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INTRODUCCION 

l. METABOLISMO DE LOS AMINOAZUCARES. 

l:a Escherichi11 coli y ea otre1 bacteria• 9ra• ae9ativa1, 101 

a•iaoa•úcara1 N-1cetil·0-9luc0Haiaa (GlcNAc) y o-9luco1a•iaa (GlcN) 

100 precur1ore1 Henci1la1 de do• aacromolicula1 fuada•aatala1 de la 

envolture calular, al paptidoglicaao 1 
J 101 lipopoliHcarido1

2 

(Pi9.l). Lo• aainoasúcarH 100 indiapaaHblH para al craci•ianto de 

la bacteria J puedan provaair tanto da la bio1.í.ata1i1 intracelular 

como da fuaa.ta1 exógaau. 

1:1 priaer puo aa la bio1iata1il da 101 a•iaoa•Úcara1 •• la 

formación da la o-glucoH•ina 6 fo1fato (GlcN6P) a partir da la 

o-fructo1a 6 folfato (Pru6P) y la L·gluta•iaa; a1ta reacci6a •• 

catalhada por la Oluco1aaiaa 6 fo1fato i1o•ara1a dapaadiaata da 

glutaaina, (EC 5.3 .1.19,), La1 autaate1 defectuo1a1 para al 9ea da 

a1ta anzi•a ion eatricta•aata dapandiaata1 da 101 aaiaoaaúcaraa 

axógaaoa para 1u craciaiaato. 1:1 agotaaiaato da a1to1 coapua1to1 

produce una rápida pérdida da la viabilidad da lu bacteria• y la 

li1i1 de la1 célula1
3

• 4, 

Adeaá1 da 1u papel 11aacial coao pr1cur1ora1 da 101 coapoaaata1 da 

la parad celular, loa aaiaoaaúcara1 puedan 1ar utiliaado1 como fuente• 

1
Mirelman, D.(1979). In 118acterial outer rnerilranes11 .(lnouye,M. ed), 

John lliley & Sons, lnc. New, York. 

2
Raetz, c. R. (1987). In "Escherichi11 coli and S11lmonell11 typhimurium: 

cel lular and molecular blology". American Soclety for Microblology, 
Washington, D. C. 

3
sarvas, M. (1971), J. Bacteriol. 105:467·471. 

4wu, H. C. y llu, T. C. (1971). J. Bacterlol. 105:455·466. 



de carbono r d• nitrógeno. Lo• ••inoa•úcarea ae cataboliaan 

principal••nte por la actiYidad d• doe enai•HI La •-acetil 

glucoaa•ina 6 foafeto deHcetilaaa (l!:C. 3. 5 .1. 25) r la Glucoaa•ina 6 

foafato i•o••raaa deaa•inaaa (l!:C. 5.3.1.10). 

F1a.1. METABOLISMO DE LOS AMINOAZUCARES EN LAS ENTEROBACTERIAS 
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Glu: L·glutAmico, Gin: L·Glutamina, GS: Glutamina sintetasa. 

Loa eatudios con •utantes permitieron identificar loa genes de 

estas en1i•as a 15,5 •in en al •apa cromosÓ•ico de Escherichia coli5' 6 

La aíntesis de la GlcH6P a partir da la Pru6P y la gluta•ina por 

la sintetasa y au catabolismo a Pru6P r NB3 por la dasa•inasa, 

constituyen un clásico ciclo i•productivo cuyo resultado es la 

5
Holmes, R.P. y Russel, R. (1972>. J. Bacterfol 11:290·291. 

6
Pllllt>rfdge, J.(1987). Mol. Gon, Genet. 209:618·620. 



•1111•nto d• l• concentr•ción intr•celul•r de la GlcNAc6P deaenc•den• •u 

propio cat•boliaao a trni• de l• regulación de i. expresión de lo• 

genea J por 1• •ctivación direct• de 1• dea•ain•aa. 

f"IG.2. REGULON DE lOS AMINOAZUCARES 

nagE -naue 

CJI 

nas E na¡¡A 
OlcHAc ~ GlcHAc6P ~ 

10 

Represor 

aaonio 
n198 

GlcH6P~ + 

gllftS' Fru6P 

+ 
glut.ain• 

Loa progreaoa en al conociaiento del aetaboliamo de loa 

••ino•aúc•rH aon producto del •vanea en 1• idantificaci6n r el 

aetudio da loa ganH eatructur•lH J reguhdi>rea correapondientaa y 

adaaAa del prograao en la caracterb•ci6n funcional 'lf aatructural de 

laa andaH que pmrticipH en h bioa.í.ntHi• J degradaci6n de aatH 

aolicuha. 

11. ENZIMA GLUCOSAMINA 6 FOSFATO ISOMERASA. 

L• enziaa gluco•••ina 6 foafato i1omer•sa o glucosamina 6 fosfato 



bidrólhb d• la 9lut••ina •n gluta•eto J 11113, lo que i•plica una 

pérdida indirecta d• ATP (P'ig. 1). La operación d• iate ciclo Htá 

i•p•did• graciu • una eatricta coordinación de l• axpreaión J la 

actividad de toda• lH an1i••• participante• en la aint••ia J 

degradación d• loa ••inoa1úcar••· Loa pri••roa aatudio• revelaron una 

regulación antagónica de la• en1i••• catabólic•• J bioaintiticaa1 la 

GlcNAc induce la d••••in••• J repri•• la aint•t••• 7• 11 • aecient•••nt• 

Rogara 
9 

J Plllllbridg• 
1º ••diente 1111álhia de HC\leDCi•• d• DMA J 

eatudioa de compl•••ntación de •vtantea co•probaron que loa gen•• del 

cataboli•ao de loa ••inoa1úcar•• eatán organiladoa •n un regulón 

divergente formado por do• operonH (P'ig. 2). Lo• gen•• 

identificado•, coaprenden el nagE que codifica para un co•ponente 111 

••pacifico para N-acetil glucoHaina del aht••• de tranaferencia de 

foafato (PTS), que•• tranacribe en dirección boraria 1 & gen•• que•• 

trenacriben en la diracción opueata. lato• aon1 naga que codifica la 

ensiaa d•Hainante, nagA que codifica la •n•i•• deaacetilaaa, nagc 

que produce una proteina repraaora con afinidad por la región 

interginica del regulón J el gen nagD de función deaconocida. 

Pluabridge (1990)
11 ba daaoatrado qua la OlcNAc6P ••el coinductor que 

deaencadena la inducción del regulón. B• intereaante deatacar que eata 

ai••• aolicula •• el activador aloatidco de la protaina codificada 

por el gen naga (la glucoaaaina 6 foafato iao••r••• deaa•inaaa) J el 

auatrato de la deaacetilaaa, producto del gen nagA. De eata aanara un 

7
Whlte, R. (1968). Biochem. J. 106:547·858. 

8
1mada,A., Nozakl,F., Kawashlma,F., y Yonldl 11. (1977). J.Gen, 

Microbio!. 100:329-337. 

9
Ro11ers, J., Oh51I, T., Pltm>ridge,J., SOll, D. (1988). Gene 62:197· 

207. 

10
Plu'*>rld51e, J. (1989). Malee. Microbio!. 3:505-515. 

11
Plu'*>rldge, J. (1990). Mol. Microblol. 3:506·515. 



d••a•inaaa, (2-a•ino-2-deaoxi-o-glucoaa 6 foafato cetol i•o••raaa 

(d•H•inant•lt se !1.3. i.10 ) , producto del gen nagB (Fig. 1, 2); H 

bu ta abora la prot•ina ••:lor conocida del regulón nagE-BACD. L• 

enai•a fu• daacrit• inicial••nt• en N•uroapora crassa, por Leloir J 

Cardini 
12

, quien•• deacribieron por pri••ra ••• au activación por l• 

GlcNAc6P. Bata enai•a fue po•t•rioraente detectada f purificada 

parcielaent• a partir d• di••r•a• fuente• •icrobianaa f aniaalea13
• Sl 

' pri••r ••tudio en Escherichia coli fue raaliaado por Coiab r lloaeaan 14
, 

quien•• trabajando con una enaiaa parcial••nte purificada deaoatraron 

que para au actividad 6pti•a era naceHria la GlcNAc6P. La reacci6n 

qua cataliaa la d•aaainaaa (Fig. 1 f 2) ba 'aido conaidarada 

fiaiol6gicaaant• irr•veraible4, ain eabargo, in vitro •• rev•r•ible, 

aun cuando el equilibrio favorece la reacci6n catabólica 14
'

15
, 

llecienteaenta Vogler r co116
., ban deaoatrado que en bacteria• con una 

autación del gen que codifica para la enaiaa GlcN6P aintetaaa (glsm), 

la enai•a GlcN6P deHainaH H funci!>nal en la bio•ínteda de 101 

aainoaaúcarH cuando ae i•pide la expreaión del gan repreaor (nagC) 

con una in••rción que bloquea au tranacripción coapleta. 

Como ya ae ha visto, la deaaainaaa catalha una reacci6n 

rever•ibl• qua ea una iaoaeriaación cetoaldólica acoplada a una 

aainación-deuainación. !ato constituye un ejeaplo biológico de la 

12
Leloir, y Cordinl, c. <1956) Biochim. Biophys. Acto 20: 33·42. 

13
Nolman, E (1972) in "lhe enzymes" 3rd Edn. (Boyer, P. ed). 

Academic Press, New York. 

14cori>, D. y Ros-n, s. <195B> J. B. Chem. 232, B07·B27. 

15
Midelfort, c. y Rose, l. <1977>. Blochem. 16:1590·1596. 

16
voaler, A., Trentmann, s. y Lengeler, J. (1989). J. Bacteriol. 

171 :6586-6592. 



reacci6n de Alla4ori17
• lrwing loH

111
'
19

•
20 quien eatu4i6 el ••cani•­

qui•ico de laa bo•eraH• cetoal4Ólicaa, publicó con lli4elfort 1 ~ uo 

ao5.liah ••c•oiatico de la reacci6o 4• la d•H•io•H de E. coli 

parcialaeote purificada ••diaota·e1 eaplao 4• ticnicaa 4• iotarcallbio 

4• Tritio a partir 4a poaiciooaa aapacificaa en loa auatratoa. Satoa 

autor•• proponao al aecaoiaao 4a reacci6n, aja•plifica4o ao la Fig.3, 

ao al cual al llB4• pierda un protón al ioiciaraa al ciclo catalitico J 

al 11113 ataca el e carbootlico 4• la rru6P. I• fona aotooc•• uo 

a•iooalcobol iotanadiario qua pierda agua. Sato da lugar a la 

aooliaación 4• la Fru6P qua fonaa uoa aoola•ioa iotan•4iaria, 

probabl•••nte con configuración cis 
15

• (Pl0.3). 

La eatareoqui•ica de la raacci6o en el C1 da la rru6P, ao relación 

con la aatereoeapacif icida4 •o a para la posición C2, •• la tipica 4• 

aataa i•o•araaaa cetoaldólicaa 18
• una caractariatica única da la 

glucoH•ioa 6 fosfato dHa•inaaa •• que duraot• al curao da la 

raacci6o, diferaot•• grupoa (agua, llRJ, o al oxigeno 4•1 OB ao C5 del 

auatrato), pue4ao atacer al C2 4• la rru6P, lo qua revele uoa notable 

varaatilida4 4a loa grupos funcional•• 4•1 aitio activo qua rodean al 

carbono carbonilico 4• la Fru6P. 

La deaaaioaaa •• una proteioa que •• in4uca al cultivar laa 

bacteria• utiliaao4o •o al aa4io glucoaaaioa c~ única fuenta da 

carbono y da oitrógeoo. calcagno y col., 21 publicaron uo proce4i•i•oto 

de purificación a ho•oganeidad da la proteioa de Escherichia coli B, 

17
Hodge, J. E. (1955). The 11118dori rearrangement. 

Chem. 10: 169·205. 

111
aose, 1.(1975). Adv. Enzymol. 43:491·517. 

19 
Rose, l., O'connell, E. y Mehler, A. (1970). J. Blol. Chem. 245: 

2219·2228. 

20
aose, l. (1970), in "lhe enzyme". 31 ed. Academic Press, N•• York 

Adv. 

2
1ca lcagno, M,, Canpos, P., Mul l iert, G. y Suastegul, 

Blochem. Blophys, Acta. 787:165·173. 

Carbohydr. 

J. (1984), 
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por croaatograHa d• afinidad aloatérica, utiliaando co- ligando un 

anUogo del activador aloatérico 1 la f-aainocaproil-Olc116P, fijada a 

agaroH • La ansias H un oligóaero baxaaérico da 178 kDa. (cadana• 

polipéptidicu da 29, 7 kDa,); au caracter boaopoliaérico H babia 

deducido inicialaenta por Hperiaant.oa da alactroanfoqu• en aadioa 

deanaturaliaantea 21 
J por el dato qua en 31 ciclo• da degradación d• 

!daan raalhadoa para establecer la Hcuencia 11-terainal, •• encontró 

aolaaante un r••iduo por cic:lo22
• Bato fue confiraado al conocen• la 

aecuencia coapl•ta a partir de la aacuencia del gen nagB9 Batudioa de 

aicroacopía electr6nica peraiten proponer una diatribuci6n de la• ••i• 

aubunidadea de la daaaainaaa con una aiaetría hexagonal que podría ••r 

C6oD318 , 

O.ad• el punto de vista cinético21
, la •n•iaa preaenta una intensa 

cooparatividad bo11<1trópica positiva con rHpecto a la Olc116P (h1111• • 

3), a pB de 7.6-8.0, lo que coincide con el pB óptiao de la 

deaaainaaa. El activador (OlcNAc6P) a .concentracion•• aaturant•• hace 

deaaparecer la cooparatividad y la •n•i•a adquiere una cinética 

biperb6lica. Lo• valorea d• I0.5 dilainuyan a aedida que auaenta la 

concentración del activador ( efecto K ), pero la valocidad aáxiaa no 

•• -difica, por lo tanto, •• un ai1teaa aloatérico de tipo K puro. La 

obtención da cinética biparb6lica por aaturaci6n con OlcNAc6P indica 

un coaportaaiento de fijación exclu1iva del activador. 

111. GRUPOS SULFHIDRILO Y PROTEINAS. 

A. ESTRUCTURA ELECTRONICA Y REACTIVIDAD OUIMICA. 

Bl aaufr• •• localiaa en el grupo VI da la tabla periÓdica de 101 

eleaento1; 1u pe10 atóaico •• de 32, 1u configuración electr6-nica ••• 

(Ne]31
2
3p 

4
, puede axiltir en diferente a Htado1 da oxidación dHde -2 

a +6. Bn la1 proteínas, exi1te aolaaente en loa e1tadoa de oxidaci6n 

de 8 2 (Cy1) y s'
1 (CySSCy). Loa coapuaato1 org.inico1 de aaufre 

22
calcagno, M. y colaboradores. Datos no publicados. 



pr•••nt•n c•r•cterhtic•• auy diferente• • •u• 
corr••pondient•• •nilogo• d• oxigeno. In priaer lug•r, el ••uf re •• 

aucho aeno• •l•ctron•g•tivo o electrofllico que •1 oxigeno. la ••guado 

téraiao, la tendencia a foraar uaion•• ~ •• aeaor entre el C J el 8 

que entre el e J el o. L• foraaci6a de enlace• " entre el 8 y •l O 

(coao en •l •ni6a •ulfato) H iaport,•nt• ea la quiaica de lo• 

coapue•toa de oxid•ci6n •uperior dal aaufr•. 11 •sufre fon• puaate• 

d• hidrógeno llÁ• débii••• ea coapareci6a coa el llitrógeno o el 

oxigeno, r• que una electroaegathidad alta H un raquhito para la 

foraación de puente• de hidrÓ9•no ••tabl••· 

lldHll y Wyaan
23 

calcularon la con•tante de ioaiaación del grupo 

tiol r aaino d• la ciateina (Cy•), utilia•ndo diferente• condicion•• y 

a6todoa experiaentale•; eatoa autor•• foraulan aua reaultadoa ea 

término• de un conjunto de conatant•• aicroacópicaa, de acuardo con el 

•iguiente ••queaa1 

.-a-
88 (2) k12 ~H• 

~23 1 ~3 
CBZ 

1 ,.,.SH s-
BC-NJ13 (3) R R ........... 

1 '-NH• ........... NH2 J /. COOB (1) 

~R¿: ~kllZ 
Ci&teina 

k13 

NH2 

La ci•t•ina tiene tr•• grupo• Acido•1 el carboailo, •1 aulfbidrilo 

y el amonio, que denoainaraaoa 1, 2 y 3 r••pectivaaante. Bl pltl 

23
edsall,J. y l/yman, J. (1958).in "Biophystcal Chemistry" vol.1 

Academic, Press. New York. 



repr•••Dt• •••nci•l•ente la ionia•ción del grupo c•rboxilo. Le 

edjudic•ci6n del plt2 J el plt3 • lo• grupo• 111 J •-nio no •• 

ineedi•t•, pu••to que el c•rácter á~do del a-nio •• del •i•- orden 

de aagaitud que el d•l grupo IB. lin ellbargo el ••qu••• d• ioai1•ción 

puede ••cribir•• ea forma •náloga al de la glicina. 

Le• con1taate1 ucro•cÓpica• pueden relacionan• coa 101 Yalor•• 

de plt utili1aado la ecuación1 

lt2 • k12 • k13 J lt2 ID • k12k123 • k12k132 

. 
'l'ULA 1 VllLOUI DI plt APAJlBll'l'E DI La CU'l'llNA 

plt Baae1cb J Bhon J 
Ban•1cb Bdaall 

plt12 1.53 1.50 

plt13 8.16 1.15 

plt123 10.36 10.35 

plt132 10.03 10.00 

•Llu,T. (1977) In "The protelns" <Neurlth, H. y Hlll, •· ed.), 
Aclldetnlc Press. New York. 

8. REACCIONES DE LOS GRUPOS SULFHIDRILO 

I • Intercambio tiol-disulluro 
24 

•
25 

Grafiu• J 
Nielaad• 

8.65 

8.75 

10.05 

9.95 

Bl intercambio tiol-di1ulfuro •• produce por una tran•f•rancia da 

aquiYalent•• reductora• entra do• pare• tiol-dhulfuro. J.o• grupo• 

•ulfbidrilo da la• protain11 o de eolécula• no proteice• (PIB) pueden 

24
Llu, T. (1977) In "The proteins". (Neur•th, H. y Hill, R. ed.) 

vol. 111. Acodemlc Press, New York. 

25
G!lbert, H. (1990). Adv. Enzymol. 69-171. 



reeccioner con un di•ulfuro (RIBR) en un de•plasaaiento biaolecular, 

para fora•r una proteína que tiene un di•ulfuro (PIBR). 

2PIR + RIBR ~ ,PBBP + 2 RBR lt1 

e•t• proce•o ocurre en doa et•p••• 

PSR + RSSR ~ PBSR + RBR lt2 

PSB + PSSR ~ P88P + RBB 10 

donde KZIO • lt1 (t;oHtante de equilibrio). 

Lo• ••tudio• cinético• revelan que la velocidad de la reacción •• 

proporcional a la concentración de RS- y no a la de •u leido conjugado 

RIB. 11 aecani•ao de reacción conaiate en un ataque nucleofilico de un 

ani6n tiolato a un diaulfuro con la foraaci6n de un nuevo di•ulfuro f 

un nuevo tiolato. liando al tiolato la ••peci• reactiva, el ión 

bidrógeno •• coaport• coao un ligando protector; el efecto de la 

variación del p! •obra l• velocidad de la reacción peraite conocer la 

con•tante de di•ociación del grupo aulfbidrilo. In la• proteína•, la 

proxiaidad de una carga po•itiva o de un •u•tituyente electrofilico, 

diaainuya el plt del tiol, cuando el •ulfbidrilo •• encuentra en una 

sona auy bidrofÓbica de la proteína, lo• valor•• de plt pueden auaentar 

conaiderableaente con r••pecto a loa SR expueatoa. La velocidad de la 

reacción del intercallbio tiol diaulfuro aua•nta cuando di•ainuye el plt 

del grupo ••lienta. 

Un rHctivo idHl para titulación de ID por intercaabio tiol 

diaulfuro debe tener un grupo ••liante cuyo tiolato ••• aá• ácido que 

el aulfbidrilo de la ci•teina, y qu• pr••ent• una intenaa •b•ortividad 

en una región d•l ••pectro en la que no interfiera la •b•orción d• l• 

prot•ina o del reactivo. 11 DTNll (leido 

5 • , 5 • •ditio-bia ( 2-nitrobensoico) , o reactivo de Bllaan cuapl• a atoa 

requiaito•1 •• auy •oluble en aedio acuoso y •• estable a pB 7 .o. 
lin eabargo introduce en la proteína un grupo voluainoao J polar que 

puede di•toraionar a la aolécula an ••tudio. Bxi•t•n otro• reactivo• 

que funcionan por el aiallO principio d• intercallbio tiol-dhulfuro 

pero que incorporan a la proteína au•tituyentea pequ•~o• coao el1 ·Clf, 

en el caao del ll'l'CB (2-nitro,5-tiocianatoben1oato), •1-BCB3 del ••til 

aeta no 

tioaulfonato (MMTB), o al ·803- dal 2-nitro 5•tio•ulfonatoben1oato 



(NITll) '26,27 

o 
11 

CH3-~-S-CH3 

o 

N'l'CB NS'l'B MM'l'S 

II.Reacciones de adición 

11 aai6a tiolato a• Q•p•• da adicionar a dobla• li9aduraa, 

daacuardo al aacaaia- 9aaaral da la adici6a da llichal, UD raactivo 

aur utililado, qua foraa ua aducto Htabla, •• la N-atil aalaiaida, 

11B1128
• 

29 , la ••ta trabajo la haaoa utililado coao ua reactivo da bloqueo 

irravaraibla da tiol••· 

P-SH 0-Et-___.,.P-S-D-Et 

III.Sustituciones nucleofilicas. 

11 ani6D tiolato •• UD aucla6filo qua puada participar aa 

raacci6aaa da auatituci6a, 1111 o BN2. la aata aacaaiaiao ocurra uD 

26
Ey11;uf rre, J. (1987) fn •chemfc1l 

<Eyu;uirre, J. ed.), H1lsted Pres•. New York. 
27

arockehurst, K. (1979). Jnt. J. Bfochem, 10:259·274. 
28

cohen, L. A. (1968). AMU. Rev. lfochem. 37:695-715. 

~fffc1tfon 

29
cohen, l. A. (1970). In "The enzyme" <P. Boyer, 

Acedemic Press. 

of enzvmes0 , 
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ataque aucleofilico • un carbono tetraédrico, que tiene unido un grupo 

aalieate adecuado, por lo general a6a electronegatiwo que el grupo de 

ataque, para obtener condicione• termodin6aicaa favorabl••· Bl grupo 

•aliente preferido para ••toa coapueato• •• el I- , por lo que aucho• 

reactivo• para tiol•• contienen la funci6n yoduro de alquilo30 • S• el 

c••o del roduro de •etilo31
, la 

Jodoacetaaida O el leido aDDOJOdoacético, Bl broao al tallbiéa UD buen 

aai6a de ••lida, r •• h• utili•ado en alguno• reactivo• para 

80dificaci6a de protetaaa. Un inconveniente de lo• baluroa de alquilo 

•• au •enor ••pecificidad para grupo• 111, r• qua pueden reaccionar 

coa otro• aucle6filo• coao •l grupo a•iao. Sato •• puede controlar coa 

el pll de la reacci6n, r• que el leido conjugado corre1poadiaate, el 

grupo aaoaio, no •• un reactivo nucleof1.lico. Sn auch•• ocaaioae1, 

debido • l• proxiaidad entra loa valorea da pK• da lo• grupo• -•B r 
+ -11114 , eato1 raactivo1 re1ultaa ••no• e1pecifico1. Bxiatea •l9uao1 

darivadoa int•r•••ntea del rodoacetato, coao al IAIDANS (M-Iodoacetil­

M ' - (aulfo- 1- ndtil) etilaadia•iaa), que •• un• coapuHto que 

contiene un p-di•etil••ino naftaleno aulfonilo (dan1ilo) que le 

confiere fluoreacencia32
• 

S03-

IAEDANS 

CH2-CHz-N-C-CHzI . " 
' H O 

YODURO DE 
YODOACE'l'AMIDA 

ME'l'IJ,O 

30
Jocelyn, P., (1974) In "Blochemlstrv of the SH group''., Ac•demlc 

Press,New York. 

