulting in specific activities of 66 (37°C) and 77 units/mg (30°C), respec- 
tively. The overall ymld of enzyme activity reported here (35%) also compares 
favourably with any procedure published so far for the E coh enzyme [27,28]. 

Conclusions 
Over the past few years substantial evidence has accrued to demonstrate 

unequivocally that tnazlne dyes interact with nucleotlde-blndlng sites on 
enzymes [1,3--9,11,29]. The present data suggests that, m addition, trlazme 
dyes may be able to discriminate between nucleotlde-blndlng sites on the same 
enzyme. Thus, studies by kinetic inhibition, enzyme reactivation and specific 
elutlon techniques indicate that tnazme dyes such as Clbacron Blue F3G-A 
(Proclon Blue H-B), Proclon Red HE-3B and Proclon Red H-3B are able to dif- 
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ferentlate between the nucleotlde-blndlng sites of  E coh IMP dehydrogenase 
and adenylosuccmate synthetase. In contrast, earlier studms have shown that 
Clbacron Blue F3G-A displayed non-competitive lnhlbltmn relative to the ATP, 
UTP and template poly[d(A-T)] binding sites of  Azotobacter  vmelandu RNA 
polymerase [30] and towards the NAD ÷- and ATP-bmdmg sites of pigeon liver 
NAD ÷ kanase [31] .  It IS dlffmult to ratlonallse these observations without 
speculating that Clbacron Blue F3G-A may be a better analogue of  monophos- 
phates such as IMP than dl- or trlphosphate nucleotydes such as NAD ÷ or ATP. 
In this context,  it has been suggested that Proclon Red HE-3B displays some 
preference for NADP÷-dependent dehydrogenases whilst Clbacron Blue F3G-A 
may preferentially bind NAD*-dependent enzymes [5,15,29] although this may 
be by no means a general rule [32] .  The most likely explanation for these data 
is that these dyes are not highly specffm nucleotlde or coenzyme analogues and 
that they do not assume a single umque conformation on different enzymes or 
on different nucleotlde-blndmg sites on the same enzyme [9] .  This conclusion 
IS substantiated by the fact that a number of dyes of grossly different chemical 
structures can apparently brad to the coenzyme-blndlng site of  lactate dehy- 
drogenase [7,25] with a wide range of affinities. Not surprisingly, therefore, 
trmzme dyes might be able to, at least partially, dffferenhate between related 
nucleotide-blndmg sites on the same enzyme. Informatmn of this kind is useful 
for the design of specffm elutmn regimes for large scale affmlty chromatog- 
raphy on lmmobfllsed Procmn Dyes [29] .  

References 

1 B o h m e ,  H , K o p p e r s c h l a g e r ,  G • Schu lz •  J and Hofmann•  E ( 1 9 7 2 )  J C h r o m a t o g r  6 9 , 2 0 9 - - 2 1 4  
2 T r a w s ,  J and Pannell ,  R ( 1 9 7 3 )  C h n  Ch~m. A c t a  4 9 ,  4 9 - - 5 2  
3 Wflson,  J E.  ( 1 9 7 6 ) B l o c h e m  Blophys  Res C o m m u n  72 ,  S16- - -823  
4 S t e l l w a g e n ,  E ( 1 9 7 7 )  Aec  C h e m .  Res  10 ,  9 2 - - 9 S  
5 D e a n ,  P D .G and Watson,  D H ( 1 9 7 3 )  J C h r o m a t o g r  1 6 5 , 3 0 1 - - 3 1 9  
6 L o w e ,  C R ( 1 9 7 9 )  m A n  Introduct ion  to  Af f lmty  Chromatography - -  Laboratory  T e c h m q u e s  m 

Blochem~stry and Molecular Biology (Work ,  T S a n d  W o r k ,  E , eds  ), p p  453 - - -446 ,  Elsevier North-  
Hol land,  Amsterdam 

7 A s h t o n ,  A R a n d  P o l y a ,  G M ( 1 9 7 S )  B l o c h e m .  J 1 7 5 , 5 0 1 - - 5 0 6  
8 Belssner ,  R S and R u d o l p h ,  F B ( 1 9 7 S )  J C h r o m a t o g r  1 6 1 , 1 2 7 - - 1 3 5  
9 E d w a r d s ,  R A and W o o d y ,  R W ( 1 9 7 9 )  B l o c h e r m s t r y  l S ,  5 1 9 7 - - 5 2 0 4  