31surk, G. R. V Steln, w.,(1964). J, Biol. Chem. 239:3755-3768. 

32 
Jocelyn, P. <1987) In "Methods in enzl'lllOl09V''. vol. 143. Academlc 

Press, New. York. 



IV .Oxid11ci6n 

Do• grupo• 11 pueden oxid•r•e con la pérdida de un protón J un 

electrón por tiol, formando una unión di•ulfuro, -1-1-. Bata reacción 

•• logra con oxidante• auavea, coao el dioxigeno, en ••dio acuoao. Un 

excelenta catalisador 

o-fenantrolina-cu2
• 

33 
para aata · oxidación •• •l 

lajo condicione• •i• riguroaaa, 

coaplejo 

•• logran 

Htado• auperior•• de oxidación del asufra, que a diferencia de la 

oxidación a diaulfuro, reaultan irreveniblH. Por ejeaplo, el 6cido 

perfOraico, ea aur utilisado para oxidar lo• reaiduoa da ci1teinilo a 

aulfonilalanina, co- paao previo a. la bidr61iaia 6cida para el 

an6li•i• d• aainoicidoa. 

4 PSH + Oz --. 2 P-S-S-P 

,SH 
2 p 

'se +02 -

v. Reacción con met11les34 •35 

,s 
2 p 1 

's 

]]Kobasht, M .. (1968). Btochtm. BIO!>hys, Acta 158:239·245, 

34
Ktdant, Y. y Hi rose <19116). tn 11ztnc enzymes" 

Luchtnat e, Meret, w. ed.), Vol. t. Bfrkheuser 

Boston. 

35
c1111111ck, R.• Fernandez, V y Schnetder, K. (1988). 

CBerttnel, 

los ton 

tn 

Btoinorgantc Chemtstry of Ntckel'', (lencas ter, J. ed), VCK, 

York. 
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Al igual qua 101 protona1, loa iones ••tálicoa 100 •l•ctr6f iloa o 

ácidos da Lawi1, capacea da aceptar un par de alactronaa J formar una 

unión • A diferencia de 101 protonaa, loa ••tala• por au caracter 

polivalente, puedan fonar qualatoa da difaraatea estructura• 

tridi•aaaional••. li bien al residuo •Á• i•portlnte coao donador d• 

alactron•• para la foreación da qualatoa ••tálico1 •• 11 biatidina, en 

•ucbaa protaia11 100 101 tiolaa da la ciataiaa 101 principal•• grupo• 

lig1ata1 da ••tal••• por eja•plo al 1iac, en 11 anbidraaa.carbónica d• 

eritrocito o ea la alcobol da1bidroganaaa da lavadura, ate •. 

Sl Pb(U), Bg(ll), Cu(Il), Cd(ll), ln(U), lli(II), lg(I), Cu(I) J 

Ag, forman co•plejoa a1tablH con loa lulfbidrUoa, cuya• coaatantea 

da di1oci1cióa 100 del orden naaoaolar o •icromolar. La auatitución d• 

1n2• por 113
Cd

2• ba panitido generar 1añal11 da llMlt qua facilitan el 

Htudio da la interacción y la idaatificaci6n d• loa donadora• da 

•l•ctron•• que forman al ca•po liganta. 36 

VI.Reacción de los tioles con los arsenicales. 

i.oa derivado• ar1aaicalaa actúan en 101 aiat•••• biológico• 

única••nt• a través da 1u capacidad para reaccionar con loa grupo• 11 

da la• protaiaaa. Loa araanic•l•• aoaoau1tituido1 coa la e1tructura 

general R-A1-l0, forean co•puaatoa •uy ••tablea con loa ditiol•• en 101 

cual•• loa 18 astan integrando un ciclo d• cinco ito•o•, con la 

estructura da un ditioar1iaito. 

[ .. .. + [ s -A•-• 
8 ......... 

l1to1 ditioarainito1 ciclico1 100 •ucbo •H a1tabla1 que 101 qua 

•• fore1riaa con do1 aolécula1 d• un monotiol, lo que panita 

T. (1987) In "Chemical Modiflcatlon Of 

(Eyzagulrro, J. od), Halstod Press, New York. 



diferenciarlo•. 

VII. Papel de los sulthidrilos en las proteínas. 

La• propied•d•• fí•ica• y cinética• da alguna• enaiaaa o proteína• 

dependen del eatado redox da lo• tiol•• J diaulfuro• pr•••ntH en au 

eatructura. Alguna• proteína• coao la ribonucl•a•a A, al inhibidor da 

la trip•ina pancréatica, o la liaoaiaa, •on activa• cuando au• 

diaulfuro• nativo• ••tan reducido•. Bn contraparte, •• encuentran 

protaíaa• coao la glucoH 6 fosfato deahidrogenua, la 

foafofructocinaH, la 3-hidroxi-3-aatilglutaril CoA reductua, o ·la 

fructo•• 1,6 bifo•fataaa qua aon activa• aólo cuando aua grupo• SR •• 

encuantran •n ••tado raducido. 

Lo• grupo• 11 juegan un iaportante papal en loa aitio• activo• da 

divanu enaiaH qua utiliaan auatrato• fosforilado• J •• ha 

d•ao•trado la •d•t•ncia d• r••iduoa _vacinal•• próxiao• al •itio de 

unión dal é•t•r fo•fato an aiate anaiu• que actúan •obre HÚcar••­

fo•fato 
37

•
38 

LH técnicu de aodificación quíaica han aido utiliaadu para 

idantificar la naturaleaa da 101 reaiduo1 localhado• en 101 aitio1 

activo• u otrH regionaa de la proteína. De ••ta foraa •• han 

localiaado aainoAcidoa iaportantH para la función J la intarección 

entra 1ubunidada•, J •• han obtenido proteína• e1tructural J 

funcionalaente aodificadu. Dentro de loa ••pecto• funcional•• 

auacaptibl•• da aodificación quíaica, podaaoa aancionar1 la 

••pecificidad de la reacción, la cooperatividad tanto hoaotr6pica coao 

beterotr6pica y al coall'.°rtaaiento iónico da loa grupo• funcional••· La 

aodificación quíaica peraite alterar la a1pecificidad da laa anziaa1, 

37
Rippa, M., Belltnt, T. Stgnortnt, M. y Dalocchto, F. (1981). J. 

Btol. Chem. 256:451·455. 

38
Kaiser, T., Lawrence, s. y Rokita, S. (1985). Am, Rev. Biochem. 

54:565·595. 



•u curva d• pR, callbiar patrona• de inhibición o activación, etc. 

B•to• callbio• •obra la a1pacificidad •n•ia6tica, puedan ••pre1ar•• a 

travé1 da 1u con1tanta catalitica (kcat), y 1u con•tant•• relacionada• 

con lo• lig•ndo1 (con1tant• da Micb••li•, con1t•nt•1 d• inhibición, 

con•t•nt•• da di•ociación, etc. ), y en lo• •i•t•••• alo•tirico•, a 

travi• del efecto •obre la cooparatividad, v•lorado por al coef icianta 

da Bill abiao (hmax) o la d•Hn8ibilhación a lo• aoduladorH 

alo•tirico•. 

La tranafora•ción da la• cadena• lateral•• de lo• aainoicido•, 

aporta dato• cinético• y e•tructural•• H•nciale• para conocer al 

funcionaaiento y regulación de 111 protaina, r c:on•titur• una b11e 

fundaaental para iniciar ••tudio• da •utagine•i• dirigida. 



OBJETIVO 

ESTUDIAR EL PAPEL DE LOS GRUPOS SULFHIDRILO DE LA 

GLUCOSAMINA 6 FOSFATO DESAMINASA EN LA CA T ALISIS Y EN LA 

TRANSICION ALOSTERICA. 



ASPECTOS METODOLOGICOS 

l:n cada uno de loa cinco articulo• que integran ••ta teah, 

Hdeacribe la aetodologia uaada, In loa anexo• ae detallan alguna• 

preparacionea, coao la aintHh r •eloraci6n de le GlcN-ol-6P, que 

ae'l•o alguna• aencionH en la• publicacionea, ••ti •••ncialaenta 

inédita. 

l:n el curao de eataa ia•e•tigacionea, ae deaarro116 un aétodo para 

dialiaar •olúaenea aur pequeño&, que ae deacribe aur br•••••ate en el 

cuarto articulo, r que prorectaao• publicar por ••parado ea una 

re•iata aetodo16gica. 

l:a ganeral, beaoa utiliaado una ••todologia aultidi•cipliaaria, 

coabiaaado técnicH bactario16gicaa, de purificaci6a de proteinH, 

eatudio• ciaéticoa r ajuate de aodeloa, aodificaci6n quiaica de 

proteinaa, aétodoa f iaicoquiaicoa da eatudio de proteiaaa en aoluci6n 

r algoritao• eapirico• de predicción de eatructur••· 



ARTICULO 1 

Sulfbrdryl Group• of Gluco•••iae-6-pbo1pbate l•o••raae 

Deaain••• froa Escherichia coli. 

·-·~-~ - -.--- - .. -



A11•·111n:l" '"" Hi1w11EM1~r1t'' ANI• ll1111•1mH1'8 
\'ul. 2f1H, No. 1, Ortnlll'r, pp. !lf1-1llll, 1!1~7 

Sulfhydryl Groups of Glucosamine-6-phosphate lsomerase 

Deaminase from Escherichla coli 

MYRIAM M. ALTAMJRANO, GlJILLEHJ\10 MlJLf,IEHT, ANll lllAHIO CALCAGNO' 

Vt•JH1T(flmn1l111k /li1x111ímiru, Far11/lml tlt• Mnlir.ifw, Urlil'f•ricidml N11rimml A11tú111m1t1 rk M1~;riro, 
tl1x1rl111fo l'o.~lul 70-J.),'t, 04.'UO .lfrriro Cilfl, lJ. f~. Mr·riro 

Rl•cL•l\•ccl Ortuhcr 21, l!IH6, une! in rt'\'Í!lc·il íorm Jum• li, 1987 

Glucosamine-6-phos¡1hatc isomerase dcaminase (2-amino-2-deoxy-n-glucosu-6-phos­
phate ketol isomcrase (dearninatini.:), EC 5.3.1.10) from Esclwricliiu co/i is an hcxamcric 
homopolymer that 1·ontains fivc half-cyst.inl!s per chain. The nmction of thc nntivc 
enzymc with 5',5'-dithiobis-(2-nitrobenzoatc) or methyl iodide revealed two reactive SH 
groups per subunit, whereas a third one reacted only in the prescncc of dennturants. 
Two more sulfhydryls appearcd when denatured cnzyme was treatcd with dithiothreitol, 
suggesting the prescncc of one disulfide bridge pcr ch nin. The cnzyme having the exposed 
and reactive SH groups blockcd with 5'-thio-2-nitrohenzoate groups was inactivc, but 
the corresponding alkylatcd dcrivative was active and rctained its homotro11ic cooper· 
alivity toward thc substrate, D-glucosamine 6-phosphate, and the allosteric activntion 
by N-ncetyl-n-glucosamine 6-phospha.te. Studies of SH renctivity in the prcscnce of 
enzyme ligands showed that a change in the avnilability of thcsc groups accompanies 
tbe allosteric conformational transition. The results obtaincd sbow that sulfhydryls are 
not essential for catalysis or allosteric behavior of glucosamine-6-pbosphate deaminase. 
4;'. 1!Hl7 At11d1•nilr Pref'~, lnr 

Sulfhydryl groups play an important role 
either in ligand binding or in catalysis of 
severa! enzyrnes acting on phosphorylatccl 
subslrates, and Rippa et al. (1) have found 
cvidence for the involvernent of vicinal 
thiols near the phosphate ester binding 
sites of scven enzymes studied. 

Hecentl~· we purified and characterized 
tbe glucosarnine-6-pbosphate isomerase 
deaminase (glucosamine-6-phosphate de­
aminase, 2-amino-2-deoxy-o-glucose-6-
phosphate ketol isomerase (deaminating), 
EC 5.3.1.10) from EHclierichfo coli B. This 
enzyme catalyzes the conversion of 
GlcN6P2 in Fru6P and ammonia, and is al-

1 To whom correspondence should Lie nddressed. 
2 Abbrevlatlons used: GlcN6P, D-glucosarnine 6-

phosphate; Fru6P, o-fructose 6-phosphatl'; GJcNAc6P1 

N-acPtyl-u-~lu('osnmim• 6-¡ihosphute; GlcN-o1-6P, 2· 
amino-2-deoxy·D·l(lucitol 6-phosphute or sorhitol­
amine 6-phosphate; DTNB, 5',5'-dithiobis-(2-nitro· 

95 

losterically activatcd by GlcNAcGI'. It is 
composed of six apparently identical sub­
units, and amino acid anal~·sis reveals fivc 
cysteine residucs ¡>er polypcptide chain (2). 
The enzyme from E. co/i has been rcported 
to be inhibited by ¡1-hydroxymercurihen­
zoate (3). The deaminase purified by Das 
and Dalla (4) from Cmuiid1111/bicmm, which 
sccms to be a different protein, is also in· 
hibited by sulfhydryl reagents. 

The present study was undertaken to 
elucidate the status of cysteine resiclucs in 
tbe gluc(lsamine-6-phosphatc isomeruse 
dcaminase obtained from E. coli and to 
C\'aluate the role of these sulfhydryl groups 
in thc catalysis ami the allosteric control 
of this enzyme. 

benzoic acid); TNB, 5'-thio-2-nitrobcnzoic acid; SOS, 
sodium dodecyl sulfate, 

000:1-9861/87 '3.00 
r"pyrhtht C.' 1987 by Atadtmk l'rttt, lnc. 
Ali rishll of repruductlon In any form rtUrvrd. 



!16 ALTAMll!ANO, MllLl.11.;HT, ANll CAl.CAC;Nll 

MA'fültlAl.K ANll m:TllOllS 

f.'11z1111w. Ulm·11H11111i11l'-li-11h11HJ1l1111t• itH11111•r11Ht' 1lt·­
umi11nH1' írum ¡.,: roli 11 (Htrnín ATCC 11:m:11 wnH pu­
rilit•d nnd ttlnn•il 1•tow11linll~· IUt 11n•vi11UH\y dl't1l'rilw1l 
(21. Thc 11rntnmirll' H11lfo1t• Klt•p WllH nmitlf·1f in tlw 
purifirution H<'ht1 m1•, without upprN·inhlt• rhnnJ,t1• in 
lht• dutrnrh•riHtirH of tht• t'nzynw ohtninf'cl. Th1• 1111rily 
oí t•1u·h 1•11z,vm1• hatd1 WilH ulwH)'l'I nrilit'd li,\' dt•rw­
tur_in~ fK1)~·11rryla111icl1• ~1·l 1•l1•rt rn¡1!111rt•HiH. Tht• HJH•rifü· 
nrli\'ity uf th1• 1•111.ynwnt 11117.7111111 :m"C wn,,. in thc 
run~1· fif1fl-tiHO µmul min- 1 m~ 1. Ttw 1mnw \'llhll' WU!-1 
ohtaint•d in thl' prt'!·lt'nt'I' nf !i mM dithiothreitol anfl 
nftt•r ih~ rc•mo\·al hy 1liulytois. I-:nz)'nll' <'Ollt'l'lllrutiom; 

Wl'rt' l'Uk11li1lt•d from tlw rnolnr ab1mr¡1ti\'ity 'Zl!o 

~ :W.O:l ,-' to• ~r 1 rm 1, clPtt•rmiiwd hy t}ll' J,!ri1\'i1Twl rit· 
nwthml oí Kuph llntl norril'r (5) hy WtdJ.!;hinJ.!; thrt•t• 
c01.ynw 1111111¡1lt•s uf UJ1 m~ t•1u!h. Tlw vuluc uhtaim·1l 
from lht• com¡1lt•h• amino udcl compo~dtiun, usinJ.!: Un• 
ahHorptivity dula puhlisht•d hy Eclt•lhoch (fi), wu11 
sonwwh1lt low11r (16.0 x 10" • M- 1 cm· 1}. Thu11, thc \'nlm• 
prl!\'inm1ly re¡mrtcd (2) wu¡.¡ innccurnh!, 

1-.;n1.ymc m•suys wt•rc run us (1re\•iously dt•Hrrihl'il 
12) in thu directiun of GlcNfiP dt•nminntion. Por cach 
m~say, substrnte conl·1•11tratiun \\'ll!I \'nricd from O,á to 
10 mM in th1• prcsenc<! or uhscnct• nf 2.f1 mM GlcNAl·tiP. 
natn Wl'fl' fittcd to tht• Michiwlis-Jh•nri m¡uution m·­
cordinl! to Wilkinson (7). Jlomotropic coopcrati\'1• ki­
nctirs w1n1 liltcd to the Hill cquntion hy the Atkins 
prot•t•(hm.> (8) to c\'ulunh_• thu maximal \'Plocil.\' and 
Uw llill C()('fliciunt. 

Mutr·1·iuf.,: GicNAl"liP \\'ns prt•¡i:ired from Gi<-Nfil' 
íullnwini.t llll' prm·1•1h1rt· of Lt•loir ami Cnrclini (!11; 
Glt'N-ol·tiP was oht:iined hy n 1cl11rli1111 of Gl<·Ntil' with 
stulium l111rohydridt• aml ¡mrifit•d l1y ion-t•Xl'hanJ,!l' 
chro111<1tugruphy rssentinlly 11!-I de1R·ri11t.'d hy Mitll'lfort 
uml Rose (10). Purity of hoth Jlrmlucts was \'t'rifit•d 
hy thin·l:1y<'r chrunrntography <111 t·ellulosl' platt•¡.; with 
two dilft•rt•nt suh'unt systtoms (t•thyl lll'l'tult·:m•t•tiL· 
acicl:walt•r:arnmoni:i, ti:~:2:1, nml isupro¡111nul:u1111110· 
nia, ·1:1 ). 01lwr hiorhrmicali.; and OTNB wt•n• from 
Sigma Chcrnical Co. (St. Louis. MO). Mt•thyl iuditlt• 
was frnm .1. T. Bakt.•r (U.S.A.J ami was distilll'd lwfort• 
ust•. Ali otlwr cht•micals \\'Nt' rt·a~1·nt·gr1ulc prrnlul'ls. 

S11lj11utfr11l m·o11p mml11sis. Sulfhydryls wt•n• deh'r· 
mirwd sJ1l'ctro11hot1111wtri1·:1ily with varyinJ,! amuunt!'> 
uf 111'NB al 2áºC in 0.1 M Tris-llCI buffer w.ith fi mM 
EDTA in n final \'n\ume of 500 µl. Tht• n•actions '''l'rt' 

cnrrit•d t111t ni room tl'mperatun• undt•r i'"''udu·first· 
ordcr conditions, i.e., with n hi~h molur cxcl•s:; (tiOO· 

to 1200·fold) of llTNH. Rcactiuns Wl'r<' stnrtt•d h.r ad· 
ditiun of thu enzynw, while the nhsorlmncu wi1s rc­
corded ut .ui nm with a Pyc Unicnm SP-lt\00 douhlt• 
hcam s¡wctrophotonwter. Th<• numhcr nf sulfhydryl 
~roups that n':lt.'tl.'tl pt•r 111ole of t•nzymu was dt•lt•r· 
mincd from thc uhsurlmnct• ut lht• cnd of tia• n•1u·tion 
from lht• molar :thsorpli\'itY<m = 1·1,l·IOM-1t·m- 1 (11). 

Kinetic mt•asurcmt•nts uf sulfhydryl reuctivity wert• 

rnrriPd 0111 urult•r· tlu• Mllllll' t·1111diti11nM, hnth in lht• 
nh1w111·1· 111111 in lh1• Jlfl'Ml'lll'I' uf 1iJ.!;11111ls. 1'11P111io·lirsl· 
ordn or tt1•1·11111l-11rd4•r rntP t·onstunl1" \\'Pn· d1•t1·r111i1wd 
hy litlinl! tln· 1·11rrt·1"1111111linl! 1•1p111tin11-. in tlwir Jiiwnr 
forru h.r 1111·1111!'1 of th1• h•11!-!l·Hq1111n•s 1111•1h111l. 

Alk~·luli111111f :-iulfh.rdr,vl 1otru11p,o.; with lllPlh,\'I inclid1• 
waM 11d1Ít>\'t1il in u 1.0 µM 1•nz~·111p 1-w\11ti1111 in fifl mM 
1'ri11-l ICJ l111tfl•r (¡111KIJJ11\'rrniJ.?ht, ni room ll'IJ1!1t'r· 
utun· in n 1'111~1·d tulw. Th1· n•1u·1ion wal-4 Hlnrtt·il h~· 
tl11~ addil ion uí t 111' ull\yl111 inJ.! :1~1·11 t I!! µ l 1 K'I" 111il 1 ilitn 
OÍ fl'ill'linn llliXlllfl•I lt' 11 linal l'OIU't•11lralÍllll of :l!.! lllM. 

1'rt•utnwnt of thr t!rÍzymt• with m·¡ll'rlmlldt• WllH 

1wrforr1ll'd in 11. I fl! Trh1-llCJ hulft·r ((111 K.01 ut W"C 
with u f1 µM t•nzynll' 1ml11tion ur11l 11 120 nr l!.'011 timPs 
mulur cx1·1•ss of Hodium m·¡ll'rioclnlt'. Hmn¡ilc·~ oí lht• 
n•:u·tiun mixturt• wt•n• tokt•n nt ililTt·rl'nt linll's 111ul 
tlilutt•d into HKJ \'())uf u 0.1 M J,!:i~'l't•rol solutinn to tl1•· 
Hlroy tht• l'Xt't'!IN uf 111·¡wriud111t• nnions :11111to11rcpan• 
the m1z~·mc fur nsNny. 

Rt;SULTS 

Deter111i11ulio11 •if Su(l71¡¡dryl Grou¡m 11f 
G/11cos11111i11e-li-J1/111s¡1/i11te De11111i1111se 
wit/1 D1'NB 

Whcn thc rcl(•ase of TNll anions in tlw 
prcscnc1• of a high molar cxccss of DTNB 
was followccl spcctrophotomctrically, sim­
ple pscudo-firsl-ordcr kinctics was oh­
tained (Fig. 1 ). In !he pn•senc1• of 8 M urca 
or 0.5'if, SOS tlw rcaction was almos\ in­
stantancous. •'rom thcsc uxpcrimcnts, 12 
sulfhydryl groups ¡wr mole of nativc en­
zyme ancl 18 per mole of enzymc dcnatured 
by urca or SDS (2 ami 3 residues pcr suh­
unil, respectively) can be calculalt•d (Tnhlc 
IJ. ln anolh1•r experimcnt, the enzymc wns 
treated simultaneously with denaturing 
and reducing rca~ents. An cnzyme sample 
(0.4 nmol) was dialyzed ngninsl 500 vol of 
a solution containing 8 M urca, 50 mM Tris­
HCI buffer (pH 8.0, 20ºC), ami 10 mM di­
thiothreitol. Thc content of the dialysis 
sack was frc()(I of thc latter reagcnt by fur­
ther dialysis againsl a dcaerated urea-Tris 
solution of similar composition, and lhc 
sulfh~·dryls were deterrnined with DTNB 
under thc conditions described. Thc resull~ 
(Table 1) indicate thnt lhe number of cys­
teines in denaturcd and reduccd cnzyme is 
28 per mole, i.e., 5 residues percha in (ncar­
cst integer). The table also shows that in 
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Pu;. l. DTNU titrntion uf Sii ¡.trou¡n1 of nati\'e ~lu­
co.s11min~-6·11hm1¡ihah~ ÍMt1mcrast• dt·aminnst•. In n r,oo­
µI microccll, 0.fif• µM t!nzynw ami 0.fl mM l>TNB wcrt• 
mixt•cl undcr thc conditinni; dcscritwd under Mnlt·rinls 
nnd Mcthods. Ahsorhancc data al 412 nrn wcre rcad 
niwinst n blnnk without cnzynw. Tht• total numlrt!T of 
Sil p;roups per mole of 1mzrnw 02) wai.1 cakulnh•d 
from uhsorb11nc1• nl tht- end oí tlw rt•uction nnd usccl 
lo determine tht• unrcuch•d i:troups for l'nd1 tinw. 

abscncc of the denaturant, dithiothrcitol 
does not produce any cbange in thc number 
of sulfhydryls reacting. 

In anothcr experiment, a samplc of na­
tivc cnzyme was trcated with mcthyl iodidc 
for 30 min under the conditions described 
undcr Materials ami Mcthods ami dialyzed 
exhaustively ngainst 50 mM Tris-HCI (pH 
8.0); afterwnrd, sulfhydryls were deter­
mined b~· DTNB rcaction. As shown in Ta­
ble 1, mcthylntion blocks the two reactive 
sulfhydryls per subunit, whcreas a third 
one remains unchanged and can be dcter­
mined with the DTNB reaction in the pres­
ence of SDS. 

EJl'cct of Mo<l(/icntirm 1!f Re11ctive SH 
Gro11ps 011 E11zyme Activity 

Native enz~·me, ful!~· reacted with DTNB 
and containing two TNB groups per poly­
pcptide chain, was totally inactive. In otber 
series of experiments, samples of the re­
action mixture containing native enzyme 

1111<1 DTNB wt•rc tnkcn ut ditfl•renl. time in­
lt•rvalH und th1H'raction of I',,,.,, wilh n•­
HJll•ct. to Zl'ro tirrn• was dctcrmi1wcl for cal'l1 
mw. Tlw plot of Uw fract.ion of nl'livity, ns 
a function of thc nurnhcr of sulfhytlr)•I 
~roups rcaclin~ pcr mo)l! of mlzyrne, iH 
Hhown in Fil(. 2. 

To rcaetivatc tht! cnz~·me, rnodifil!cl hy 
thc addilion of TNB l(roUJ>H, u fully rcach>rl 
samplc (O.!I nmol) waH rlialywcl nl(ainHt. a 
volumc CXCl'HH of 10 mM dithiothrcitol in 
50 mM Tris-BCI buffer, pH 7.7, for fl h at 
4 ºC. Undt•r thl!Hc conrlitions, flfi'J,. of tlw 
orif,dnnl activity ww~ recovercd (avl'ra~u uf 
lwo dütcrminations). 

Thc enzyme havinl( the 12 rt•at,tivc thiolH 
modificd by mcthylation rcmainH pructi­
cally unchan1tcd in its kinctic hchuvior. 
Homotropic coopcrativily lownrd GlcN6P 
(Hill cocflicicnt = 2.3) and acth•ation hy 
GlcNAc61', 1tiving hypcrbolic kinetics in its 
prescncc at saturatin~ conccntrat ions O<m 
for GlcN6P = 0.5 ± 0.04 mM), wcn• csscn­
tially thc same as in thc untrcntcd cnzymc. 
Ncvcrthclcss, thc spccific activity of tht• 
moclified cnzymc was463 µmol min· 1 ml(- 1, 

76% of the expcctcd value (awragc of lwo 

TABLE 1 

Sl!ISllYllU\'1. Gltotlf'S lh:ACTINH WITll ll'l'NU 
1•1-;n Mm.•: lit' ENZYM~:~ 

Hc<lt'liun conditionM 

Unnwdilicd 
8 M ureut. 
0.5'.~ SDS 11 

10 mM dithiothrcitolr.J 
10 mM dithiothrcitol 

·t 8 M urca".., 
Mcth_vlnted l'nzymer.d 
McthylatC'd enzymc, 

o.r,% SDS'"' 

Thiol µrou11s Jll'r 
m11h• en1.~·nw 

12.2 ±0.:J 
17.:l±ll.fl 
18..t±l.fi 

11.!I 

28.0 
o 

6.1 

• All reuctions wcrc (1Crformcd at 20ºC with 0.7 µM 
l'nzyme, 0.f> mM DTNB, li mM EDTA, mul O.J M Tris­
HCI hufft•r (pll 8.0) in a finnl volunw of r,oo µI ltlatn 
from 6 dctcrminations}. 

t. Rl'nction t•nrricd out in the prl'Hl'nce of llw dcnn­
turin¡.? agt•nt. 

,. Scu detnils in the tcxt. 
'Avcrugt• oí two indcpcndcnl cxperimcnts. 



!18 ALTAMll!ANO, M11J,1,IEUT, ANll CALr:AGNO 

1 o 

12 

SH GROUPS BLOCKEO I MOLECULE 

Fu;. 2. Efftirt of modillr.ntion of rcnr.li\'e Sii group~ 
with DTNB on 1he ncti\'ity of glucusaminc·6·phoR· 
11hatt• iRom1!ras1• dcaminnKc. Enzynw {0,65 µM) was 
reacted with DTNR (2.fl mM) undcr thc conditionR de· 
Kcril1ed und1~rMntcrinls 11nd Mt!lhods. At ap11ropriatc 
timcH durinfr! lht• rcaction, HH.11 HamplL•s of tht! rt~· 

actlon mixture wcrc takcn and the rearl inn stopfted 
by 112f'IX dilution wilh water. The cnzymc was u.sKayed 
immcdiatcly JtH dcscrihPd, nnd frnction of l'm .. wns 
¡1lottPd u~ainst t.hr numhcrof Sii ~rouf1s reactini,: ~·ith 
DTND JM.!r mole of cnzymc at thr timl• wh1•n thc rt!· 

nclion was hroui,:ht to a hall. 

cxpcriments). This methylated cnzymc is 
insensitivc to inhibition by DTNB. 

111-Peri<Klale Tre11tme11I ofllw E11z1111u• 

The enzymc, treated with 111-periodatc 
under tbc conditions describen under Ma­
tcrials and Mcthods, rctained its specific 
acti\'ity for 30 min: after this time, no 
modifications in thiol content wcre dctccted 
with DTNB. Thc enzyme kinetics and the 
acti\'ation by GlcNAc6P werc the samc as 
in the untrcatcd cnzyme. Similar results 
were obtained when a 120 or 1200 times 
molar excess of 111-periodatc was used. 

DTNB Reactio11 m1d E.ffecl of Liga11dR on 
l/1e Reactivity of Thiol Groups 

Thc 12 cxposcd groups prcsent in thc na­
tivc cnzyme displaycd pseudo-first·ordcr 
kinctics whcn rcacting with DTNB undcr 
thc Jarge molar cxcess of thc rcagent used 
(Fig.1). The reaction ordcr with respect to 
DTNB was also one (Fig. 3). 

Tlw Hccond-ordur rntP conHl.ant al pi! 8.0 
nnd 20ºC wns ahout 2.0-2.r. M- 1 s 1• In com-
1mrison, thc Hl'con1l·or<for ral.I' constan l. for 
thc rcaction hctwcen rcduct'!I gl11t11t hionl' 
and DTNB, nt thc sanw pll ancl tcrnpcra­
turc, was four ordcrn of magnitud" lurgcr 
(4 X JO' M- 1 s" 1). 

Thu reactivitics of cxposed Sil gruups 
toward DTNB at pH 8.0 in thc prcs<>ncc of 
severa! cnzymc Jigunds are· comparl'd in 
Table 11. Nonc of the Jigands tesh>d influ­
enccd the kinctic pattern of thiol renrtivity 
or the number of groups tbat reacted. 
Whcn pscudo-first·order ratu constants are 
compared, sorne inhibition of rcactivity 
was obscrvcd in the presence of 20 mM 
GlcN6P or Fru6P; no cffect was produced 
bv ammonia or its dcad-cnd analog 
nietbylammonium. The allostcric ncti\'11· 
tor, GlcNAc6P, markedly diminishcd the 
nvailability of thiols to DTNB. Thu samc 
effcct was obtaincd with thc compctitive 
inhibitor, GlcN-ol-61' (Tablt• 11). 

DISCUSSION 

Sulfhydryl group analyses of gh1cos­
aminc-6-phospb11te isomernse dcaminnse 
revea! thrce of thesc groups ¡1er poly¡1ep­
tidc chain, two cxposed and reactive and 11 

third un reactive one, which is cither buried 
in thc cnzyme structurc or in volved in some 
kind of sidc-chain internctions tbat mnkc 
it unavailable to thc reagent. Thc simple 

; 

"' 
"o 

[oTNe] mM 

FtG. 3. Rcaction order with res111.-ct to DTNB. 
Pscudo·flrst·ordcr ratc constants. reprcscntcd on thc 
\'Crtical axis, wcn• obtaincd undcr thc sume upcri­
mental conditions descrihcd íor Fig. 2, cxccpt thnt 
the reagl.!nt concentration wns varied. 



SlJl,flllYl>l!YI, i:itolll'H Ofl <lLlll!OHAMINl·:-1;.pJ10Sl'llAT1o: lli':AMIN,\HI·: !l!I 

TAlll.1·: 11 

¡.;,.·n:•:-r 1w J,11:AN11s 11N T111-: HJ-:A•'T1\·1n 1w 1·1m11. 
nw11JJ·~ tifo' (il.llf'llSAMINE·fi·l'llflf>l'llATI-: 

J:.UJMEllAHJ-: JlJ-:AMINASE" 

J.l~und 2rul-nrdn rnte 
rnnct•ntrntion runstnnl 

(mMI (M·I H 1) Ht•1wli\'ity1' 

Nnm• 2.4!1 
GlrNAcGI' 

0.7f1 1.08 0.44 
l.W 11.1:.1 0.21; 
2.!i 0.18 0.07 

Gh•N-ol·fil' 
0.012 1.UO 0.fifi 
O.O:lfl 0.21 O.llH 

20 o 
GlcNGI' lb 2.07 O.Rf1 
fl,ru61' 15 1.80 0.74 

"Condiliom1 wcrc tl1t• sumt• aH in Table I, '-'Xce¡¡t 
thnt llTNB WUH 2 mM. Prum thc spt•ctru¡thotomctrh· 
duh!rminaliun oí thl1 rNictiun, thc JUwudo·firHl-order 
rate constant wnH fittt•d hy lim•nr fl'i.trcssion oí tht• 
scmilogllrithmic form of thl' firHl·ordcr equalion: tllf' 
corrci;ponding sccond-ordcr ronstnnt wns ohtuined 
dividing this rt•sult h~· thr DTNH com•entration. 

"Cukulatcd from 11al'h Sf'contl·nrder rnle constanl 
rclutivu lo its vuhw in nh~wnce oí ligundtt. 

pscudo-first-order kinclics of lhc rcaction 
implies also that the exposcd groups reacl 
al the same ratc, indicating a similar local 
environmcnt. A true first-order rcaction 
(zero order for DTNB) was not found, as 
would be cxpected if there wcre a rate-lim­
iting first-ordcr stcp, such ns thc unfolding 
of protein structure. On the other hand, 
second-order kinctics is expected for 
groups exposed on the protein surfacc. 
Nevertbeless, reactivity of these exposed 
groups toward DTNB is considerably lower 
than that of glutathione sulfhydryl, taken 
as a modcl of an interaction-free group. 
This finding shows that significant inter­
actions also exist in which thesc thiols 
participa te. 

The reduction experiment of the urea­
denatured enzyme with dithiothreitol re­
veals two additional sulfhydryl groups pcr 
enzymc subunit. This observation could be 
ex¡ilaincd as thc rcduction of a precxisting 
disulfide linkage in each subunit. This 
rcsult accounts for the five cystcic acid res-

iclues Jn•r oxicliz"d ¡mly¡ll'ptid1• chain ri•­
porkd to he pres1•nt (2), nlt hough 11isullidl'­
contuininl( prohdns nn• not ¡¡rnernll.I' pro­
duccd hy g ""¡¡ (12) ln•caus1! of its high 
inlracl'llular ri•clul'Ínl( poh•ntiul. Wl' cnnnot. 
uxclmh• thc oxidation uf tlw cn7.~'lllt' durinl( 
prcparation or storagc, or PVl'n thc JH'l1Hp 

ence of th1• two thiols hcing hlol'ki•il in som1• 
othcr way. J~urlht~r cxpcrhmmts aru nccp 
cssnry to cx11l11in this finding. 

Thc exposl'd sulfh~·dryl gruu11s wcri• not. 
modified hy lrl'alnwnt of th1• cnzyrn<• with 
m-periodate undcr the sanw condilions 
lhut nccording to Ripp11 et 11/. (1) produce 
oxidation of vicinnl thiols in differl'nl 11ro­
tcins. This rcsult rcveals a noticeahle 
structurnl difference from enzymcs studied 
by lhcse authors. 

Although the rcaction of the 12 ex¡1osed 
sulfhydryls with DTNB com(lletely innc­
tivales the cnzymc (Fig. 2), fü alk~·lution 
with methyl iocliclc, a smaller and charg1•­
frcc reagent, docs nol produce significan! 
kinetic chunges, excepl for n decrt•ase in 
the turnovcr number. This could he clue to 
side rcactions of mclhyl indicie with other 
amino acid side chains. Alkylution exper­
imcnts prove directly lhat SH grou¡is are 
nol involvecl in the catal~·sis or the alloste­
ric control of the enzyme. lnhibition h~· 
DTNB or mercurials (3) can he a conse­
quence of conformational clistortion of 
prolcin slruclure by the introduction of 
bulky chnrged groups. This chnnge can be 
only partially revcrscd by dithiothreitol. 

Enzyme ligands dccrc•ase lhc reactivity 
toward DTNB of thc 12 exposed sulfhydryl 
groups. The allosteric activator, GlcNAcfiP, 
und the competitivc inhibitor, GlcN-ol-tiP, 
markcdly reduce the rcactivity of lhcsc SH 
groups ancl protect them enlirel~· al high 
concentralions. The changc of the rate 
constant produccd by the allosteric effertor 
parallels thc cffect of this ligancl to reduce 
positivc coopcralivity for thc reaction of 
GlcN6P deamination, [(2), Fii:.1]. GlcN-ol-
6P, an analog of thc open-ch nin form of the 
substrale (10) and ublc to occupy the entire 
active site, produces the same effoct. The 
inhibited cnzymc displays hyperbolic ki­
netics, as expccted for an allostcric K-sys­
tem (Hill cocfficient is near 1 hetween 20 
and 30 µM GlcN-ol-61'). 
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J~rufil' nnd Gl1·Nlil', hoth 111losf!'ri1• Hllh­
slral!•s (2), nlso (Jroducc sorn1• inhihit ion of 
Sii r1•a!'li\'ily al llwronccntrations lt>sl!'<i. 
lt shoul<I he t.akt•n inlo nct·ourll thnt, 11nd1!r 
th1•s1• eonditions, suturation kirwtics is nnl 
altainl'd, hccaus1• of t.h1• low npparcnt af­
finity of the tlearninas" for tlw sugar 11hos­
phal!!S in thc ahsenc1• of tlw a!'livator 1(2), 
Fig. 2]. Amrnonium, a suhstral!', ami tlw 
inhihitor nwlhylammoniurn do not modif~· 
thc reacth•it~· of tlw cx¡1os1!d thiols. Sin1·c 
lh!' kirwlie nwchanism of tlw cnz\'rnc is st.ill 
to be dctcrmincd, this rcsult ~ia~· lw cx­
plaincd in lcrms of an ord.,rcd scqucnt.ial 
addilion of suhslratcs, but it is also intcr­
csting to note that nmmonium is nol an 
allosleric suhstratc for this cnzyme (2). 

Thc rcsults prcscntcd, takcn as a wholc, 
rule out lhi> possihle (Jarlici(Jation of sulf­
hydryl groups in lhe acli\'c or allosleric sitt• 
of thc cnz~·mc or thcir parlil'ipation in in­
tcractions csscntial for the allostcric con­
formational changc. A similar finding, lhe 
inhihition hy DTNB and iodoacelnmide, 
and thc protection against thes1• inhihitors 
pro\'ided by methylating the reactive sur­
facc sulfhydryls, has been dcscrihcd also 
for pig musclc a-phospho¡.:lyccratc kinase 
by Dékány and Vas (13). 

Reaetivit¡.• of exposed sulfhydryls is no­
tahly modified hy ligands that induce the 
allosteric conformational transition. This 
correlntion suggcsls that !he reactivity 
changes found are a simple consequence of 
a conformational ehangc in which the 
thiols do not play an cssential role. 

This n•H1•11rl'h hm1 h1•P11 Jlllrlinlly H11¡1¡1urll•d h~· 

lht• Co111wju Nnrionul 1!1• í:if'nriu y 1'1•c·r111logi11 
((~<>NA<~Y'J'), Mhh·u fHi•1wnn·h (irnnt l'C'.HABNA 
ll:!OKfiti). Tht• 1111thnrH nr1• nlH•1 in1ll•l1tt•1l l11 l)r. J-;1Jgnnl11 
f<!11rmnillu, wh1111ruvid1•d tlw íurililit•fol fnr ¡1rndurinl! 
lht• hnt't1•riu, 11111J MH. lru!rid Mnsdll'r, who kitull~· r1•· 
,.¡,11'11ami1•11rrf'rl1•d tlll' m11nusrri111. \VI' uhm th1111k 
MH. l.urn·riu Y. Anrndur for lwr vnlunhl1• llHHh~l11m·1+. 
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ANEXO 1 

In el articulo precedente, H ba utilhado el inbibidor ain 

••lida, 2-deaoxi-2-aaino 9lucitol 6-foafato, c•orbitola•ina 6 

foafato), como li9ando boaotrópico en loa experiaento• de protección. 

l•t• coapuHto fue dHcrito por llidelfort r RoH, 39 cuando trataron con 

borobidruro de aodio una .. acla del c-plajo andaa-auatrato 

(daaaaina••-Glc116P). lato• autor•• ob1arYaron una inhibición total da 

1• anaiaa, producida por un c-pue1to de bajo paao molecular, al qua 

identificaron coao la aorbitolaaina 6 foafato. 

In nue1tro trabajo raquer1aaoa de un li9ando de 9ran afinidad por 

al aitio actho, qua fueH Htable; un inhibidor dn Hlida 

(coapatiti•o), parec1a el li9ando idaal. In conaacuencia, 

aintetiaaao• 1• aorbitolaaina 6-P, r• que no •• un producto comercial. 

Bicimo• a continuaci6n la ••1oraci6n de •u purea• r au capacidad coao 

inhibidor de la 9luco1aaina 6 foafato. 

IIllTl:SIS DEL GlcN-ol-6P 

11 procediaiento •• baa6 en la reducción da la GlcN6P por el ión 

.-, dal borohidruro de aodio de acuardo con la aiguient• reacci6n1 

pH 9.0 

Gldt6P 
Procediaiento1 

i"2º" 
H~ NHz 

HOV H 
H C OH 

1 
H C OH 

1 • 
CH20-0P03 

Gldk>l-6P 

la dhuelv• 1 g da GlcN6P, foraa ácida, en 10 •1 de agua. I• 

39
Midel fort, c. y Rose, 1. (19n). liochemistry 16:1590·1596. 



agraga MaBC03 en polvo, ba1ta aju1tar al a pB 9.0; po1tarioraant• •• 

agregan 5 ..al•• da borobidruro de Ma, praviaaante di1uelto en ltOB 

0.02 11. La aascla •• ajuata a pi 9.0 f •• deja reaccionar, toaando 

auestra• para croaatografta en capa fina. I• deja la •••cla a 

t••peratura ambienta de & a 6 b, f •• daatruye •l borobidruro 

ajuatando al pB aoaantán••••nte a 1. La aescla •• p••• por una coluaaa 

de Dowax-50, forma a•, f po1t•rioraenta •••luya con acetato da aaonio 

0.0211. La aorbitolaaina 6 foafato Hl• da la coluana en un único 

pico, l•• fracciona• •• liofili••n f el producto •• conaerwa deaecado 

• -20 c. 

Valoraci6n sltl Producto 

Pureira: 

•• v•rif icó la pura1a dal coapueato obtenido por aedio da 

croaatografia en capa fina sobre caluloaa aicrocriatalina en lo• 

1iguiente1 aiat••••1 acetato da atilo1acido acitico1agua1lf83, 6121211 

f en iaopropanol1lf83 611. La• placa• •• revelaron con ninbidrina, f 

con un procediaianto para iat•r•• foafóricoa con el reactivo da 

aan••-Ilb•rwooi0
• la obtuvo un producto croaatogrUicaaent• puro, da 

acuerdo con eataa condicione• d• análiaia. Bl coapuaato en aolución •• 

detectó f •• cuantificó daterainando al foafato orgánico. 

Ensayo de la GlcH-ol-6-P como inhibidor de la desaminasa. 

•• an•aró el coapuaato en al aantido daaaainant• de la raacci6n. 

Bn la Pig. l-1 •• aueatra el patrón da inhibición de la glucoaaain• 6 

foafato dHa•inaaa por Hta polioluina foafato. Bl expariaanto •• 

biao •n condiciona• da cinética hiperbólica, en pr•••ncia del 

activador aloatirico (GlcNAc6P). B• obHrwa inhibición coapetitiva 

lineal, con una Ki del orden da 2.1¡111. Bn al aentido bioaintético de 

40
Hanes, C., lsherwood, A <1949). Nature 164, 1107. 



la raacci6n (DO •• •u11tra), tallbiin 1e obtiene inhibición 

c-petiti•a, tanto COD re1pacto • la Pru6P c- al i6n amonio. ID 

au1eacia del acti•ador alo1tirico, en condicione1 •n lH que .. 
aanifiaata 11 ciaitica iat1n1a•ente cooperati•• coa re1pacto • 1• 

Glcll6P, ae obHna el c-porta•ianto caracteriatico d• un iabibidor 

co•petiti•o en un aiat... alo1tirico de tipo K1 a bajH 

concentracion11 de inhibidor J de 1uatrato •• produce actiYación. 

(Pig. 1-2). In la figura 1-3 H •ueatran 101 r11ultado1 de una 

1imulación con pará•etro• tomado• da datoa experimental•• de nueatra 

enaiaa, ea la que H obHna e1ta acti•acióa paradójica. (Datoa d1 

Calcagao J col.1919). 
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Figura I-1. 
Patr6n de inhibici6n de la Glucosamina 6-P 

desaminasa por 2-desoxi 2-amino glucitol 6-P 
(SorN6P o GlcN-ol-6-P). La mezcla de reacci6n 
contenía una concentración sat11rante del 
activador alostérico, GlcNAc6P, en este caso, 1 
mM. La concentración de la enzima fue 2 nM final 
en el ensayo. 

Parte: a: presentación de los patrones de 
velocidad inicial en forma doble redproca. Las 
rectas fueron ajustadas por separado, mediante 
el ajuste a la hipérbole, seg6n Wilkinson (Véase 
la parte metodológica del art1culo 1). 
Parte b: regráfico de pendientes (Km/Vmax) en 

función de la concentración del inhibidor, con 
por 
11M. 

los datos del mismo expe~imento. Ajuste 
minimos cuadrados Se calc111a una Ki de 2.8 



1.1 MI min 
250 

200 

150 

100 

50 

Gldk>l-6P 
o o 
+ f5 \ti 

[8J 215 \ti 

6 '50\tl 

FIGURA 1-2 

º:.-----~ 

5 10 15 
[GlcN6P], mM 



'Yt· I r¡.f 

v/V"AX. = _..l...J:2_U.:tJ:2'-~-~~l.1!.!.!...±.~-> __ _ 

~1 
o 
+ 

0.8 [8l 

!:::,. 