1 0  L a n d ,  M and Byf l e ld •P  G H ( 1 9 7 9 )  I n t  J Blol M a c r o m o l  1 , 2 2 3 - - 2 2 6  
11 B e l l l m a n n ,  J -F , S a m a m a •  J -P , B r a n d e n ,  C -I a n d  E k l u n d ,  H ( 1 9 7 9 )  E u r  J B l o c h e m .  1 0 2 , 1 0 7 - - 1 1 0  
1 2  Ba i rd ,  J . ,  S h e r w o o d ,  R , C a r t ,  R J G a n d  AtFAnson,  A ( 1 9 7 6 )  F E B S  L e t t  7 0 ,  6 1 - - 6 6  
13  B r u t o n •  C J .  a n d  A t k m s o n ,  A ( 1 9 7 9 )  N u c l  A m d s  R e s  7 ,  1 5 7 9 - - 1 5 9 2  
1 4  L o w e ,  C R • H a n s ,  M • S p l b e y ,  N.  and ]:)rabble, W.T ( 1 9 8 0 )  Anal  B lochem 1 0 4 ,  2 3 - - 2 8  
1 5  W a t s o n ,  D .H  , H a r v e y ,  M J and Dean• P D G ( 1 9 7 8 )  B l o e h e m  J 1 7 3 , 5 9 1 - - 5 9 6  
16  S t o c k t o n •  J ,  P e a r s o n ,  A , West ,  L a n d  T u r n e r ,  A ( 1 9 7 8 )  B l o c h e m  Soc  T r a n s  6 , 2 0 0  
17  F u l t o n ,  S ( 1 9 S 0 )  m DyeoLlgand Chromatography ,  A m l c o n  C o r p o r a t i o n ,  L e x i n g t o n ,  M A  
l S  Gilbert,  I-I J , Lowe0  C R and Drabble ,  W T ( 1 9 7 9 )  B l o c h e m  J l S 3 , 4 8 1 - - 4 9 4  
19  C l o m s ,  Y D a n d  L o w e ,  C R .  ( 1 9 S 0 )  Ettr  J B l o e h e m  1 1 0 , 2 7 9 - - 2 8 8  
2 0  W a r b u r g ,  O and Chnstmn,  W ( 1 9 3 1 )  B l o c h e m  Z 2 4 2 , 2 0 6 - - 2 2 7  
21  L o w r y ,  O H , R o s e b r o u g h ,  N J ,  F a r r ,  A L and Randal l ,  R J ( 1 9 5 1 )  J Blol C h e m  1 9 3 , 2 6 5 - - 2 7 5  
2 2  Brox ,  L W and H a m p t o n ,  A ( 1 9 6 8 )  Biochemistry  7,  2 5 8 9 - - 2 5 9 6  
2 3  B r o d e h u s ,  P , L a n n o m ,  R A and Kaplan,  N.O ( 1 9 7 S )  A r c h  B l o e h e m .  B l o p h y s  l S S ,  2 2 8 - - 2 3 1  
2 4  M a r k h a m ,  G D and Reed ,  G H ( 1 9 7 7 )  A r c h  B l o e h e m  B l o p h y s  1 8 4 ,  2 4 - - 3 5  
25  Clonls•  Y D a n d  L o w e ,  C R ( 1 9 8 0 )  B l o c h e m .  J .  1 9 1 , 2 4 7 - - 2 5 1  
26  Nade l -GLrard ,  B a n d  M a r k e r t ,  C L ( 1 9 7 5 )  In I s o e n z y m e s  ( M a r k e r t ,  C L , ed  ) V o l  2 ,  p 4 5 ,  Academic  

Press ,  N e w  Y o r k  
27  Lleberman.  I ( 1 9 5 6 )  J Bml C h e m ,  2 2 3 , 3 2 7 - - 3 3 9  
28  EyzaguLrre ,  J a n d  A t k m s o n ,  D ( 1 9 7 5 )  A r c h  B m c h e m  B m p h y s  1 6 9 .  3 3 9 - - 3 4 3  
29  L o w e ,  C R .  Smal l ,  D A P a n d  A t k m s o n .  A ( 1 9 8 0 )  I n t  J B l o c h e m  1 3 ,  3 3 - - 4 0  
3 0  K u m a r ,  S .A.  a n d  K r a k o w ,  J S ( 1 9 7 7 )  J Blol  C h e m  2 5 2 ,  5 7 2 4 - - 5 7 2 8  
31 A p p s ,  D K a n d  G leed ,  C D ( 1 9 7 6 )  B m c h e m  J 1 5 9 , 4 4 1 - - 4 4 3  
32  T u r n e r .  A J a n d  H r y s z k o ,  J ( 1 9 8 0 )  B m c h ~ n .  B m p h y s  Acta  6 1 3 , 2 5 6 - - 2 6 5  
33  Gi lbe r t •  H J a n d  D r a b b l e .  W.T ( 1 9 8 0 )  B m c h e m  J 1 9 1 , 5 3 3 - - 5 4 1  