0.6 

0.4 

0.2 

o 

L I ( 1 + en +do ) "+ ( 1 + n· + /1 ) I'\ 

o 
4 

12.5 

20 

L'= L/ (l+o)Y\ 

(} = ) /K) 

5 

FIGURA 1-J 

+ 

10 15 

.¡, 



Figura I-2 
Inhibición ele la glucosamina-6-P clesaminasa por 

GlcN-ol-6P, en ausencia del activador. Gráficas 
directas de velocidad inicial en función de la 
concentración ele sustrato. A baj~ concentración 
del inhibidor, (teta = (I)/Ki 4), y baja 
concentración de sustrato, se observa la 
activación paradójica proclucicla por el efecto 
homotrópico. 

Figura I-3 
Simulación ele la curva ele velocidad/sustrato, 
segím el modelo ele Monee!, Wyman y Changeux, para 
el caso general, (fijación no exclusiva). Se 
utilizaron los siguientes parámetros: n (sitios) 
, 6; J, (constante! alostérica) 400, c = 0.03 
(tomada ele los valores <le Kr = 2 mM y Kt = 65 
mM). 

Se incluye también una serie ele curvas 
simuladas con la ecuación para inhibición 
competitiva dentro del modelo ele fijación no 
exclusiva del inhibidor, suponiendo que la 
constante de fijación no exclusiva para el 
GlcN-ol-6P es igual a la constante c para el 
sustrato. 

Compárese con las curvas experimentales de la 
figura I-2 
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Svid•ac• for Vicinal Tbiola aad Tb•ir Puactioaal Rol• in 

Glucoa .. iaa-6-pboapbat• Deaaiaa•• froa Escherichia coli. 



A11n11n:~ 1w Huu·11~:M1sT1<Y At~I• H1111'11n:11·s 
\'111 21ill, Nu. :!, M11n·h, 11p. f11"1f1~f1lil, IHH!I 

Evidence for Vicinal Thiols and Their Functional Role in Glucosamine-6-

phosphate Deaminase from Escherichia co/i 

MYHIAM M. ALTAMIHANO, CAHWS A. 1.11m1mos-MINO'fTA, 
nommro LAHA-LgMUS, ANll MAIUO CALCAGNO' 

lh 1JHll'fllll/f'llfotlt• /lj11(¡11Ímim, r~11r111ff11/ tlt• Mt•dif'ilW. l!11il'f'f','{idwl Ntwimml AuffjWIJI/(/ dt•Mt:.rir11, 
A¡Ht11ml11 /'11llllll iO·J!í!I, O~!iW, M1'.fÚ'11 ('ilfl, .\11'.rico 

Rl'l'('Í\'L'il Jurw ~l.1H8H, nnd in rl'\'i!-\cd form (ktolll'r 17, l!l8H 

J\lelh)•lation of l(lurosaminc-6-phosphate isoincrase dcaminasc (2-amino-2-cleoxy-n­
glurosc·li·phosphale kelol-isomerasc, dcaminnling, or l(lucosaminc-6-phosphalt• clcami­
nasc, EC 5.3.1.10), from E.<chcrid1i11 coli produces a modifil'Cl protcin hnving lwo alkyl­
atcd sulfhydryls pcr each pulypcpliclc chain. Tlw cnZ)'lllc is still active anti allostcric, 
hui exhihits 11 lowcr homotropic coopcrativily anti its l~,. .. J E,,,,,,1 is almos! cxactly half 
lhat of the native enz)·mc. Arscnitc produces comparable kinctit· chan~cs that can he 
rcvcrsed with cthancdithiol hui not wilh 2-lhiorthanol or dial)'sis. 'fhiols can lll' oxiclizccl 
by molecular oxygen usin~ thc (1,IO-phcnanthrolinc):¡-Cu(ll) cum¡1lex as catalyst; lhe 
cnz)'llll' ohtained no lon~cr has litrablc SH groups with 5,S'-clilhiohis(2-nitrohcnzoic 
acid) and displays kinclic hehavior similar lo that of thc otht•r chtm1ieally modifil'd formi< 
of the dl'aminasl' using monofunctional or bifunctional rcagcnls. Thl• rcsults rnpurtccl 
indieate that llll' involvcd sulfhydryls are vicinal groups, and are locatcd in a rcgion of 
thc molm~ulc that 1110\'es as a wholP in tht1 nllostcric transition. •- )!1i.~1Arai1t·n1k1•r1·1111, Jnr. 

Glucosamine • 6- phos¡1hatc isomcrase 
(den mi nasc) (2-ami no-2-dcox¡·-n-~ 1 ucosc-
6-1>hos1>hatc ketol-isomcrasc, dcaminat­
ing, or glucosaminc-li-phosphatc dcami· 
nasc, EC 5.3.1.10) from Eselwrichia culi, 
which catnlyzes the rcvcrsibll• convcrsion 
of GlcN6P" into Fru6P and ammonia, is a 
hcxamcric homopolymcr that contains five 
cystcinyl rcsidues per chain (!).In a pre\'Í· 
ous publication (2) we have shown thal tite 
nativc cnzyme has two titrahlc sulfhydryl 
groups in lhc absence of ligands, and thrce 
in thc prcsencc of dcnaturants. Whcn lhc 
allostcric conformcrization is induced h)" 
thc activalor, GlcNAc6P, or hy homotropic 
ligands (lhe substrales Fru6P or GlcN6P 

1 To whom l'orres1>ondl'nce should he nddrcsscd. 
2 Abhreviations uscd: GlcNGP, U-glucmHlmine 6-phos· 

¡1hntt'; Fru6P, n-fructosc 6·¡1h0Hphntc; GlcNAc6P, N­
acctyl-o-~lucosamint.> 6-phosphate; DTNB, 5,fl'-rlithio· 
bisl2-nitrobcnzoi<" acid); SOS, sodium do<lec)·I sulfaW. 
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ami thc dcad-end inhihitor 2-amino-2-
deoxy-l.l·l(lucitoHi-phosphale), llll' rcac­
tivity of thesu l(roups towarcl D'l'Nll is 
Jlracticall¡• abolishcd. Rcduclion in lhe 
prcscnce of dcnaturants causes lhc ap­
pearancc of fivc thiols pcr polypcplide 
chain, as cx¡icclcd accordin~ to amino acid 
analysis. 'l'hc possihlc existcnce of disulfidc 
brid~cs in this protcin has airead)• bccn 
discusscd (2). 

Thc cnzyme fully modificd in lhc reac­
tive sulfhyclryls hy the inlroduction of lhc 
5-thio-2-nitrobenzoatt• group or othcr 
bulky subslitucnls bccomes inactive, hul 
the mcth¡•lation of thc samc cystcinyl rcsi­
ducs with meth)•l iodidc produces an active 
modificd cnzymc that has a lower apparcnt 
catalylie constant ( l'.,..JE,0 .,1) and is slill 
susceptible lo activation b)• GlcNAc6P (2). 
Thus, il is apparcnt that thesc two cys­
tcinyl residucs in cach polypcptidc chain 
changc their environment rcmarkably as a 

(J()().1-98Hl /8!l $3.00 
Co¡•)·riRht 1: Hfh!l L)· Aoc\t>mír l'rtt1, !ne 
Al\ ti¡rhbor rc¡iroductiun in an)' form rrtl•n-ed. 
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cons1•1¡11cn1·t• nf tlll' nllosll•ri1· transitinn, 
hnt tlw)' wnuld not s1•e111 to l11n•1• nn l'HH!'n· 
tia! role in t.his t•onfurmntion:d chanl(t• or 
in tlw cutalvt i1• rvclt• of llll' 1•11zvm1•. 

Th1• prcs¿nt st ;Hi)' d1•scrih1•H lhc k inl'l ics 
of th1• rnclll\'lnll•d 1lcaminasl' ami tlw 
chnngps prod;1c1•d hy urscnite and oxida· 
tion, in nn altl'lllJll to furthcr charm·tcrize 
thc functional role of llwHc twu rt•at·th·c 
sulfh)•dr)'ls prcsent in 1•arh suhunit 111111 

thcir relation to thc catal)·tic and :illost1•· 
ric propcrtics of th1• cnZ)'mc. 

MATEIUALS AND METllOJJS 

Mot,•riul~. GlcNAc6P wus R)'nltll'siz1•tl from 
GlrNtil' by thc prort•durt• of Lclolr anci Cnrdini (!H¡ 
otht•r biochemiculR were products from Si){nlll Chern· 
icnl Com11any (St. Louis, MO). Clwmical• wcr" re· 
a~cnl·grttdl• produrts. 

E11:y111r. Glurosnmine·fi·phosphall' hwnwrase dt•· 
aminnHt•from E. roliB (struin ATCC 1rno:JJ was puri· 
ficd, sturrd, and assnyt>d as desrrihed hy Cnlca~nu el 
al (J ), except thnt 5 mM disudium EDTA was uddccl 
to thc nssny mixture. Tht• enzynw mwd wn!-1 rlf'Ctro· 
phorclicnlly homogunt•ou~ and its molt·cular ar.tivity 
for the íorward din•ction of lhl• rt•action wus in thr 
ran~H· 1740-1770 s-1 at 30°C nml pli 7.7; iti; l'on<•cntra· 
tion wns L'nlculatcd from tlll' mol11r nhsorpli\'ily 1 27~ 
= 20.0X 10' M- 1 cm·• (21. 

Pr1•¡11.trutio11 of thr S·mdltul drrfruli1•1' qf (ll11co.'O· 
m11i111'·6·pl1ospl1C1t1• d1•umi11C1.~<'. Reartion with rnethyl 
iodidl' wns performcd at 20°C in a closed \'Íal contnin· 
in~ 400 µI of a reaction mixture com1mscd of 50 rnM 
Tris-BCI buffer, ¡ill 7.0, 5 mM EDTA, 50 mM muthyl 
iodidc, and 1.4 µM glurosamine·fi·11hosphatc dcnmi· 
nnsc. Ali11uols wcrc tnkl•n periodicnlly for sulfhydryl 
assay wlth thr. DTNB-SDS reagent, ns pre\·iouHly de· 
scribcd (2). SDS was used hecaust• lht• reaction is 
practicull~· instantaneous with dennturcd enzyme, 
mnking thr tinw course of the methylation rt•aclion 
easit•r to follo\\". Dur to tht• presrncL• of a third cys· 
teinyl residuc that rcacts only in thr presence of the 
dennturanl, 18 thiols J)('r molecule were titrated at 
zero time und six at thr t•nd of the reuction. Tht• time 
course of this rcaction is shown in Fig. l. Al·cording 
to thest• data, thc fully methylated enzyme was pre· 
pared byincubaling the renction mixturt• for 240 min, 
i.e., ti\·t· half-lh·es of the re11ction¡ afterward, it was 
dialyzrdngninst 500\'0I of 50 mM Tris-HCI buffer (¡iH 
8.0) conlnlnin¡? 2.5 mM EDTA and 5 mM dithiothreilol 
(or 8 h and 1 finally, dialyzed in 50% glycL•rol contain· 
in¡¡ the same Tris· BCI buffer and stored al -20•c. 
This modificd enzyme, whcn assnyed without denn· 
turnnts,does not ha\'r thiols tilrnblr with DTNB. 

Rcurtio11 mfl' mrm111re111r1it."i. Enzyme nssays were 

·•. 

TIME 

\ 

L--t-l(hl 
TIME 

Jo,Ín. 1. Kint•lir11 nf melhylntinn of nnli\'l' j(!uco11· 
nmint•·fi·phu1111hnlr dL•nminnsc. Runctiun conditinns 
arn descrihl•d undt•r Matcrlnls und Mclhod!t. Alic1uot11 
(100 µIJ Wl:'rt• tnhn al difTerent tinws to dC!lermint• 
total Sii groups with l mM llTNH in the preHcnce o( 

0.fi'J;, sns. to mnke th(' renctiun instnntnneUU!-1. Oh· 
srrv<• thnt une additlonul lhiol 1ierou11 pcr chain (six 
per molccul¡,) iti titrntcd, ht•cnust~ SDS wns mwd in thr 
rraction mixtun• (11re thc textJ. lmmt: semilo~arith· 
míe plot of the 11am1• da tu thnt fils to Jlflt'Udo-first·or­
der kinetics. Tht• llJlfmn•nt flrst·order rate constnnl 
was 2.4 X 1cr~ (lrnlf·lifc, 48 rnin). 

made in lhL• forwnrtl {d('uminating:I din•clion of tlw 
reaction, by menns of u Rtop·linw colorimrtric dett'r· 
mination of FruliP with the re1;orcinol-hydrochloric 
ucid runrtion (.1), 

f.h1t11 1111t1/J1Hi.o;. Kinelic dnl11 ohtnincd in the prl's· 
enCl' of nn cxress nf thc ullosterir aclÍ\'alor, 
GlcNAc6P, were adjusted lo tht• Michnt•lis-Henri 
l'quutiun nccording lo Wilkinson (5). Undl'r horno· 
tro¡1ic cooJJcrali\'c klnclics thc \'alucs far l'mu wcru 
cstimatcd using dll' iterative proct•dure of Atkins (61 
or by hypcrbolit• fit of 11 simultant•ous scrirs run in tht• 
prcscnce of suturutinl! conccntrations of GlcNAc6P. 
Bolh sets of d11t11 11rc usually similar, ns cxpectcd for 
an alloslt•ric K-syslem {7). 

RESU!,TS 

Undcr the conditions used, it was possi­
blc to methylate stoichiometrically the 
two availahle sulfhydryls in cach polypclJ" 
tidc chain. Complctencss of thc rcaction 
was verificd by the absencc of titrable sulf­
hydryls with DTNB in the undenatured en­
zyme. 

KiuelicB o.filie S-modijied enzyme.~. Ki­
netic studies of the methylated enzyme in 
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F1G. 2. Kinctics of J(lucosnminc-6-phosphatc dl'ntninase modilied hy melh~·l1llion. Experimental 
conditions nredcscrihcd undcr Materials and Methode. Datn plottcd are a\•era~es írom two separnh• 
cxpcrinwntal series. (A) Squarcs: in the prrsencc or 2.0 mM GlcNAc6P (K,,, l.63 mM); full circll's: in 
thc abscnce oí the allosteric aclivator; OJten circlcs: data from a similar series uslng natlve cnzyme 
nn~ inclucled for comparison. (8) Hill plots oí data from A; thc sanw symbols are uscd. Hill cooftl· 
cients are 3.2and J.67 for thc nativc and thc mcthylntcd cnzyme, rcs¡icctively. 

the presence of saturating concentrations 
of the allosteric activator (Fig. 2A) ga\'e 
good hyperbolic fits. The corresponding K., 
values for GlcN6P were similar for the na­
tive and the methylated enzyme; the same 
approximate values for So.r. (GlcN6P con­
centration that gives 110/l'"'" = 0.5) were 
also found in absence of the activator. The 
ratio l'm./E,0101 appeared multi¡11ied by a 
factor that is almost equal to 0.50 in ali ex­
periments (Table 1). Homotropic coopera­
th•it~· was remarkably lower for methyl­
ated enzyme, as can be secn from the corre­
sponding maximal Hill coefficient, ""'"' 
obtained from the slope of Hill plots in its 
central linear ¡¡ortion (Fig. 2B, Table 1). As 
the methylated enzyme is still homotropic, 
it is able to be acti\'ated by GlcNAc6P 
(Fig.2A). 

E.tfect of arse11ite. The enzyme was 
modified with sodium arsenite, taking 

into account that it may react as a bifunc­
tional reagent with high affinity toward 
close pairs of sulfhydryls (8-12). Sodium 
arsenite was added to a diluted enzyme 
solution (0.1 µM) in 50 mM Tris-HCI (pH 
7.8) to yield a final concentration of 1 mM. 
Kinetics of the arsenite reaction was fol­
lowed by determining periodically the 
l'max in the presence of 2.0 mM GlcNAc6P 
(Fig. 3A). The activator serves also to 
stop the reaction, because the active form 
of the enz~·me does not ha ve reactive sulf­
h~·dryls and thu allosteric activation oc­
curs instantaneously for the time scale of 
the experiment (2). The reaction gave 
pseudo-first-order kinetics and its half­
Jife under the conditions described was 
195 min. The arsenite complex of the en­
zyme was generally prepared by incubat­
ing a similar reaction mixture for 18 h 
at 20ºC. 
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T,\JILJ•: 1 

Nnti\'I' 1'117.ynw" 
Mt•lh\'l·t•n1snu·" 
ArRl'l~it1•-t•r;zy111t•1t 
Anwnil1•-t•111.~·mp 

1 t•lhurll'di t h iol' 
Nnliwl'nr.vmf' 

~ Cl'hJ,,(;u(IJ)'' 

\'.., •• / 1~·1 .. 1 .. 1 
(111) 

17:1!1 ! Ki 
HH7 ·! :i2 
mH .1 :fü 

11:m 

!lf1li 

!" 

1.IHI 
o.r.1 
o.ri:! 

J.(HJ 

OJ1f1 

¡.;_ 
lmM) '''""' llu1, 

2.0;,i 0.1.1 !1.IHU 0.02 4.K!l i O..llJ 
u;:un.1!1 1.1:u o.io .jJ1!1.t ll.!fü 
1.r.:1; 0.21 l.fi7 ~·: 0.1~ f1.HO 1 0.2f1 

1.7!1 :1.111 4.Hll 

l.liO 1.50 1'.W 

'' Hntin ht!lWt•en \'m•~//..,'1,.,. 1 vahll•t1 of nnti\'I' ami modifü•cl unz~·nw. Jlnta from 1•x¡1Primenlt1 in tlw prt•tuim·t• of 
2 mM GkNAcüP. 

'' llntn írom four IH!riN• of t•>.:11('rimt>nl1;, 11l'1ails nrl' l'XIJlaint•d in tlw text. 
'J-;1ny1m• w:u1 trt•11tl'd with 1 mM sodium nr11enite u11 clu11crihccl in Fi~. :IA for 2·1 h nrnl th1•11 inrnhtilt.•d with 2 

rnM 1.2·l'lhanl!dithiol íor 2·1 h hefon• n1111a~'. A\'l'rng1• uf two cxpi!rimrnlH. 
"fü1zyml! trl!nlcd with (l,10-plll'nanthrolinrJ:i-Cu(ll) comrilex as cnlalyHt oí thc Hulfhydryl uxitlation hy mo-

1t~cul11r uxy~cn. 

Arsenite-trcatl'd dcaminas1• display!'d 
noticeable kinetic similaritics with the 
methylatcd enz~·me. Tlw samc ch:rnge in 
l'n111J K,,, was found, wherl•:ts K,,. · for 
G kN6P wcre almos! lhe same as those oh­
taincd with native or mcth~·lntccl enzymes 
(1'ahlc J¡. Cooperativity with respect lo 
GlcN6P concentration also diminishecl in a 
similar fashion, ancl th1• enzyme was capa­
ble of being allosterically activatccl; s,,,, 
v:ducs are nol significanlly differenl in 
su lfhydryl-modifiecl enz,vmes (Fig. 4, Table 
1). Methylated enzyme was not further 
moclified by preincuhation with 1 mM so­
clium arsenite, and thc arsenite-trealed 
cnzymc no longer had t\\'ailahle SH groups 
whcn nssayed with DTNB (nol shown). The 
kinelic changes producecl by arscnite re­
mained unchangl'd after cxhaustivc clialy­
sis against a 50 mM Tris-HCI buffer, 
pHB.O. 

Attempts to remove arscniti• were made 
using a monothiol (2-thioethanol) ami a 
dithiol (1,2-elhanedithiol). Only the dithiol 
was able to re,·erse the effecls of arsenile, 
ns shown in Fig. 3B. The enzyme treatecl 
with 5 mM ethanedithiol for 8 h displa~·ed 
lhe usual homotropic kinetics of lhe na ti ve 
enzyme. 

E.ffecl qf J,JO·phe11u11throli11e-cop¡1er(l/) 
comple.r. Attcmpts were made to oxidize 
the reactive su lfh~·dryl groups to disulfide 

hridges, using lhc (1,IO-phcnnnthroline)a­
copper(llJ complex. This rea11ent is un 
eflicient cutalyst for th iol oxida! ion by mo­
lecular oxygcn (11). An enz)•me solution, 
diluted suflicicntb• to avoid polymerization 
(0.2 µM enzymc in 50 mM Tris-HCI buffer, 
pH S.O, at 200C>. was incuhated for 12 h at 
room tem11cratun• with 11 100 µM cupric 
complcx. After t•xhaust ivc clial;•sis a11ainst 
50 mM Tris-HCI buffer (pll 8.0J containing 
5 mM EDTA, an alic¡uot was taken for ki­
nctic experirncnts, and the rernnant wns 
assa~·ed for titrnble sulfh¡•dryls with 
DTNB. As shown in Tahlt• I, lht• oxidized 
deaminasc lrnllll\'CR as the other two sulf­
hydryl-modifiecl forms. Furthermore, 
practicall~· no reactive thiols were dctected 
in the oxidized e111.ymc (less lhan 0.2 thiol 
per pol;·pcptide chain ). 

DISCl.ISSION 

Methyl ioclide was uscd to mcthylate the 
two reactive cystcin~·l rcsiducs prcscnt in 
each enzyme sulmnit. Conclitions improved 
compared to lhose previously clcscribed (2) 
wcre used to minimize unclesirable reac­
lions. Alkylation was performed for a con­
trolled time and at pH 7.0, and the producl 
was treatcd with 5 mM dithiothreitol to rc­
conslitutc possiblc alkylatccl mcthionines. 
Side reactions, on the othcr hand, are im-
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FICi. 3. Kim•tirs uf nrsl'nile·trcntcd ~lucmn.uninc·ti·phosphute tlt•nminll~l'. Exp-crimcntal conditions 
nn• dl•scrihl'd untfor Muterial~ and Mcthmlto; plottl'd d:itll nn• nvcrn~t·s írnm lhr<'l' Kl'.'parntc t•X(mri· 
nwntal i;crie!'. (Al Opl•n cirdt·~: mumys in thc prl'scnrt• of 2.0 mM GlrNAcGP Ch'"· l.li:l mM); full circles: 
in thc nhsl1nt'l' oí lht• 1dlmHt•ril' llctivatnr. lHJ Hill 11\ot uf data frum A; llill eoe11icicnt is l.6ti. 

probable in arsenitc cxperiments as tríva­
lent arscnicals are híl!hl)' specífic sulfhy­
dryl rea1?ents, anil there are no other pro­
leín groups ahlc lo react wíth them (12). 
Sodium arsenite can react as a bífunc­
tional reagent, giving stahle cyclic díthí­
oarsinite dcrivatÍ\'es with \'Ícinal sulfh)•­
dryls (8-12). 

Kinetics of mclh)·lated, arsenite-bound 
or oxidized cnzyme are quite similar (Ta­
ble!); the ratio v .. .,I E,., .. ,, that is, the k, .. 
multiplied by the numbcr of acti\'c siles, 
changes to almos! half of its value for the 
native enz~·me, and homotropic coo¡Jera­
ti\'il)' is noticeabl)' rcduced. Cooperativíty 
of ali modified enz)•mes was in the /¡"'ª' 
rangc 1.6-1.7, andan apprcciable degree of 
activation by GlcNAc6P was still obser\'ed 
(Figs. 2 ancl 4). 

The observed change in l'm.,/ E10" 1 for 
the modified enzymes may be a conse­
quence of the formation of a catal)•tically 
less efficient central complex because of a 
conformational distortion produced by 

sulfh)•clr)'I moclification. Change in cooper­
atívity 11111)' be explaincd by a modification 
of thc free energy of íntcractíon betwcen 
oligomers. Data in Fig. 2 and 4 allow the 
estímate of the intrinsic constant for thc 
first binding site (K¡) from tbc absciss11 in­
tcrccpt of the initial as~·mptote of the Hill 
plots. This \'Ulue is near 22 mM for the na­
tíve enzyme ami 12 mM for tbe methylatcd 
enzyme. Thc constnnts for thc nth si te (K,,) 
can be takcn as thc K,., valucs determincd 
al saturatíng concentration of the alloste­
ric actívator ('rabie 1). The use in our case 
of constarlls ohtained kineticall)' as equi­
librium constants is un approximation, he­
cause we do not havc evidencc in favor of a 
rapid cquilibrium model for this enzyme. 

According to Wyman (13), thc free en­
crgy of intcrsubunit interaction can be cal­
culated from the equation 

t.G, = -RTln(K,,IK¡). 

At 30°C, thcse values are -5.8 and -5.1 kJ 
mo1-1 for nati\•e and modified enzymes, re-
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Ftli. 4. (A) Timt• rourt1l' oí nrKcnttl' modilicution nf 
)?luroimminc-6-r1h0Kphutc deuminmw, cvulunted hy 
nwnns ur the 1'miu: 1500 µI or n Rolution conlaininw: 0.1 
pM tz)ucosnminc-6·phot1phah 1 draminn!\l?, 1 mM tm· 
<lium nr.cnitc, 20 mM Tri•-HCI hu!Tcr (Jlll 8.0, 20ºCI, 
nml [1 mM EDTA wm~ incubutetl nt room tcm(1craturt>; 
100-¡.i.I ali1¡uotswt•rt• tuJwn nt diffcrcnt time~. Enz~·mt• 
lllñ~ayi; (colorimctrk) Wt•rc run in thc t1ruKcncr oí 2.0 
mM GlcNAc6P; cnch point wns obtaint•d from u itcrici; 
uf fi\'l' difforcnt GlrNíil' concrntrutioni-;. Thc rcuction 
follm\'¡; 11seudo·first-urder kinctics, with u ratt• ron· 
•lnnl cc¡ual to 5.8 X 10·1

• (half-lifc, !!IS mini. IB) 
Trcatincnt of tht• nrsunile-em.ymc with 2 mM 2-thio­
ethnnol (full circ1l'~} nnd 2 mM cthnnectithiol (open 
circll's). Thl• l'nzynw was inculmtt!d with ursenitc un· 
dcr tht• snmr condition~dcncrilicd in A for 18 h, in two 
sarnplcs of J.0 mi. Thcn, the monothiol waN added to 
ont> nnd thc dithiol to thc otht!r, to u final conccntru· 
tion of 2 mM. Aliquots far L'nzyml' nssay wcre tukcn 
nt diffcrmt times. 

spectivcly. This change accounts for the 
difTercnt coopcrativity of thc modificd en­
zymes and suggcsts thut the involved cys­
teinyl residues may do sorne contribution 
in thc stabilization of thc allostcric con­
formers. 

Anothcr possible explanation that takes 
in to account thc kinetic chungcs found and 
the observation that the Vn,..I E1otal is ex­
actly halved by sulfh~·dryl modification is 
that half of thc active sites of the cnzyme 
were blocked. lf this wcre thecase, it would 
be neccssary to assume that thc chemical 
changc docs not modify thc intersubunit 
interactions, and that two sets of structur­
ally difTerent but functionally equivalent 

sitcs cxiHI, onc nf llwm cnnluining lhc in­
volv1•d thiobf, lhl• lowcr hnmolropic coop­
erat.ivit~· wou!ll thon he a 1·ons1•¡¡ucnc~ of 
thc chnngc in tlw numhcr of uctiv1• sih•s. 
Tlw plll'norncnon of half-site re11ctivity in 
chcmical moclilicat ions has ht•cn dcscrihcd 
for sevt,ral cnzymes (14, lfi). Further cx­
pcriments will be nccdcd lo clnrify lhesc 
11spcct.s, parlicularly thc dircct detcrmina­
tion of thc numhcr of ac!iV!' sitcs URing li­
gnnd-liinding lcchniqucs. 

G lucosarninc-6-phosphall• clcam inns1• 
forms an nrscnitc complcx th11l remains 
stahle aftcr cxhaustivc dialysis or trcal­
mcnt with a monolhiol rcagcnl, but ils 
efTects are revcrscd hy cthancdithiol (Fig. 
3BJ, as cxpccted if a dithionrsinilc cyclc 
wcrc formed wilh a ¡mir of vicinal sulfhy­
dryls (8-12); furthcrmorc, the vicinal con­
dilion of thesc groups wus confirmcd by ox­
idution. Allostcric transition is not hin­
dcred whcn two cysteiny 1 residucs pcr 
chain bccomc crosslinkcd by combina! ion 
with trivalcnt arscnic or by thc formalion 
of u disulfidc bond. 'fhis bchavior su¡i¡.tcsts 
that thc prole in rc¡iion contuining thc vici- 1 

nal thiols movcs in thc alloslcric conform­
erizntion, kecping thc samc mutual geo­
mctrical relationships. 
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ANEXO 11 

Sn el arttculo precedente ee enalia6 la cooperati•idad ho110trópica 

con respecto a la GlcK6P mediante el gráfico de lill. Sate aétodo he 

sido discutido te6ricaaente por JeffriH WJ••n 41
, quien de111>atr6 el 

cllculo de las constante• extreaaa, r del callbio de eoergta libre 

••ociado a le transición aloatirica. Sn el léxico del modelo 

concertado de Monod, wyaan r Changeux 42, las constante• extra .. • son 

Kr r Kt, r en un aiate .. K con UD acti•ador de fijación exclu•i••• Kr 

•• igual a la b iln presencia de concentracionea aaturante• de 

acthador, (suponiendo un aecani .. o cinético de equilibrio rlpido al 

aaar). A au •ea, el G de la tranaición, está relacionado con le 

constante aloatérica L, en este modelo. 

Beaoa recurrido auchaa ••c•• a la noaenclatura del modelo de llonod 

r col., pero no ••ncionaaoa en ningún articulo si auaatroa 

datos •a ajustan a aste aodelo, o a aodeloa aáa general••• collO •• el 

caso de loa diferente• aodeloa HCuencial••. De loa dato• que ae 

aueatran •n la Pig. ll-1, •• puede obtener UD Kt • 65 all; el Kr (igual 

al Ka) •• de 2,0 all. Con aatoa datos •• puede ajustar la ecuación de 

Monod para el caso aáa general (fijación ao exclu•i•a del auatrato). 

•• utilhó la siguiente linearhación de la ecuación, r •• 11H6 a 

cabo un ajuste por aiaiaoa cuadradoa1 

y (1+<..1)•'1' 
Log ca- Y<1•cn> • Log L + (a•l) Log 

1+ Cíl 

1 • el 

le obtuYieroa loa Yalore• de L r n, la conatante aloatéric• de 

Monod, r •l número de aitioa. B• iatereaant• deatacar que loa ••lora• 

de n fueron, en todo• loa caao• aproxiaabl•• a 6, que •• lo esperado 

en el caao de UD hoaopoltaaro hexaaérico, ra que correaponderta a ua 

41
11yman J. (1964), Adv. Prot. Chem. 19:223·296. 

42
Monod, J., Wyman, J. & Chan¡¡eux, J. P. (1965). J, Mol. Biol, 

12:88·118. 



aitio actiYo por cadena polipéptidica, lin embargo cuando •• aiaula un 

a•periaento raal J •• auperponan la• cul'Yaa d• ••locidad eapec1fica 

contra concantración eapec1fic• de austrato, •• obaer•a qua a peaar de 

tener un coeficiente de correlación de O.t6t, la auperpoaición no •• 

coapleta, •ugiriendo que el aju•t• a este 110delo no •• aá1 que una 

aprodaación. 

Por otra parte, el ajuate de 101 dato• de la• curYal de Yelocidad 

inicial contra concantración de Glc•6P, para la1 •n•iaaa llOdi.ficadaa 

(tanto .. tilada, co110 ar••nilada), da •alorea de 3 para el número d• 

aitio•. Si bien esto podr1a interpratar1e en térainoe de una cinética 

de ••dio• litio•, eato no H aá1 que una polibilidad, que debe 

••rificar•• por titulación directa de 101 •itio• actiYo•. 
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Figura II-1 

Gráfica de Hill correspondiente a los valores de 
velocidad inicial en función de la concentración 
de GlcN6P, en ausencia de activador. Se observa 
la intensa cooperatividad homotrópica, que para 
este conjunto de datos, da un coeficiente de 
Hill de 3.28. El ajuste a la ecuación de Monod, 
Wyman, y Changeux para el caso de la fijación no 
exclusiva, con los valores de Kt y Vmax tomados 
de este experimento, y haciendo Km = Kr, puesto 
que se atrata de un sistema K puro, obtenemos un 
ajuste con una correlación de 0.97, y los 
valores den= 5.6 (próximo entero, 6), y J, 330. 
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liac biadiag aad it1 trappiag by allo1taric traa1itioa 
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Zinc binding and its trapping by allosteric transition 
in glucosamine-6-phosphate deaminase f rom Escherichia coli 

Myriam M. Altamirano and Mario Calcagno 
Dt'partamrnw dr Dic1quin11ca, Faculratl de Mrdicilw, U11ivcr.ticlud Nu~io11aJ Autbmt1 dt• Mb:icn, Mt•.\ifo City (Mc.xico) 

(Kcccivcd 111 Octobcr 19K9) 
(Rc\•h.cd manuM:ript rcccivcd 16 January 1990) 

Kcy words: Glucosaminc·6·pho!>phatc dcamina~c; Vicinal :.ulíl1ydryl; Suln1ydr)'I mmlific;ition; Zinc hinding 

.. Glucosamine-6-phosphate isomera'le deamlnasc from Eschcrichia coli, a typical ailostcric cnzymc, bccomes lcss 
:oopcrativc and 50% inhibitcd whcn treatcd wilh zinc. This metal cation bcha,·in¡; as a ti¡;ht·bound 1111d slow partial 

·1nhibilor. Modlfü:ation ol a palr ol vicinal rcuclivc thiols "·ith somc sulfhydryl rcagcnts mimics this cllcct. On thc othcr 
hand, sulfhydryl reacth'ity disappcars in thc prcscncc ol saturating conccntralions ol Z112 +, "'hich docs not modify thc 

--dnetlcs o( S-methylatcd cnz)·mc, a llndlni: that indicatcs that vicinal thiols are an cssential part ol thc zinc-binding sitc . 
. Allosteric acfü·ation ol thc dcaminasc cau.'les trappin¡; of thc metal, which cannol be rclcasl'd b)' dialysis against a bullcr 
contalning EDTA. Cadmium and nickcl(ll) cations also produce a similar cllcct. 

· 1ntroduction 

Glucosaminc·6·phosphale isomcrase deaminasc (1>· 
glucose-6-phosphale kclol-isomerasc (deaminaling), EC 
5.3.1.10) from Eschcrichia co/i is an alloslcric enzymc of 

···1he K-type lhal is aclivaled by N-acc1yl·1>·glucosaminc 
_6-phosphate (GlcNAc6P) [1,2]. The enzyme, an 
hcxameric homopolymer, has two vicinal sulfhydryl 

· groups pcr polypcptidc chain that are 1i1rablc in lhc 
absence of ligands, hui bccome completcly hindcred in 

... the presence of active· or allostcric-silc ligands [2]. 
Thcse reactive thiols are not essential for full activity or 
alloslcric activation of thc enzymc. lndecd, whcn thesc 

-·1hiols are blocked wilh small and unchargcd sub· 
stitucnts thc enzymc presenls a reduccd coopcralivity 
and its Vma.I E, becomcs 50% of lhe valuc for the native 

.:enzyme [3]. 
To study thc possible role or these reactive sulfhydryls 

in lhe regulation or lhe deaminase activity, we investi­
galed its ability lo bind divalent cations, mainly zrif+, 
which could be a natural ligand of the enzymc. 

Ahbrcviations: E1, total molar conccnlration or lhc cnzymc; GlcN6P, 
o-glucosaminc 6-phos,phatc¡ GlcNAc6P, N-acctyl-o-glucosaminc 6· 

- phospha1c; DTNB, 5,5'·dithio-bis(2-nitrobcru.oic acid). 

Conclipondcncc: M. Calcagno, Departamento de Bioquimica, Facul· 
lad de Medicina. UNAM. Apar1ado 70·159, Ciudad Univmi1aria; 

-~ 04510, M!xico, D.F., Mc,ico. 

Meteríais and Mcthods 

Rca¡;c11ts 
GicNAc6P wa~ prcparcd by acctylation of o-glucosa· 

mine 6-phosphatc (GlcN6P) and purificd by ion-ex· 
changc chromatography, according to Leloir and Cardini 
[4]. Olhcr biochemicals wcrc products from Sigma 
Chcmical Co. (SI. Louis, MO). Chcmicals wcre rcagcnt· 
grndc producls. 

E1J;yme 
Glucosaminc-6-phosphatc isomcrasc dcaminasc from 

E. co/i (slrain ATCC 11303) was purificd, storcd and 
assaycd as prcviously dc~cribcd [1]. Thc cnzymc wa~ 
elcclrophorctically homogcncous and ils molecular ac· 
tivity for thc forward (deaminating) reaction was in the 
range of 1700-1770 s- 1 al 30ºC (pH 7.7); its con· 
cenlration was calculatcd from lhc molar absorptivity 
fm=20.0·10 4 M-'·cm- 1 [2]. 

Enzymc mcthylatcd in its reactive vicinal sulfhydryls 
was prcparcd as dcscribcd, following the rcaction coursc 
by 5,5'-dithio·bis(2-nilrobenzoic acid) (DTNB) lilration 
[3]. 

Kinctic data a11a/ysis 
Data corresponding 10 hyperboiic kinctics werc rillcd 

by thc proccdurc of Wilkinson [5]. Undcr homotropic · 
coopcrativc kinctics, V"',. and S0.5 wcrc obtaincd 
according lo Atkins [6], and thc Hill cocfficicnt was 
calculatcd by least·squarcs fil, from thc slopc of thc 
central linear porlion of thc Hill plot. 

·-- '-'-:---·· o .. ~1:.1...r .. n V tniumcdical Divi:..ion) 
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Rcs11lls and Discll•sion 

l\i11ctic clra11gc" produccd by Zn' .. 
Trcatmcnl of E. coli glucosaminc·6·phosphalc dc­

minasc wilh 1 µ M z.inc acclatc for 2 h produccd the 
kinctic modifications shown in Table l. The Vm,.1 E, 
ratio wa& dccrcascd lo onc half of thc unlrcatcd enzyme · 
and ils coopcralivity towards GlcN6P was rcduccd, as 
can be secn from thc Hill coefficicnt. This zinc-cnzyme 

TABLE 1 

K1nr1ir cha11ge.1 at liRand1rtr or modijicd E. coli gluctJJumint·ó·phos· 
phutr draminast productd by Zn' + • 

Vm.,/E1 Parlial hm•• ' 
(•-') inhibition b 

cocríicicnt 

Unucatcd cnzymc 1740± 80 3.00±0.09 

Zinc-cniymc J 890±65 0.50±0.01 1.60±0.08 

Unucatcd cnzymc ' 1700±90 1.05±0.% 
assaycd 
+OlcNAc6P 

Zinc-cnzymc 1 895±60 0.51±0.01 1.00±0.07 
as!taycd 
+OlcNAc6P 

OlcNAc6P·enzyme 1 1730± 75 1.00±0.09 
+Une 

Mcthylatcd cm.ymc h 880± 35 0.5}±0,0~ 1.73±0.12 

Melhylatcd cnzymcJ 1 885±40 0.51 ±0.01 1.70±0.15 
+i.inc 

Zinc·cnzymc, 1690±95 2.91 ±0.17 
dial)'l.Cd J 

against EDTA 

• Data are rrom at lca!tt four cxpcrimcnts. 
b Calcutatcd as thc ratio of Vm.,/E, for fully inhibitcd and nativc 

cnzymc. 
' Obtained from 1hc slope oí thc central linear portian oí thc HUI 

plot. 
' A 20 nM cniyme •olulion in 50 mM Tris-l!CI bufrcr (pll 8.0) was 

incubated far 2 h "ith a l pM 1jnc acetate. Acccrding to data in 
Fig. l. the incubation time corresponds lo 10-.limes the halí-liíc oí 
thc z.inc-binding rcaction. Thc cnz:ymc was thcn :maycJ in thc 
abscncc oí thc activator. 

' A>Sayed in 1he prescncc of 1 mM OlcNAc6P, 
1 A z.inc·cnzymc samplc preparcd as in d, was a.ssaycd in thc prcscncc 

or l mM GlcNAc6P. Addition of 2.5 mM EDTA in an "'"Y 
mixlurc. alrcady conlaining thc allosteric activator, doo not modiíy 
this. rcsu1t. 

1 To a 20 nM enzymc solu1ion in 1hc samc buffer as in d, GlcNAc6P 
was addcd to obtain a final concenmuion or l mM. Thcn, zinc 
aceta1c was addcd lo a final C-On~ntration of l µM and lc(t co stand 
lar 2 h befare assaying it. 

• Prcparcd as describcd in a pmious papcr [4J. 
1 The samc mcthylatcd cnzymc use-O in h was trcatcd wilh znh as 

e•plaincd in d. 
Thc Zn·cniymc prcparcd as cxplaincd in d, was dialyzcd \\\ice at 
4 ° C far 4·h pcriods against 500 vol. of 50 mM Tris-HCI buffer (pH 
8.0 at 20' C) containing 5 mM disodium EDT A. 

is ulso 50% inhibitcd when a•sayed in the prcscncc of 
saturating conccnlralions oí the allo•teric aclivator, 
GlcNAc6P, and displ:1ys hyperbolic kinetic•, a.- ex­
pcctcd, Thc samc kinctic changc• havc bccn de•crihcd 
for thc dcaminase having its vicinal sulíl1ydryl• blockc<l 
by mc!hylation, arscnitc·binding or oxidation lo di· 
sulfidc [3]. On thc othcr hand, z.inc did nol affcct the 
S-mcthylaicd cni.ymc (Table 1), whcrcas thc zinc· 
saturnled enzyme had no tilrahlc sulíllydryb wilh DTNB 
(data not shown). Zinc !reatmenl had no cffcct upon 
the cnzyme in the presence oí 1 mM GlcNAc6P (Table 
1). The.-c findings, taken as a wholc, indicate thal sulfur 
atoms from vicinal cystcine rcsidues are esscn!ial for 
1liis effccl of zinc, allhough nitrogcn ,or oxygcn atoms 
from other amino acid sidc·chains may also be part of 
the zinc-binding site. Data in Table 1 also show that 
unspccific zinc binding, if significan! al the concentra· 
tion used in thcse expcrimcnts, had no kinetie consc· 
qucnccs and did nol affcct thc reportcd resuhs. 

Rcactivation by EDTA 
'{he z.inc-trcatcd cnzyme remained inhibited aftcr 

exhaustivc dialysis againsl 50 mM Tris-HCI buffer (pH 
8.0 at 20 º C), Full rcactivalion oí thc cnzymc was 
obtaincd in thc prcscncc oí 5 mM disodium EDTA, in 
the same Tris·HCI buffer. Kinclic& of lhe rcac1iva1ion 
can be followcd by mcans oí thc changc in fractional 
Vm,,. caiculated as{V.,.,. 1 -PVmu-cl//JVm-.-c• whcrc 
vm .. -I and V.n .. -c are the inhibited and non·inhibited 
(control) maximal vclocitics, respectively, and fJ is thc 
partial inhibition cocfficient (in our case, fJ = 0,50, Ta­
ble I). Thc convcnicnce oí this kind of plot of fraetional 
vclocilies in the analysis oí partial inhibitors, has becn 
shown by Yoshino (7). Rcactivation undcr thc indicatcd 
conditions occurs with first·order kinetics (k = 2.6 · l0- 4 

s· 1); this reaction rate was independcnl oí EDTA con­
cenJralion in the rangc of 5-50 mM. 

Trappi11g of Z11 1" by a/lostcric 1ra11silio11 
Thc prcscncc of the allostcric activalor complctely 

prevents the reactivalion of thc enzymc by EDTA; this 
is shown in thc set of cxpcriments depictcd in Fig. l. 
Samplcs conlaining cqual cnzyme conccnlrations were 
incuba1cd and then dialyzed at 20 ° C under diffcrcnt 
conditions, Aliquots were then taken from thc dialysis 
bag, which was attached to a plastic tube to allow easy 
removal of thc samples, at various times, and enzyme 
activity was detcrmined as Vm,,. Enzyme from curve A 
(fig. 1) was ·saturatcd with 1 mM GlcNAc6P; after 1 
min it was addcd !O zinc acetatc to obtain a final 
concentralion of 1 µM, then-lefJ 10 stand for 2 h and 
dialyzed againsl 250 vol of 50 mM Tris-HCt buffer {pH 
8.0) containing 1 ¡1M zn2+ and 1 mM GlcNAc6P. 
Undcr these conditions, zinc did no1 inhibit !he cnzyme. 
Curve B represcnts an experiment in which the enzyme 
had bccn cxposed to the same ligands as in A, but in thc 



A 
,~ 

L----~-~------11~~ 

L e 

Ttt.lt ll'll 

P'lc·t:OUr$c of lhc modification or glucosaminc-6-phosphatc 
1 activily e .. ·aluatcd l!i lhc V mu whcn thc cnzyme was 
· and thcn dialyz.cd undcr diHcrcnt conditions. Atl cxpcri· 
ere carricd out at 20 ° C, with a 50 nM cnzymc solution in 50 
1'-'iCI buffer (pll 8.0 al 20°C). As de><:ribcd in thc tc•t, 

nplcs wcrc incubntcd with two lignnds, thc allostcric activa· 
1 .c6P{I mM, 1 min), and Zn2 .. {1 f.lM zinc acctatc Cor 2 h, 
times thc half-lifc ol thc rcaction). Samplcs wcrc thcn dialyzcd 
so mM Tris-HCI buffcrs with diffcrcnt additions. (A) o, 

s first incubatcd with GlcNAc6P, thcn with ZnH. BuHcr 
ntain<d 1 mM GlcNAc6P and l µM zinc acctalc. (8) •· 

was saturatcd Vioith Zn2 -+, thcn activatcd with GlcNAc6P. 
h1¡ffcr containcd 1 mM GlcNAc6P and 5 mM EDTA. (C) e. 

s trcatcd as in (8). but the dialysis buffer contained 5 mM 
r thc thrcc c~pcrimcnb, s3mplcs wcrc takcn íor a!>."oa)' al thc 

J times, in thc prcscncc of 1 mM GlcNAcbP, to oblain thc 
-.hypcrbolic kinctics (scc more dctails in thc tcxl}. 

~ ordcr: firsl it was saturatcd with Zn2+ (1 µM 
• --iatc lor 2 h at 20 ºC), thcn GlcNAc6P was 

) obtain a final conccntration of 1 mM, and 
thc mixture was dialyzcd againsl a similar Tris-

111f!er containing 1 mM GlcNAc6P and 5 mM 
, As shown in the figure, the enzyme prcsentcd 
uubition and was not reactivatcd by EDTA up to 
pcriod. Curve C corrcsponds to an expcrimcnl in 
-- \e enzymc sample was prepared as in B, but 

·. _:against 50 mM Tris-HCl (pH 8.0) containing 5 
foDT A. In this case, the lose of the allosteric 
t -· produced the complete reactivation of the 

in l h. Thcsc rcsults providc evidcncc that 
und sulfhydryls change thcir cnvironmcnt as a 
menee of GlcNAc6P binding, and that the allos­

:vation of thc zinc-bound enzymc causes seques-
• .if the metal by the protein. 

me of t/1e modificatio11 by Z11 z + 

· .. binds slowly to the enzymc; the timc-course of 
1g can be followed by the change in the fractional 

; shown in Fig. 2. Enzyme samples werc in· 
with thc indicated zni+ conccntrations for 

,fü times, thcn binding was stopped by adding 
-\c6P to obtain a final concentration of 2 mM and 

1ssays were run to determine Vm..- Pseudo-first· 
.,Jnetics wcre obtaincd, and thc rcplot of the 
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obscrvcd rntc constants (k.,",) ngainst Zn2< concentra· 
tion gnvc a strnight linc passing through thc origin (Fig. 
2, insct). This pallcrn is cxpcctcd whcn thc cale con· 
stant for thc dissociation stcp is vcry smnll or almos! 
zcro, mcaning that Zn2 + is vcry lightly bound or irrc· 
vcrsiblc ligand (8]. Thc sccond-ordcr ratc cons\nnt de· 
rivcd from thcsc data was 820 M- 1 • ·' - 1 (pH 8.0, 20 º C}, 

Although thc zinc ion bchavcs as a tight, partial 
inhibitor of thc dcaminasc, thc cnzymc can slowly lose 
thc metal whcn trcatcd with EDT A. :is discusscd carlicr. 
From thc first-ordcr ratc constan!~ for rcactivation by 
EDTA and thc sccond-ordcr ratc constan! for zinc 
inhibition, a dissocialion constant for zinc cm.ymc of 
1.46; 10· 7 M can be cslimatcd (pH 8.0, 30ºC). Such a 
small constan! cannot givc an apprcciablc ordinatc in· 
tcrccpl in thc insct of Fig, 2. Thc calculatcd valuc for 
thc dissociation constan! can be valid only if EDT A 
acts simply by rcmoving zni+ dissociatcd from its 
binding sitc on thc protcin, without forming a tcrnary 
complcx enzymc-Zn-EDTA (9). 

Effcct of ot/icr tliva/cnt catio11s 
Similar kinctic changcs can be obtaincd trcating thc 

dcaminasc with Cd2 < or Nil+ (data not shown). Othcr 
divalcnt cations (Pb'<, Co2+, Mn2 +, Ca2 + and Mg2<) 
assaycd at a similar conccntration rangc, did not pro· 
duce significant kinctic modifications, 

30 60 'º 
TIMt, m1n 

Fig. 2. Scmi-logarithmic plot oí thc timc..course of thc zinc inhihition, 
at diífcrent cónccntrations of tinc acctatc. Fr:actional saturation of thc 
cnzyme by Znl.. (ordinatc) Vt'3S calculatcd aSc destribcd in thc lCXl. 

Enzymc samplcs (20 nM) wcrc preincubatcd ~ith thc indicatcd Zn" 
conccntrations in 50 mM Tris-HCI buffer (pH 8,0 at 20ºC) and 
aliquots wcrc 1akcn at difícrcnt times, stopping thc zinc·binding 
rcaction with thc addition or GlcNAc6P to a final conccntration of 1 
mM. Thc~c aliquob wcrc assaycd to dch:rminc Vm•• a.~ indicatcd in 
Matcrials and Mc1hods. Zinc conccntrations 'llr'crc as íollows: e, 0.25 
µM; o, 0,50 µM; .. 0.75 µM; ando, 1.00 µM, Thc inscl rcprcscnts 
the rcplot of thc pscudo-firsl·ordcr rate constants as a function of zinc 

concentrJ.tion. 
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lt could be of ndvuntagc lo study, witlt lite aid of 
nuclear magnclic rcsonancc spectrometry, using 113Cd¡; 
as the ligand, thc propertics dcscribcd herc und lite 
cnvironmental changes produccd around lhc reactive 
sulfhydryls of the deaminase as a consequencc of lhe 
allosleric transition. This nuclide may be also a useful 
spcclroscopic probe lo detecl the possiblc·conlribution 
of atoms, olhcr than sulfur, lo the metal binding sile. 

The possible role of Zn2 + as a physiologicul ligund of 
E.· coli glueosaminc-6-phosphalc deaminasc cannol be 
ruled out, if wc lake into accounl the enormous affinity 
lhal the enzyme has for zinc ion s. In this contex l, lhc 
study of free zinc ion concenlralion in E. coli cells and 
thc correlalion with ils abilily lo mclabolizc amino 
sugars, could be of intcrest. 
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ANEXO 111 

ID el articulo anterior aa bace uao de lo qua danoaioaaoa "caabio 

en la fracción da y., ... , para analiHr r praHntar loa reaultadoa da 

una iobibicióo parcial. B•iao• dHignado con la letra al 

correapoodiant• coeficiente da inhibición parcial, qua ao l•• enaiaaa 

aodificadaa da loa articuloa 11 1 Ill, ea ioYariableaante da 0.5.-La 

ordenada da la Fig. 2 del articulo Ill, repraaanta para una iobibición 

parcial, lo qua la fracción de y,.., (VNx·t/Vmax·c) •• para una 

inhibición total, por ejaaplo la ordenada d• la Fig. 2 del articulo l. 

lata aapreai6o ti•o• aplicaciooaa ioteraaantea, en •1 caao de loa 

inbibidorH irraveraiblH o fuarteaanta pegado•. ••9•143 propone, la 

gráfica da v .... contra coocaotración da eoaiaa total, para reconocer 

UD iDhibidor irr•••raible. ID auaeocia da iobibidor •• tiene una recta 

qua P••• por el origen. ID praaaocia ~· uo iobibidor irrev•r•ibl• qua 

•titula" • la enaiaa agregada a una aaacla qua cootiaoa el iobibidor, 

•• obtienen puotoa qua foraao una recta paralela al control qua corta 

la abaciaa ao el punto da aqui•aleocia. ID la Fig. III•l. •• auaatra 

una aplicación da ••ta foraa da pr•••ntar loa dato• d• inhibición por 

ID++ a una coocaotración conataote del ••tal ( 1 

conceotraciooea da daaaainaaa. 

M) r dif•r•DtH 

Bl punto da equivalencia da la •titulación• del iobibidor por la• 

cantidad•• cracientaa da aoaiaa, H aprecia como un quiebra •D la 

U.nea a, o coao una iotaraaccióo an la abaciaa en la linea c. la 

iluatrao otraa aodalidadaa ao qua puada utiliaara• al coeficiente beta 

para corregir r pra1aotar ••ta tipo da datoa. 

t. (1975) in 11Enzyme Ktnettcs11 , C1p. VII. 

Wiley-lnterscience, New York. 
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Figura III-1 
J,a ordenada ele esta gráfica es diferente para 

cada curva. En d, se ha graficado la Vmax en 
funci6n de la concentraci6n de enzima. Cada 
punto proviene de una pequeña serie de 5 
concentraciones de GlcN6P utilizada para 
calcular cada Vmax. J,as demás curvas derivan ele 
un mismo experimento, semejante al anterrior, 
pero realizado en presencia de acetato de Zn 300 
nM. El punto de quiebre en las lineas a,b y c 
tiene una abscisa de 48 nM. Se puede calcular 
una estequiometr1a de 300/48 = 6.25 átomos ele Zn 
unielos por molécula de enzima, o sea 
1.04/subunidad. 
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ABSTRACT 

The •econdary •tructure of the purified glucosamine-6-phosphaté 

deamina•e from Escherichia coli Kl2 vas investiqated by both 

circular dichroi•m (CD) •pectroscopy and empirical prediction 

method•. The enzyme vas obtained by allosteric-site affinity 

chromatography from an overproducinq strain bearinq a pUClB 

plasmid carryinq the structural qene ror the enzyme. From CD 

analysis, a 34 ,.. of cx-helix, 9 ,.. of parallel ¡¡-sheet, 11 ,.. of 

antlparallel ¡¡-sheet, 15 % turns and 35 ,.. of non-repetitlve 

•tructures, vere estimated. A joint prediction scheme, combininq 

six prediction methods with defined rules usinq several 

physicochemical indices, qave the followin9 values: a-helix, 37 %; 

¡¡-sheet, 22 %; turns, 18 ,.. and coil, 23 %. Prediction showed also 

a consider4ble degree of alternancy of a and ¡¡ structures; 64 % of 

helices are amphipathic and 90 ,.. of ¡¡-sheets are hydrophobic. 

Whole data suqqest that deaminase has as dominant motif, an cx/(3 

structure. 
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INTRODUCTION 

eatabolism of amino su9ars in Escherichia coli depends on a 9roup 

of enzymes encoded by the divergent nagE- nagBACD regulon, located 

at 15.5 min on the chromosome, which has been recently 

characterized (l-3). The p~oteins encoded by the genes nagA and 

nagB, N-acetyl-D-glucosamine-6-phosphate deacetylase (E.e. 

3.5.l.25) and glucosamine-6-phosphate deaminase (E.e. 5.J.LlO), 

respectively, are necessary for the metabolism of 

N-acetyl-D-9lucosamine (GlcNAc) to fructose-6-phosphate (Fru6P) 

and ammonia, whereas only nagB is necessary for growth on 

9lucosamine (GlcN). Both enzymes are induced during growth on 

GlcNAc, but only deaminase is induced by growth on GlcN (4,5). 

Amino sugars are essential components of cell walls and 

lipopolysaccharides and in the absence of exogenous amino sugars 

in the medium, glucosamine synthetase, gene glmS, is induced to 

synthesize GlcN from 9lutamine and Fru6P. Thus, genes nagB and 

glmS constitute an example of a classic futile cycle, one 

deqradinq, the other synthesizinq- qlucosamine. It is th~s obvious 

that these enzymes must be carefully requlated. For nagB this is 

partly at the level of transcription since the nag regulen is 

controlled by a repressor protein, the product of the nagc qene 

(2,3) which binds to the intergenic· nagE-nagB region (6). To 

induce the regulen, GlcNAc or GlcN must enter the cell (5) and 

GlcNAc6P has been. shown to be an inducer in vitre (Plumbridge, 

J.A., unpublished data). Thi• is interesting since the same 

compound is the allosteric activator of qlucosamine-6-phosphate 

deaminaae (7 ,8), thus regulatinq both the synthesis and activity 

df this enzyme suqqestinq this is indeed the · key enzyme in the 

3 
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controi of the utilization of amino sugars. 

The recent developments in the study of the nag regulon have 

qreatly facilitated research on the enzymes encoded by it. In 

particular, the DNA sequence has made lmown the amino acid 

sequ~nce of the proteins and permitted the construction of strains 

overproducing them. This has allowed us to obtain higher amounts 

of these proteins to sustain further enzymological research. 

Glucosamine 6-phosphate deaminase is the best studied of thenag 

enzymes (7-11), but little attention has been paid to its 

structural features, although progress in this field will greatly 

help in understandinq its catalytic and regulatory functions. In 

the absence of cry¡;talloqraphic structural data, but with the 

knowledge of its amino. acid sequence from D~A_ (l) we obtained some 

structural. information about the deaminase by the use two 

different and complementary approaches: circular dichroism (CD) 

apectroscopy and empirical prediction methods from the amino acid 

sequence. We also report the construction of an E. coli strain 

that overproduces the deaminase and a !aster and simpler 

purification scheme of the enzyme. 

· HATERIALS AHD METHODS 

Construct1on ot an overproductng strain. 

The gene nagB was isolated from pBJl-1 as a FspI-ClaI fragment of 

1.095 kb which is missing the nagB promoter. It was inserted into 

pUC18 digested with smaI and AccI, so that the nagB gene was 

downatream of the lac promoter. In strain JMlOl (Jaciq) 

overproduction i• achieved by adding IPTG (l mM) to exponentially 

9rowin9 cultures. In .6Jac ~raina expression ia ·constitutiva. 

4 



Glucosamine-6-phosphate deaminase was obtained from an E. coli 

Kl2 strain in which expression was consti tu ti ve to avo id the 

necessity of IPTG induction. Bacteria were 9rown in Luria broth 

containin9 ampicillin (100 µg/ml) on a 14 l fermentor and 

harvested ~urin9 exponential growth phase. overproduction was 

estimated to be in the range 30-35% of total 'bacterial protein, 

according to densitometric scans of the SDS-electrophoresis qels 
, 

stained with Coomassie blue. 

Enzyme. 

The enzyme was prepared by means of a simplified procedure derived 

from our previously published purificaÜon scheme (8). The 

following modifications were introduced: the extl"aét after 

centrifugation of sonic-disrupted cells was fractionated with 

ammonium sulfate ( 40-55 t saturation) at pH 7. 9, 4 ºe, and the 

precipitate dissolved in 0.2 M potassium phosphate buffer (pH 7.5) 

at a final protein concentration of 5 - 20 mq/ml. The solution 

was directly applied to a column of N-c-aminohexanoyl­

glucosamine-6-phosphate agarose, prepared as previously described 

(8). Ten ml of gel were used for an expected yield of 50 mg of 

pura protein. The column was washed with the same buffer and 

eluted with six column volumes of a linear concentration gradient 

of GlcNAc6P (O to 5mM) prepared in the same phosphate solution. 

The enzyme elutes as a single protein and activity peak, 

electrophoretically homogeneous, with ~ molecular activity for the 

forward reaction in the ranga of 1650-1750 s- 1 at Joºc, pH 7.7. 

Thi• i• the expected value for the pura enzyme. Yields were in the 

ranga 80-85 t. Deaminase solution wu concentrated by dialysi• 

again•t 70t 9lycerol in 10 mM potassium phosphate buffer, pH 7.5 

5 
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and ita final concentration was calculated trom the absorbance of 

the aolution at 278 nm and the molar absorptivity e • 
Z7 B 

10 4 M- 1 cm- 1 (10). Enzyme assays were made as described (8). 

Prediction Hethods. 

20.0---x 

Prediction ot aecondary structures from the amino acid sequence 

derived from DNA sequence (1) was based on the following methods: 

Chou and Fasman (12), prediction for ~-turns fr~the same 

authors ( 13) , Garnier et al ( 14) , Gascuel and Goldmard ( 15) , 

Oel6age and Roux (16), and Levitt (17), Conformational preference 

for total ~-strands and for parallel and antiparallel 

tJ-structures were also predicted according to Lifson and Sander 

(18). Several physicochemical parameters were calculated and used 

to retine ·.the joint prediction: hydrophobicity scale of Miyazawa 

and Jernigen (19), mean hydrophobicity and hydrophobic mornent 

along the sequence, by the method of Eisenberg et al. (20), 

Hydropathic index of Kyte and Doolittle (21), polarity of Grantham 

(22), hydrophilicity from Hopp and Woods (23), flexibility from 

t<arplus (24) and surface probability from Emini et al. (25). 

Calculations were routinely performed using two prediction 

packaqes developed for PC computers; PREDICT-7, by R.S.Cármenes 

(26), and SEQANAL, version 1.03, by Antony Crofts, obtained from 

Biotechnology Center , University of Illinois, USA. 

For the Chou and Fasman method, a window of tour residues was used 

to calculate Pa and P/3 values tor each residue. The method of 

Garni•r et al. was used initially with the simplest decision 

con•tant (OC) and run constant (n), beinq set OC•O; n•l. Takinq 

into account the a/! ratio obtained, a second set of calculations 
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were then made with decision constants optimized according to 

Taylor and Thornton (27); in our case, DCa=O, DC/J•20, with n•l. 

The 111ethod of Gascuel and Goldmard was used with the followinq 

conatants: N[S]cx•l.10; N[S]/J• 1,545; N(S]coi~•l.OO. Constants for 

Del6aqe and Roux method were optimizad as recommended by the 

authora for a./(J class proteins, Levitt' s calculatioñs were made 

takinq a nine-residues window size. 

Joint prediction ot secondary structures was done applyinq the 

followinq rules: 

1) Secondary structures were predicted separately by each 

of the different methods. 

2) For a sequence to be predicted as cx-helix, it was required 

that there were at least six sequentially consecutive residues 

assiqned to helical conformation. For (J-sheet, the minimum 

length requirement was set as four residues, and for (J-turns, 

three, 

3) Each residue was assigned to the consensus conformation. 

Discrepancies between dif ferent methods about the lenqth of each 

cx-helix segment were corrected by inspection, takinq into account 

the amino acid preferences for location at the ends of helical 

segments (28). 

4) Assignations were also corrected usinq phy,sicochemical 

indices. Chain tlexibility and hydropathy index were taken as 

complementary reciprocal indicatora of polypeptide seqments 

poaition with respect to hydrophobic interior of the protein. 

Seqmenta with high hydropathy and low flexibility were predicted 

H --•heeta; aeqmenta with low hydropathy and hi9h tlexibility 

were taken as lo~a (29). 
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5) Helices were predicted as amphipathic when their average 

hydrophobicity was in the range 0-0.2, with an hydrophobic moment 

of 0.3-0.4, using an angle of 100 deg. Positiva data were 

correlated with surface probability and hydrophilicity. 

6) As general indicators for outside location, reference was made 

to hydrophilicity (antiqenicíty), surface probability and poiarity 

indices. Conversely, hydropathy and hydrophobicity were taken as 

indicators on inside location to classify.a seqment as "buried" 

C1rcular d1chro1sm spectra. 

CD spectra were recorded in a Jasco J•500A spectropolarimeter 

calibrated with (+)-10-camphorsulfonic: acid. - Ultraviolet spectra 

in the 182-250 nm range were determined on a o. 65 ¡.¡M---·deaminase 

solution· .,(0.115 mg/ml) in 0.1 cm cells, at room temperature. 

Enzyme was dissol ved in 25 mM sodium phosphate buffer, pH 7. 5. 

Spec:tra were run by duplicate and data averaged. The mean residue 

ellipticity, [O], was calculated t'rom ellipticity readings taken 

each two nanometers and using a mean-residue molecular weight of 

112. 

To estímate the content of secondary structures, the CD data were 

analyzed by unconstrained least-squares fitting to the reference 

spectra of Hennessey and Johnson (30). 

RESULTS. 

Secondary structure pred1ct1on. 

Th• composition and location1 or the predicted secondary 

atructures ror E. col1 qlucosamine-6-phosphate deaminase obtained 

by different methoda and the joint acheme, are summarized in Fiq. 
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1 and Tables I and II. Althou9h all the methods assiqned most of 

the a-helices, ¡J-strands and turns in similar re9ions-;.alon9 the 

sequence, there is a considerable variation in their length and 

hence in the total amount in each cateqory (Fig. l and Table I). 

Prediction of the a-helical content is in good aqreement (36-39 

''' but there are considerable differences in the t1-strand 

prediction, ranginq from 18 to 32 t. Chou and Fasrnan, and Levitt 

methods predict~d the highest amount of ti structure at the expense 

o! a low coil prediction. The joint prediction scheme may be 

--considered more reliable that any single method (31), and we 

applied it to estímate the secondary structures of the deaminase 

and to gain some insi9ht into its folding pattern. 

Eleven a-helical segments were predicted; the region 235-240 was 

equally predicted to adopt either a a:-helix or ~-sheet 

contormation. We prefered to assign it to a helix because this 

structure shows a lower dependence on local interactions for 

stability (32). Seven helices were calculated as amphipathic; 

three as hydrophobic, and one as hydrophilic. The latter occurs in 

a region predicted as flexible, polar and hydrophilic (Table II). 

Conversely, nine ¡J-strands in a total of ten predicted, are 

hydrophobic. This correlation between hydrophobicity and tendency 

to !orm a ti-sheet is apparent in data depicted in Fig. 2. 

Calculation ot con!ormational pre!erences for ~-strands ot Li!son 

and Sander (18) predicted 23 t o! total tl·structure distributed as 

9 t ot parallel and 14 t o! antiparallel atrands. 

It i• interestin9 to point out that in ten highest peak• o! 

!lexibility, five correspond to segmenta predicted as p-turns, 

thr•• aa coil segments and one as a-helix. 
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An overall picture of the secondary structure prediction i• 

pre••nted a• a •chematic diagram in Fig. 3. 

CD Spectroscopy. 

Th• CD spectrum of the glucosamine-6-phosphate deaminase is shown 

in Pig. 4. In the 182-250 nm range, where the spectrum reflecta 

the •tructural pattern of the polypeptide chain (33), the CD curve 

exhibita a positiva peak at 192 nm, a negative shoulder around 210 

nm anda negativa extreme at'219 nm. Analysis of the spectrum by 

mean• of the Hennessey and Johnson reference spectra (30) gave the 

atructural coefficients shown in the bottom line of Table I. 

Since the aum of these coefficients was close to 100 \ and no 

negativa contributions from any of 'the structural types were 

obtained, the analysis can be considered satisfactory (30, 34). 

The curve .• reconstructed from the estimated content of secondary 

•tructure• fitted well the experimental spectrum (Fig. 4). 

Therefore, the use of the variable select!_~~ method (35) wtiiC:h in 

•ome cases improves structural estimation, was not necessary to 

analyze our CD data. 

10 



DISCUSSION 

We have compared the contributions to the structure of deaminase 

of cx-helix, ¡¡-sheet, ¡¡-turns and non-repetitive structures as 

estimated by various prediction m~thods with that calculated from 

CD spectra. Notwithstanding the inherent uncertainty of structure 

prediction methods, the stronq correlation found suggests that 

reliable information about glucosamine-6-phosphate deaminase has 

been obtained. 

Glucosamine-6-phosphate deaminase gave a GRAVY index (Kyte and 

Doolittle, 21) of -1. 85, that corresponds to a soluble globular 

protein. The cx-helix content was 37' (prediction) or 34 ' (CD); 

and the ¡¡-sheet content was 22 t (prediction) and 20 % (CD) ; 

according to Taylor and Thornton (27), proteins having more than 

35 t of cx .structure and more than 15 t of 13-sheet usually belong 

to the class of cx/ll proteins; The double prediction method from 

Deleage and Roux ( 16) also asssigned the deaminase to the a./13 

family. 

A considerable degree of alternancy of ¡¡-strands and a.-helices is 

also apparent in predicted structure (Fig. 3); furthermore, two 

thirds of helical segments were predicted as amphipathic (i.e. 

hydrophobic on one side and hydrophilic on the other) and 90 t of 

p-strands as hydrophobic (Table II and Fiq. 2). These data 

suqqest a possible folding pattern for deaminase of the cx/(J type 

with a central core_of ¡¡-sheet& surrounded by helices with their 

hydrophilic sida exposed to the solvent. 

There are other additional indications of a major co~t of a./fJ 

structure in the deaminase molecule. The CD spectrum of the enzyme 

(Fic¡. 4) has features considerad by Manavalan and Johnson as 
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characteristic of a/fJ proteins (33) , such as the intense positive 

band at 192 nm and two negativa bands at 219 and 210 nm, with the 

first more intense than the second. Amino acid composition of the 

deaminase is also consistent with this conclusion; calculation of 

the index proposed by Nishikawa et al. (36) to correlate whole 

protein composition and predominant supersecondary structuré gave 

a distance from origin of 2.71, that fell centrally in the range 
. , 

for a./fJ structures. our prediction is also consistent with the 

observation of Thornton and Chakauya (37), about a./(3 proteins 

which usually present a N-terminal (3-strand and a e-terminal 

helical seqment. 

Our results, both from CD and empirical prediction, indicate that 

(3-sheets are not predominantly parallel or antiparallel, but that 

there are ,considerable amounts of both types of strands. It is 

worthwhile to note that Lifson and Sander prediction gave also 

good quality data, taking CD as a reference. This distribution of 

parallel and antiparallel strands may indicate the presence of 

different types of folding units (38) in this polypeptide chain, 

in addition to the classical (3a(3 fold of a/(3 proteins. If we take 

also into account the chain length of deaminase (266 residues), 

the possibility that the polypeptide chain ot the enzyme would be 

tolded in two domaina with differ.ent foldinq pattern, cannot be 

rulad out. 

It has been shown that two vicinal cysteinyl residues in deaminase 

molecule, change radically their reactivity with the allosteric 

transition (10, 11). According to our prediction, only two 

cysteines are located in seqments ot polarity, 

hydrophilicity, flexibility and positiva sur'tace probability • .,,_, 

12 



These are Cya 118, located in the sinqle helical seqment predicted 

as hydrophilic (115-124), and Cys 239, located in seqment 

predicted as a ~-turn (239-244). On the other hand, cysteines 219 

and 228 are located in a zone predicted as the most hydrophobic of 

the whole polypeptide chain. Sulfhydryls from Cys 118 and 239 are 

probably the vicinal pair described by Altamirano et al. (11), 

which exhibits a high. affinity for zinc (39). As the accessibility 

of the sulfhydryl-Zn cluster chan9es durinq the allosteric 

transition, the polypeptide chain around cys residues 118 and 239 

merit more attention in future studies with regard to the dynamics 

of the allosteric conformational changes • 

.. 

·-
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LEGl!!ND roa FIGURES 

FiCJ. 1. Diaqrammatic representation of secondary structures of 

qlucosamine-6-phosphate deaminase, predicted from its amino acid 

sequence, usinq different methods: CF, Chou and Fasman (12, 13); 

GOR, Garnier, Osquthorpe and Robson (14); GG, Gascuel and Goldmard 

(15); DR, Deleaqe and RÓux (16); L, Levitt (17); LS, L~fson and 

Sander (18); J, Joint prediction. 

P'iCJ. 2. Comparison of ~-structure prediction (joint) with the 

hydrophobicity scale of Miyazawa and Jerniqen (19); window size, 7 

residues; relative weiqht of window edges: 100 '; linear weiqht 

variation. Predicted ~-strands are denoted as bars. 

FiCJ. 3. ~chematic diaqram of predicted secondary structure of 

qlucosamine-6-phosphate deaminase by the joint scheme. 

FiCJ. '· Far UV CD spectrum of qlucosamine-6-phosphate deaminase. 

Continuous line, experimental curve; dotted line, spectrum 

reconstructed from analysia of the experimental data. Spectra were 

run by duplicate and data averaged. Bars indicate the deviation of 

th• two me asures. Sea details in the text, under Haterlals and 

Hethoda. 

17 



j 

FOOTllOTIS 

Abbreviations: "'GlcN, 0-glucosamine; GlcNAc, N-acetyl-

o-9lucosamine; GlcN6P and GlcNAc6P, their corresponding 

6-phosphate estera; Fru6P, Fructose-6-phospha~e; IPTG, isopropyl-~ 

-D-thioqalactoside; ~D, circular dichroism. 

correspondence M. Calcagno, Departamento de B~oquimica, UNAM; 

Apartado 70-159, Ciudad Universitaria; 04510, Mexico, o. F. 

MEXICO. 

Fax (525) 5483603. 
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• 
T A BLE 

Percent of secondary structures of 9lucosamine-6-phosphate 

deaminase, from aeveral prediction methods and CD spectroscopy. 

METHOD cx-HELIX {3-SHEET {3-TURNS COIL cx+{3 

CF 39 32 18 11 71 
, 

GOR 39 18 16 27 57 

GG 36 20 44---- 56 

DR 40 22 18 20 62 

L 39 30 15 15 69 

LS P: 9 
AP: 14 

TOTAL: 23 

JOINT '• 37 22 18 23 59 

CD 34 P: 9 15 35 54 
AP: 11 

TOTAL: 20 

• Prediction methods are indicated with the same abbrevations as 
in Fig.l. 
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TABLE 11 

Joint prediction of secondary structure of E. col1 qlucosamine-6-

phosphate deaminase. 

Residue predicted 

number. structure 

1 - 7 

8 - 17 ex 

.. 
18 - 22 

23 - 34 coil 

35 - 38 13 

39 - 45 ºturn 

46 - so 13 

51 - 59 ex 

60 - 62 coil 

lenght. 

7 

10 

5 

12 

4 

7 

5 

9 

3 

21 

e o m m e n t s 

ffl9h hydropalhy. Low fleKlbl l lly, 
hydrophl 1 lclty and •urface proba­
bl llly, 

Aaphipathlc. 

Hl9h hydropalhy, Low hydrophl 11-
clty and eurface probablllly. 

Floxlbl l lty peak. Kedlla hydro-

phi llclty. Low hydropathy and 
hydrophob 1 el ly, 

Hl9h hydropalhy. Low flOKlbl 11• 
ty, hydrophlllclty and 1urface 
probabl 11 ty. 

Flexlblllty peak. Low hydropa-
lhy. Kaxlul va1u1 for turn 
propona l ty. 

Allphlpalhlc, Th• aln9lt flexl-
ble {iJ a•9Hnl prodlcltd. 

Allphlpalhlc. 

ex-{il COMICt.lon 



22 



140 - 143 turn 4 Hl9h rlexlbl llly and •urface 
~probablllly. 

144 - 150 turn 7 Probeble loop. Hl9h flexlblllly 
and polarlly, Low hydrophoblc l ly. 

151 - 156 a 6 Allphlpalhlc. 

157 - 161 f3 5 

162 - 172 coil 11 Hl9h hydro~thy. Low flexlbl l lly 
hydrophlllclly and 1urface 
probablllty. 

173 - 176 turn - 4 Hl9h flexlbl 11 ly, polarlty and 
aurface pro babi 11 ty. 

177 - 183 coil -- 7 Flexlblllty peak 

184 - 190 7 Hl9h hydrophoblcl ty. 

191 - 199 a 9 Lo" polarlly, hydrophlllclty and 

aurface probab l llty. Hydro-
phoblc hel lcal ae9•ent. 

200 - 205 6 Hl9h hydropalhy. Lo" flexlbl llly 
hydrophl 11e1 ty and aurrace 
probabl 11 ty. 

206 - 218 a 13 Lo" polar! ty, hydrophl llclty and 
aurtact probabl l lty. Hydrophob 1 e 

h•llx. 

219 - 222 turn 4 Hl9h hydrophoblclty and hydro-
pathy. Kedlla flexlbl l lty. Hydro-
phoblc turn. 

223 - 226 f3 4 Hl9h l\ydropalhy. Lo" floxlbl 11 ly, 
hydrophoblclly •nd 1urrac• 
probablllty. 

227 - 232 coil 6 Hl9h hydrophob 1 e lly and hydro-
palhy. 
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233 - 238 ex 6 Overllpped predlctlon or ex • (3, 
Pred 1 cled 11 a.· accordlnQ lo 

Blou (ZBl. 

239 - 242 turn 4 n .. 1b11ny peak. Hl9h hydro-

phlllclly, polarlly and •urface 
probabl 11 ly. 

243 250 ex 8 Amphlpalhlc. 

251 - 254 turn 4 Hl;h r1 .. 1b111ty. 

255 - 266 ex 12 Amphlpalhlc. 
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Thia i• a piece of nice work. The experiments are well planned and the discussion is 
thorough, although 1ome parts may be somewhat speculative. The authors may wish to 
consider the follpwin1 commenta and make some minor revisions. 

Lack of x-ray diffraction studies of numerous proteins has prompted us to est:!Jiiate 
th• 11condery acructure of a protein by aequence predictiou methods and analysis of CD 
apectrum. Bowever, che1e methods are all empirical. Therefore, there is no justification 
to lilt che reeult• in Table I to the fint decimal. For instance, a helfcity of, say, 
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According to G.D. Fasman (Prediction of Protein Scructure and the Principles of 
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authora chooae five sequence prediction methods, including Chou and Fasman and Garnier 
et al., which in turn lead to a joint prediction. Nevertheless, it is difficult to 
predict ita perceotage accuracy. 

Because it ia not lmown a priori which reference proteins constitute a good basic set 
for CD analyaia, Manavalanand Johnson [Al:ial. Biochem. (1987) 167:76-85] have now proposed 
a variable aelection procedure added to, the method of Hennessey and Johnson to i.mprove the 
e1timat1on of various conformations in a protein. Wh1le the Bennessey and Johnson method 
uaed in thia paper appears to give an excellent curve fitting (Fig. S), che authors may 
care to refer to the Manavalan and Johnson procedure in the discussion. 
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ANEXO IV 

Bn el cur•o de ••t• inv••tig•ci6n, h•ao• callbi•do da cep• b•cteri•na. 

Bl tr•b•jo •• inició con E. coli 1, capa ATCC 11313 (Articulo• I, 11 r 

III), induciendo la axpra•ión da la d••a•ina•a por ••dio d•l cultivo 

de la bacteria en gluco•a•ina, co•o única fuente d• carbono r de 

nitrógeno, 11 proca•o de purificación era largo f co•to•o, pue8tO que 

para obtanar centid•d•• •uficiant•• de proteína para reali•ar 

••tudio• ••tructurala•, partiaao• de una fermentación d• 350 litro•. 

A p•rtir de la colaboración ••tablecida con la Dra. Jacquelin• A. 

Plumbridge, del In•titut de liologi• Phy•ico-Chi•iqu• de Pari•, 

di•poneao• da •u• cap•• hiperproductora• de la d•H•ina•a en E. coli 

KI 2, r purifica.o• la •n•i•a a partir de ella•, Co•parendo la 

d•H•inHa da E. coli K12 con l• de E. coli B, haao• obtenido lo• 

•iguiant•• dato•1 

1. L• ••cuancia N-tarminal ha•ta al r••iduo 32 •• idéntica en la• do• 

proteína•. 

2. Lo• electroenfoquH entre pB 3 y 9 da allba• ensi•a•, en •u forma 

nativa o en urea 6 M, dan •igracion•• idéntica•· 

3. Bl ••tudio cinético de la• d••••ina1a• da una r otra cepa, r•vala 

iguale• par.t.etro• Michaeliano• (Kll, Vmax/(B), igual cooparativid•d, 

evaluada por el coeficiente de Bill •áxi•o (hmax) r so.s, • igual 

curva de activación por GlcMAc6P. 

Por otra parte, d Dr. Alfried Vogler, no• ha hecho llegar la 

••cuencia dal gen a.91 de Klebsielle pneumoniee, que pre1anta gran 

ai•ilitud con la da E. coli, con •ólo 15 •u•titucionH en 266 

r••iduo•. B•h• evidencia•, permiten •uponer que li exht• alguna 

variación en la ••cuancia de a•inoAcido• de allb•• da•a•ina•••• (lo que 

es poco probable) é1ta •• ••nor o •uy con•ervadora, y caree• de 

r•p•rcu•iona• ••tructural•• r funcional••· 

Por lo anterior, una ••• d•mo•trada la identid•d de la• •nai•••, 

decidiao• c•llbiar a Escherichie coli Kl2 1 ••pleando fund•••ntal•ante 

2 cepHI 19 JM101, y la llPC'561t, tran.torm•dH con plb•ido• pUC18 

portadorH dal gen a.91 de la d•H•inaH proveniente de E. coli lt12, 

ra ••a en •u forma •ilve•tre, o con •ut•nt•• en •itio• ••pacifico•. La 

ventaja del callbio de cepa, con•i•t• en la obtención de •ayor cantidad 

de enai•• gracia• al e•pleo de cepa• •obreproductora•; ••to no• ha 



peraitido ada•A• •i•plific•r •l e•que•• de purificación J facilitado 

po•terioraente la producción de en•i••• ganétic••ente llOdific•d••· La 

poaibilidad da contar con abundancia de protain• •• funda•ental para 

••prendar e•tudio• que conaumen grandH cantidad•• 4• •n•i•• c01101 

cri•t•lo9rafia de rayo• X, experi•entoa de daanaturaliaación J 

renaturaliaación da la de•••in•••• experi•anto• d• uni6n da ligando• 

en equilibrio (diAlhh eo equilibrio, •étodo de Bumd J Drarer, 

etc,), 80dificaci6n qui•ica ••guida de frapentaci6n r anUhb de -

péptidoa, ••tudio• de DicroiallO circular, etc. 

Bn la figura IV-1 H •ueatra un gel da poliacrila•ida con la 

t.icnica da Lae-u44 an al qu• •e obHr•• un extracto crudo de la• 

diatint.aa clona• •obreproductoraa da la d••a•inaaa. 

4
\eennl i, U.K. (1970), Neture. 227:680·6115. 
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Figura IV-. 

Sobreproducción ele la glucosamina 6-P 
<lesaminasa <le Escherichia coli Kl2. La 
construcción ele la cepa y las condiciones 
ele expresión, se describen en el articulo 
IV. En el primer carril ele la izquierda, 
se colocó una muestra <le desaminasa pura, 
para referencia. En el í11 timo carri 1 de 
la derecha, aparece una mezcla ele 
calibración (67, 43, 36, 30 y 24 kDa). En 
los carriles centrales, se corrieron 
muestras <le protelnas totales de 
Escherichia coli, preparadas disolviendo 
una muestra ele bacterias en el 
amortiguador ele muestra. Cada carril 
corresponde a una clona diferente, ele la 
bacteria transformada. 



ARTICULO V 

Vicinal tbiola of Escherichia coli glucoaaaine-6-pbo•pbate 

deaain•••1 Loc•liaation along tbe aequence, •ita directed 

autagen••i• and cbaracteri1ation of autant en1ya••· 



VICINAL THIOLS OF EscHERICHIA..oCOLI GLUCOSAMINE 6 PHOSPHATE 

DEAMINASE: LOCALIZATION ALONG THE SEQUENCE. SITE-DIRECTED 

MUT AGENESIS ANO CHARACTERIZATION OF MUT ANT ENZYMES 

Mrria• 11. Altaairano (1) , Mario L. Calcagao (1) aad Jacqualia• 

A. PlUllbridga (2) 

1. Dllpartaaaato da Bioqulaica, Facultad da Medicina, Uaivaraidad 

Nacional Aut6aoaa da México. P.o. llox 70-159, Cd. Uaivaraitaria, 
Ot510, llaxico Citr, D.P., llaxico. 

2. Iaatitut da Biologia Phrlico-Cbiaiqua; 13 ltua Pierre Ir Maria 
Curia, 75005, Paria, Praaca. 

ltUllHING TITL1:1 Tbiol locatioa aad autanta of 

glucoaaaiaa-6-pboapb•t• daaainaaa. 

1tarworda1 Glucoaaaina-6-pboapbata daaainaaa, aita-diractad 

autagaaaaia, alloataric conforaariaation, viciaal aulfbrdrrl• 

Autbor•a talafax1 (525) 5t80387 (llaxico Citr) 

(331) t0468331 (Paria) 



SUMMARY 

We know from DNA eequencin9 that glucosamine-6-phoephate deaminaee has 

four cysteinyl residuee, at positione 118, 219, 228 and 239. on the 

other hand, chemical modification experimente ehowecl that the enzyme 

has a vicinal pair of •ulfhydryla, aemi-eeaential far catalyeia and 

allosteric regulation. Theee groupe become protected when the enzyme 

is activated by homotropic or heterotropic ligande. They are aleo 

involved in Zn-binding by the protein. Being theee groups the only 

reactive thiole in the nativa enzyme in the abaence of ligande, we 

cyanylated them specifically with 5'-nitro-2-thiocyanate benzoate 

(NTCB) and clsaved the chain at thiocyanoalanine reeidues, by aikaline 

hydrolysie (Dégani-Patchornik cleavage) to locate theae groupe along 

the polypeptide chain of the enzyme. Fragmenta were analyzed by 

SOS-gel electrophoreeis. The cleavage pattern indicatee that Cya-118 

and Cya-239 are the reeiduea bsaring the vicinal reactive thiole. 

Three eite-directed Cys~Ser mutante at theee positiona were then 

constructed, by the oligonucleotide method. Both single replaced and 

the double replaced enzymes were obtained. Kinetic studiee of the 

genetically-modified enz:ymes confirmad the semieesential role of the 

thiol paire; aingle-subetitutions had the same effect of double 

substitution or chemic&l block, lowering the apparent k cat to the 

half of its value far wild-type enzyme. The effect of Cye replacement 

ie more complex in relation to cooperativa kinetics of the enzyme. 

Single substitution Cys-llS~Ser, did not affect the allosteric 

behaviour of the enzyme. Subetitution at Cys-239, causad a lower 

homotropic cooperativity, changing the Hill coefficient (h)from 3.0 

(wild type) to 2.0. The double substituted enzyme had a minimal 

homotropic cooperativity (h = l.25). From Hill plots, it may be seen 

that the more conspicous changa in allosteric behavior, is the 

reduction of KT, from 65 mH (wild type) to a-10 mM in the double 

replaced protein. These resulta indicate that Cys reeidues make a 

eignificant contribution to the structure of the T-conformer of the 

deaminase. 



INTRODUCTION 

Glucosarnine-6-phosphate deaminase from Escherichia coli, is an 

oli9omeric protein formad by eix identical polypeptide chaine ( l) 

which Hquence is known from DNA ( 2). Thi• enzyme catalyze• the 

reversible conver•ion of o-9lucosamine-6-phoaphate (GlcN6P) into 

D-fructoae-6-phosphate and amnonia, and is allosterically activated by 

N-acetyl-D-glucoaamine-6-phoaphate (GlcNAc6P) (3,4). The deaminase is 

encoded by the nagB gene, located at 15.5 min in the bacterial 

chromoeome (5); thi1 gene ie a component of the divergent regulan 

nagE-BACD which wu recently characterized (2, 6, 7). The amino acid 

eequence of the enzyme (2) 1howe four cyeteinyl• residuee, which are 

residuee 118, 219, 228 and 239. Chemical modification etudiee carried 

out in the deamina1e from E. coli B, have demonetrated the presence ot 

two vicinal 1ulfhydryl 9roup1 per polypeptide chain, which react with 

different thiol re119ents only when the enzyme is in ita leH active 

alloeteric conformation; upon allosteric activation by homotropic or 

heterotropic li9ands, theee thiol• become completely protected (8,9). 

They are aleo involved in Zn++ binding by the deaminaee and when the 

Zn ++ •bound enzyme changee ita conformation by allosteric activation, 

it eequeetere the metal ion, which cannot be released unless the 

enzyme return to the 1eu active conformation ( 10). The •electiva 

chemical block of thia pair of eulfhydryls by methylation, oxidation 

to an intrachain disulfid• or reaction with arsenite, producea 

aignificant kinetic changes: a lower cooperativity toward GlcN6P and a 

changa of molecular activity to near a half o! the value for the 

native enzyme (9). Binding of •ome divalent cationa H Zn ++ , Cd++ 

and Ni++ had simi.lar effect (10). The1e reeulta indicata • 
aemi-e•sential rola ot vicinal thiola, for both catalyai• and 

allo•teric activation, Thay aeem to b• located in • region ot the 

polypeptid• chain undugoing an important structural changa 

concomitant to the allo•teric transit.l.on. Changéa in cooperativity 

indicate that thh ia not aimply a puaive di•placement, having th• 

thiol pair aome role in the allo•t•ric equilibrium. Th• chamical block 

ot th••• 9roups mak•• aleo tha an&yme le11 catalytically efficiant, 

and ita po•sible that thay would be locatad et the neighboura of th• 

activa aita. W• do not know if theee two Hpecta ot vicinal thiola 



roleon deaminaee mechaniem are a coneequence of the •ame kind of 

interaction•, and if in thi• function both are needed aa a v ic inal 

pair. Being both groupa equally reactive, the chemical modif ication 

approach doee not allow to evaluate their aeparate contribution to 

catalyai1 and regulation. In order to pureue thie 1tudy, we have 

undertaken the locali:r.ation of the pair of reactive thioll along the 

~eaminaae polypeptide chain¡ we uaed then thia information to 

conatruct the correaponding Cy1 Ser mutant1, which made poasible to 

characteri:r.e the functional contribution of each thiol of the vicinal 

pair. For convenience, these groups will be denomipated along thia 

paper as thiola Rl and R2, in their aequence order. The corresponding 

aite-directed Cya Ser mutante will be alao referred aa mutante l and 

2, 

s 



KAT!RlALS ANO Ml!:THODS 

Resgents 

Biochemicah and moet reagent• were trom Sigma Chemlcal Co., (St. 

Louie, HO, U.S.A.). GlcNAc6P wae preparad by acetylation of GlcN6P and 

purified by ion-exchange chromatography, according to Leloir and 

Cardl.ni (11). 

Bacteria and enzymea 

Wild-type E. coli glucoeamine-6-phosphate deaminase was obtained from 

an overproducing atrain, ae previouely deecribed (12). In the firet 

part of thi• paper, we identify by chemical methoda Rl and R2 thiole 

a• Cye-118 and Cye-239, reapectively. According to thi• firet 

evidence, three Cye Ser mutante of the deaminaae were con11tructed: 

Cya-118 Ser (Kutant 1), cya-239 Ser (Hutant 2) , and the correeponding 

double euabtituted enzyme (mutant 1,2). The E. coli etr.sin uaed for 

traneformation, IBPC546R had a kanamycin-reeietance caeeette l.n P.stl 

eite in na.gB gene, to obtain e null mutation at chromoaomal level. 

Thi• etrain ie D-lac and deaminaee ia expreaaed conetitutively. 

Bacteria and enzyme were produced aa deacribed (12)¡ thia procedure, 

developed to purity the wild-type protein was aleo ueeful to obtain 

the variantproteine. 

Overproduction wae controlled by enzyme aeeaye and 

SDS-polyacrylamlde gel electrophoresi1 in the Laemrnli diecont inuous 

1yetem {13). Purity of all enzyme eamplee ueed wae verified with the 

eame electrophoretical procedure. Glucoeamine-6-phoaphate deaminaee 

from ditferent mutant• wae overproduced in the 25-35\ range, referred 

to total bacterial protein, eetimated by denaitometry of coomaaaie 

G-250 atained gel alabe. 

The concentration of wild-type or genetically-modified enzymee w&re 

calculated from the abeorbance at 278 r1111 ot their aolution in 2S mK 

Tria-ffCl butter, pH 7.8, uein9 tha known molar abaorptivity for th• 

wild-type protein (9). Mutante at Rl and R2 •itee, are not expected to 

produce abaorptivity chanqee ot the enzym• at 278 nm (14) .l!:nzyme 

auaya and kinetic data proceaeinq were made ee deecribed (8,9). 

,Unl••• otherwiea apecified, kinetic data were obtained at pH 7.7 and 

J0°c. 

• 



Reactive thiole (Rl and R2 9roup•) were determined with 

5-5 '-dJ.thiobh-(2-nitrobenzoic) acid, (DTNB), at pH e. o, 2oºc, in th• 

preeence of 5 mM EDTA, •• deecribed (8). After the completition of the 

reaction , 10\ sos wae added to obtain a final detergent concentration 

of l\, and the new formed 2-nitro 5-mercaptobenzoate (NMB) waa 

meaaured. 

Specitic cyanylation ot RI and R2 thiol• 

A 5 lM wild-type deaminaee eolution wae cyanylated under 

non-denaturing conditiona with 2 mM NTCB in 50 mM potaasium phosphate 

buffer pH 7.50, containin9 2.5 mK dieodium EDTA (buffer A). The courae 

of the reaction wae followed epectrophotometrically at 412 nm, a9ainat 

an appropiata blank in a double-beam epectrophotometer. 

Cleavage ot cyanyl•t•d enzyme. 

Specitic cleavage of deaminaae polypeptide chain at Rl and R2 thiolB 

wae performed by the procedure of D69any and Patchornik (15). Aliquote 

ot 2 - 3 nmolea of deaminaae in 100 ll sample• , were cyanylated 

overni9ht under the non-denaturin9 conditions deecribed, which 

modifiaa only Rl and R2 9roup•. Reaction mixture wa• then dialyzed 

a9ain•t buffer A to 9et rid of NTCB and NMB, then treated with 50 mK 

N-ethylmaleimide (NEM) ter four houre in 3. 5 M 9uanidinium 

thiocyanate. Thi• •t•p wae introduced •• an attempt to block a buried 

eulthydryl group, hi9hly reactive upon denaturation (8) which would 

produce undesirable •ide reactione with thiocyanoalanine residuea in 

Rl and R2. Samplea were then dialyzewd againet water; the precipitated 

protein wu diuolved adding eolid guanidinium thiocyanate to get a 

final concentration of 3.5 M, and the pH wa• adjuated to 9.S with O.l 

vol of 0.9 M potaeaium borate buffer, pH 9.5, and eome O.l M KOH, if 

necc•••ary. sampl•• were left at 37 ºe for 24 h, th•n dialyzed a9ain•t 

SO mM Tria-HCl buffer , pH 6.8 ueing a dialy•i• mernbrane with a cutoff 

of 2 kDa (Banzoylated dialy•i• tubing, Sigma Chamical co.J, and etored 

fro~en. Some diluted eamplee were concentrated by l.l.ophyllization. In 

all caeee, dialyei• were performed in microchainbere obtained from 

tranevereally cutted 1.4 ml !ppendorf m.l.crofuge plaet.l.c tub•• with a 

piece ot dialyeia 

membrane trapped under the lid, in a 1.l.m.l.lar way ueed by Reinard and 

JacobHn (16). Th•H d.l.aly•i• chamben were vi;orouely etirrad in a 

flaek contain.l.n9 the d.l.alyeit' buffer. 

1 



El•ctrophoreticsl sepsration ot cleavage tragments. 

Deaminsae ssmples sfter Dégany-Pstchornik cleavage at residues Rl and 

R2, wera fractionated by sos-polyscrylamide gel alectrophoresi•, 

u1ing Laemmli discontinuoua eystem (14) and 0.75 mm ·thick gel •lsbe. 

Stacking gel had 6. 5\ of total acrylamide concentration with 3. 5 \ 

cross-linking. Separation gel wa• 21\ with a crosa-linkage of 0.5 \, 

Low cross-linking wsa uaed to improve gel pliability. Both gela 

contained 10\ glycerol, to elow diffussion. These gels yield good 

eeparations in the range 30 to 3 kDa. Protein banda were detected with 

the sil ver staining procedure of Wray et al. ( 17). Cysnogen bromide 

fragmenta of sperm whale myoglobin, glucoasmlne-6-phosphate deamlnase, 

trypainogen (phenyl-methaneaulfonyl fluoride-treated), aoybean trypsin 

inhibitor, b-lactoglobulin snd a-lactalbumin, were uaed ae molecular 

weight •tandards, Myoglobin BrCN fragmenta, which were prepared 

according to Groes and Witkop (18) gave the five-bsnd pattern 

described by Kratzin et el. (23). 

RESULTS ANO OISCUSSION 

Selecti.ve cyenylati.on of R1 and sulfhydryls of 

glucosami.ne-6-phosphate deami.nase 

Wild-tipe non-denatured deaminaae wae cyanylated with NTCB ae 

described under 1t11eeri.als 11nd Methods. The reaction followed 

pseudo-fist-order kinetice, as expected for two equally-reacting 

groups. A second-order rate constsnt of 2.1 x io28 1 
M-

1 

was calculated for the reaction at pH a.o and 20 ºc. The stoichiometry 

ot the reaction, calculated from the NMB anion formed, wae 2.07 

eulthydryle per polypeptide chain. Accordin9 to thia result, and the 

known reactivity of deaminaH 1ulfhydryl•, Rl and R2 qroupl were 

complately cyanylated. The s-cyanylated enzyme, atudied at the 

deamination direction of the reaction had a kc•t ot 820 :t 42 8 1 and a 

ICM for GlcN6P of l.20 :t 0.07 mM, when HHyed in the alloeteric 

activated form, in the preeence of l mM GlcNAc6P. In the ab1cence of 

the activator the enzyma display• po1itive cooperativity, with a Hill 

coatficient of 1.60. The1e kinetic chan9ea indicate that s-cyano 

deaminue behave1 aimilarly aa other modietied form• ot the enzyme 

involvin9 Rl and R2 aulfhydryle (10). 

Cleavage at Rl end 112 eulthydryl• 

• 



The fragmenta from 069ani-Patchornik cleavage (l5)of 

glucoaamin•-6-phoaphata deamina1a , eeparated by sos-polyacrylamide 

gel electrophoresia , are shown in Fig. 1, lane A. A control aample of 

non-cyanylatede enzyme, aubmitted to all aubsequent atepe described 

under Material• and Methods, waa run in lane B. Four cleaved fragmente 

were tound of 27, 17 , 13 and 3.5 kDa. The latter ia ueually faint, 

and probably moat of thia eomponent ia 101t in tha fixation and 

ataining 1tep1. A considerable amount of enzyme tramaine une lea ved. 

This may due to incompleta hydrolyeie,but it may be also a consequence 

ot eide reactions, mainly b-elimination ( 15). Other possible 

interference, i• the loae of cyano group from thiocyánoalanine 

residuee by reaction with buried 1ulfhydryl1 expoeed on denaturation. 

Thil cauae of lou of s-cyano 9roupa &t Rl and R2, was kept low by 

adding tha guanidinum 1alt in the preeance of a high concentration ot 

NEM. Incompleta cleavage, giving ehain tragmerunta split at only one 

modifiad cyateine, i1 evident from Pig. 1, and the achematic 

interpretation 1hown in Fig. 2. In thia figure, the 1egment11 between 

cyateinyl reeiduea are deeignatad with letter1 trom A to ! and their 

calculated molecular weight 11 given. The fragment of 17 kDa may be 

only BCOE wich calculated molecular weight i1 16,636. Thi1 provee that 

Cy1-ll8 i1 one of the cleavage 1ite• and identical to Rl. The presence 

of a peptide pof 27 ltDa euggeete that the other eleavage, 

correepondin9 to R2, may be cloee to e-terminal end of the ch&in. 

Then, the mo•t probable location tor R2 il the reeidue 239, it we 

identify the 27 kt>a fragment with ABCD (26,574 Da) and the 3 kPa band 

with eegment !. Accordin9 to thil interpretation, the 13 kDa band 

obaerved in Fig.l containe peptide fra9ment1 A (13,210 Da) and BCD 

(13,364 Da), which were not resolved under our experimental 

conditiona.Pig. 2 aunvnarizet thie information, and •how1 the po1ition 

of cyetainyl re1idue1 eorre1pondin9 to Rl and R2 1ulfhydryla. 

T.itration ol thiol group• lrom Cy•~S•r mutante. 

Mutante l, 2 and 1,2, were conetr.ucted, and the correapondin9 

9enetically-modif iad var1ione of the enzyme were purif ied, a1 

deaeribed under lfeter.i•l• and lf•thode. In theH variant protein•, 

Hrine wu introduced to replaca cyateine, H changa thar may be 

conaidered H 1truct11rally conHrv1tive. The thre• modified 

protein1obtained from mutante, were activa and 1lloeteric deamina1e1, 

and the affinity chromato9raphy 1tep withan immobilized analog Of th• 
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activator, worked aimilarly with wild-type and mutant protein1. 

Sulthydryh were titnted in the thr•• 9enetically-modified 

enz:ymee, undar natl.ve and denaturin9 condl.tione, and the resulte are 

1ummariz:ed in table I. Data from the wild-typa enzyme are al10 

included for compariaon. !nzymee from mutante and 2, lack one 

reactive aulfhydryl, and both are abHnt in the double eubat ituted 

enzyme. Thie reeulta confirme the identification of Cye-118 and 

Cye-239 •• the reeiduea correaponding to the vicinal pair Rl-R2. There 

ie a buried cysteinyl reaidue, reacting almost inetantaneoualy after 

denaturation. The fourth cyateinyl reaidue il not titrable by the 

thiol-diaulfide exchange réaction with DTNB, and it may be oxidized, 

forming an interchain diaulfide bond. 

It would be expected that cysteinyle 118 and 239 be located at a 

euparficial, polar and flexible aeqmenta of the polypetide cha in o! 

the enzyrne. From circular dichroiam apectroacopy and a cornbination o! 

predictiva al9orithma from amino acid aequence, we have proposed a 

eecondary structure and a folding pattern for glucoaamine-6-phoaphate 

deaminaee (23). According to thia model, cya-118 appears in the 

eingle hydrophillic a-helical 1egment, which waa alao predicted ae a 

flexibity peak, and Cya-239 il located in a predicted b-turn, givin9 

high •cores of surface probability and flexibility. On the other hand, 

Cy1•219 and Cya-228 are located in hydrophobic 1egment• predicted a1 

aa buried. 

From chemical reactivity experimenta, we know that cya-118 and 

Cya-239 are close placed in the three-dimensional structure of the 

enzyme, because their thiola behave a• vicinal group•. Thair 

croas-linkage these reaiduea by oxidation to dieulf ide or by araenite 

or zn
2

• binding (9, 10) did not produce an important conformational 

diatortion of the enzyme. Indeed, croaa-linked deamina11ee batween 

relidu11 118 and 239 bahave kinetically •• th1 enzyme having th••• 

cy1teine1 modified with monofunctional aubstituanta. 

Kin•tic• ot g•n•tically-moditi•d gluco1amine-6-phosphat• deamin••••· 

Th• kinetic behaviour of the thr•• modif ied deaminaaes, !rom mutant• 

l, 2 and the double mutant 1,2 h eummarized in table II, Data !rom 

wild-type enzyme were aleo included tor referenca. Th• doubl• mutation 

preHntl the moat marked kinetic chan9••1 tha apparent cat&lytical 

constant•, Vrnu/ [IJ, 1.a. the micro1copic eatalytic•l kcet timH th• 

numl:ler of dtH, changa• from 1800 • ·
1 T-to 900 • •

1 in the 

• 



9enetically-modified en:r.yme, while «• valuea changa from 2.0 to o.e 
mH. Both •ingle mutanta preeent •imilar changes in their kinetic 

behaviour, a• shown in table II. Being glucosamine-6-phoaphate 

deamina11e an alloateric enzyme of the K-type (1), theae data were 

obtained under hyperbolic kinetic•, obtained of a aaturating 

concentration of the alloateric activator, GlcNAc6P. In the absence of 

thie ligand, the en:r.yme from the double mutant displays positiva 

cooperativity, but lower than the wild-type en:r.yme, with a maximun 

Hill coefficient of l.S. The enzyme obtained from mutant l displays an 

unmodified cooperativa behaviour, when compared with the natural 

protein. On the other hand, the en:r.yme from mutant 2, is distinctly 

leas cooperativa, having a Hill coefficient one unit lower. 

Kinatic• changa• produced by the double •ubatuitution of Cy•-118 and 

Cye-239 by aerine residuea, are e•eentially the same a• thoee induced 

by aeveral kinda of chemical reactiona modifying the corresponding 

thiola. Thi11 reeult point• out that these kinetic changas are due to 

the lack of the free thiol pair and are no depending on eteric 

factora or produced by the presence of modifyed chemical groups. 

Both •ulfhydryl•, from Cy•-118 and Cya-239 are necesaary for the full 

catalytic capacity of the R conformar of the deaminaee, but their 

precise role muat be established. 

we have already •hown that the alloateric transition is interferred 

by the chemical block of the pair of reactive thiole. The observad 

changa in the value of Hill coefficient, i• due to a considerable 

reduction of the KT, •uggeating that the thiol• may have aome function 

in the •tabili:r.ation of the T-conformer (9, 10). Preaent experimental 

evidence pointa out that thi• function muat be attributed mainly to 

Cy•-239, becauae the • Cya-118 Ser replacement did not affected the 

allo•teric behaviour of the deaminaae. 

t 
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'I' A B J, E 1 

Sulfhydryls groups reacting with D1~B , 
of deaminase subunit. 

per mole 

NA'l'IVE DENA'l'URED 

Wiltl-type 

Mutant 1 
cys-118-Ser 

Mntant 2 
Cys-239-Ser 

Mntant 1,2 
cysllB-Ser:Cys-239-Ser 

2.04 0.09 3.10 0.11 

0.96 o.os 2.02 0.05 

1.05 0.13 1.89 0.07 

0.11 0.04 0.96 0.06 



Km 

Wi ld-'l'ype 1.92 

Mntarot 1 0.75 
Cys-118-Ser 

Mntant 2 0.85 
Cys-239-Ser 

Mntant 1,2 0.79 

TA B J, E I I 

KINETIC PARAKETERS OF Cys-Ser MUTANTS 

OF GJ.UCOSAMINE 6-PHOSPHATE DEAKINASE 

(mM) 
k cat 

(s-1) 

0.14 1810 45 

0.02 900 62 

0.07 846 57 

0.03 896 48 

h 

3.09 o.o¡ 

3.03 0.08 

2.10 0.20 

1.24 0.12 



b 

• 

...... 
FIGURE 1 · 

'--' 



Figure 2 

A 

228 

Mr = 29,846 Cleavage fragEnts 

A__= 13,210 A 13,210 (13 kDa) 

e= 11,021 lllJE 16,636 (17 kDa) 

e = 1,090 AOCO 26,574 (27 kDa) 

D = 1,253 Je) 13,664 {13 kDa) 

E= 3,272 E 3,272 (3.5 kDa) 



Figure 1 

Electrophoretical separation of polypeptide chain 
fragments of h coli glucosamine-6-phosphate deaminase, 
obtained by clevage at the selectively cyanylated 
s11lfhy<lryl groups. Arrows indica te fragments of 27, 17 
and 13 kDa. 

Figure 2 
Schematic representation of the polypepticle chain of 
E. coli glucosamine-6-phospahate deaminase. 'l'he position 
of cysteinyl residnes was indicate<l, ancl the fragments 
between them were clesignated with letters from A to E, 
in the seq11ence or<ler. Ca lc11lated molecular weights of 
the segments is also given. Molecular weights in<licated 
between parenthesis, are estimated valnes from 
electrophoresis gels. 



ANEXO V 

Llaaará la atención que en el articulo 1, aenciona•o• la 

exi1tencia de 5 reaiduo1 de ciateinilo por cadene, aientra1 que en le 

enaiaa proveniente del gen nagll clonado por la Dra . Plllllbridge, •• 

encuentran 1ólo ', B•ao• repetido la1 titulaciones de tiolea en 

condiciones netivaa y reductoras, con laa enai .. • de allbaa capea, 

encontrando idéntico• reaultadoa: doa grupo• BB reactivo• en la forma 

a, y uno oculto, aW1a•ente reactivo en la proteína deanaturaliaada. Bl 

balance a ·' o 5 chteiniloa, iaplica la aupodci6n de que exhten 

uniones s-s intra o intercateneriaa. Por reducción y di6liaia, en 1987 

babíaaoa titulado ,,6 SB total•• por cadena, cifra qua radond•a•o• a 

5, toaado en cuenta que en la coapoaici6n da aaino6cidoa de eata 

anaiaa reportada por Calcagno y col. 
21 , •• da taabién asta cifra, 

Para •erificar la exhtancia da unione• diaulfuro, be•o• bacbo la 

titulación de Tbannbauaaer y col, 
45 qua revela a la ve1 grupo• BB y 

s-s. Bl resultado fue iguel an laa deaa•inaaa1 da E. coli a y ltl21 

tres cietainiloa reducidos y uno oxidado por cadena, en un total de 

cuatro. Se trata pu•• da un error da redondeo en al articulo ¡, 

B1toa datos de titulación da diaulfuro1 •• co•plaaentaron con 101 da 

la• autantaa cya ser an lo• otro• doa re1iduoa de ciatainilo, 

daacartadoa coao co•ponantaa del par vecinal, •• decir Cya-219 y 

Cy1-22s. Nuaatroa re1ultadoa preliainaraa indican qua al priaero da 

e1toa reaiduo1 •• al que aparece oxid1do, formando una unión entra 

cadana1. Beaoa podido aislar al di•aro corre1pondiente, por 

electroforeaia an gel de poliacrilaaida. Bapera•o• coapletar 

próxiaaaente aste e1tudio con la de1naturalhación téraica de la 

en1iaa nativa y la1 •utante1 de loa ci1tainilo1 oculto1. 

45 
Thannl>auser, T., Konishl, y. and Scheraga, H. In "Methods in 

Enzymolo;y" (1987). Vol. 143:115·119. 



DISCUSION Y CONCLUSIONES GENERALES 

Lo• principal•• re1ultado• de e1te trabajo •• refieren a la 

localiaación r caracteri1ación funcional de un par d• •ulfbidriloa de 

laa ciateina• 118 y 239. Loa experi••nto• pr•••ntado• en ••ta t••i• 

per11iten concluir que •• encuentran en po•ición ••cinal en el 

plega•i•nto tridi•en•ional de la proteina. Lo• ••tudio• de dicroi•­

c:ircular y diferentes algorit•o• de predicción de ••tructura 

••cundaria de la daaaainaaa, •ituán e1to1 re1iduo1, en regiones 

flexibles, •uy bidrofilica• y •uperfici•l•• (ArticulolVJ. 

Conocer el papel de lo• 18 •uperficial•• en la función de la 

enaiaa, •• una de la• preguntas que no• plantaa901 en ca•i todo• loa 

articulo• de e1t• ••ria. Si bien no be80• co•pletado la elaboración 

de un modelo preci•o, pod••o• afin1ar lo• •iguiente1 pUJ1to11 

l. No •• localiaan en el eitio activo, ni p•rticipan en la unión de la 

porción é1ter fo1fato del 1u•trato, co90 •• b1 reportado para la 

enai•a foefogluconato de1bidrogena1a de Candida utilis y otra• en1i•a1 

9lucolitica146 o de la •ia del fo1fogluconato, Sin embargo eata par de 

tiole• parece encontrar1e en la1 proxi•idade1 del 1itio activo, ya que 

•u bloqueo con grupos polares volumino•o• inactiva la en1i8a (Articulo 

I). 

2. Su condición •••i•••ncial p•ra la actividad de la enai•a •e 

relacione con 1u carácter de par vecinal. Bl efecto de •u bloqueo con 

grupo• pequeño•: aonofuncional•• (•CB3, •CJI ), bifuncion•l•• 

(ar1enito, cationes divalent••), •u oxidación a di1ulfuro o •u 

r•••pla10 por 1erina1, no interfiere con la unión de 101 ligando• al 

eitio activo, puesto que no •• -difica •ignificativa•ente el Ita para 

la GlcN6P, pero 1i afecta el •ecani.ll•o catalitico, ya que la kcat., 

46
Rippa, M., Bellini, T., Slgnorlni, M y Dolocchlo, F. (1981). J. 

Biol. Chem. 256:451·455. 



di••inuy• • exact•••nt• a la •itad con reapecto a la •n•i•a control 

(Articulos I, II, III, V). li bien no •• ba e1tablecido con certeaa el 

••cani••o cinético de l• ensi•a, axi•t•n evidencia• a favor de un 

••cania90 de equilibrio rápido al asar 47 En au••ncia de dato• 

tenodiná•ico•, ••to permita ••najar l•• Jla coao indicador•• de la 

afinid•d da lo• •itio•· I• po•ibl• entone•• que ••to• grupo• 

•ulfbidrilo participen en al ••cani•ao de le anai•• en f oraa 

indirecta, jugando UD p•pel •••i•••ncial en lo• cambio• 

conformacionalea durante su ciclo cetalitico. 

3, Con re•pecto a •u participación én la conforaeriaación alo•térica, 

le interpretación •• •á• co•pleje. Se detecta taabién una función 

••aieaancial, ya que tanto •u bloqueo quíaico, coao au reeaplaso por 

••rina, diaainuye la cooperatividad boaotrópica con respecto a la 

GlcN6P, y por lo tanto, el urgen de activación por GlcNAc6P, 

(Articulos II, III). Z•t• aisao efecto •• aanifiesta, en la doble 

•utante y en la autante •iapl• del residuo 239. 11 caabio por •erina 

de la ciateina 118, no produce caabio• boaotr6picoa •ignificativo• 

(Artículo V). l•to indica que en ••ta función, aabos re•iduo• no son 

aquivalent••· 

Un podble •odelo, podría incluir un papel predo•inanta de la 

cistaina 239 en la estabilidad del conf 6rmero alo•térico ••no• activo 

(form• T, en la no•enclatura de Monod), y un efectoparitario da aaboa 

grupos en la foraa R, en algún estado conformacional ••ociado al ciclo 

catalítico, • independiente del equilibrio alostérico. Un argU11ento a 

favor da la participación da la ciateína 239 en la estabilidad del 

conf6raaro T, •• la dia•inución del ltt en la enai•• modificada, co•o 

si ésta queda•• en un Htado intermedio entre R y T, •in poder 

alcanaar plan•••nte la conformación ••nos activa, Sin embargo as 

i•portante no perder de vista que los callbio• •ás sobrasaliantes en la 

cooparatividad •• observaron cuando •• bloquean aabos tiolas. Co90 •i 

47
colcogno, M ,y col. datos no publ loados. 



la cya 118 por ai aola no puadiera producir una interacción 

eatabilisadora dal confóBero T, paro contribuyera a asta eatructura 

cuando eat6 preaante al tiol da la Cy• 239, 

Loa tiolas de allboa ciateiniloa conatituyen un buen aarcador de la 

tranaición aloatirica, En el tarcar articulo, •• aprovecha eata 

propiedad para eatudiar la interacción con •l sine. E• preci••••nte l• 

gran afinidad que tienen eatoa grupo• &B por al sine lo que no• lleva 

• conaldarar qua, el afecto del bloqueo de ••toa grupo• aulfhidrilo 

vecino•, no •• aiapleaente un hallasgo experiaental, aino qua podri• 

aar un aacaniamoa da regulación da la actividad de la anaima, a 

travia da •u interacción con el sine, Un hacho en favoir da ••ta 
poaibilidad, •• al aiguienta1 cuando no conocia•o• la axiatancia da 

ea toa grupo• ••cinalaa, y la anaiaa no •• ensayaba en praaancia da 

BDTA, el coeficiente da Bill, •ariaba da un lota da ansiaa a otro, J 

ara frecuenta encontrar qua raactivoa qualant•• da •atal•• como al ADP 

J al ATP, aU8antaban la cooparatividad, A partir da la introducción 

del BMA en la aescla da reacción para anaayo da la daaaainaaa, la 

cooperatividad hoaotrópica Do •aria, J al papal de loa nucleótido• 

coao po•iblaa modulador•• aloatiricoa negativo•, ha aido daacartado, 

Una interpretación unificadora de loa callbioa cinético• obaervado1 

cuando •• modifican loa tiol•• vacinalaa, •• diacuta en al articulo 

lI, éata H refiere a la posibilidad de que al bloqueo da tiolH 

produsca un callbio en la enzima que ••• a au ••s la cauaa da un 

coaportaaianto conocido como "cinética de ••dio• aitio•" ( half of the 

ait•• rHctivity) 
48

, que h• aido obaervado en alguna• prote!nu 

oligoairicaa. Una aanifeatación da ••t• coaportaaianto aon la• curvaa 

de aaturación bifásica•, que revelan la axhtencia de sitio• de 

diferente afinidad. Tallbiin •• han obaervado ciniticaa de aodificación 

quiaicada reaiduoa ubicado• an aitio• ligant•• con raactividad 

bifáaica, J en alguno• caaoa buta 90dificar la aitad de loa grupoa 

48
Hertzfeld, J •• tchiye, y J1..r1g, D., (1981). Biochemistry 20: 

4936-4941. 



para inactivar por co•pleto a la en•i•• ~9 • Bate co•port••i•nto •• ha 

obaervado an tetrA•eroa r hexá•aro•, r revela una a•i•etria 

preaxi•t•nt• en la aolicula. En la d••••in•••, aata ••i••tri• podría 

••r generada coao conaecuencia del bloqueo de lo• grupo• IR vecinal••, 

ai el núaero de aitio• conaiderado de por lo aeno• 6 ea la easi•a 

nativa, di••inuye • 3 ea l•• proteina• aodificadaa. En eata aituación 

la coaatant• catalitica aparente, diaainuiria a la aitad ain que ••• 

aacaaario poatular un callbio en la kcat aicroacópica. Bata cinética de 

••dio• aitioa inducida por el bloqueo de lo• tiolea, puede explicar 

por ai aiaaa el callbio an la cooparatividad boaotrópica. La 

dependencia da la cooparatividad con raapacto al nÚllero da •itioa •• 

evidente, r puada varificarH por aiaulación. Coa lo• paríi•atro• 

aloatirico1 de la de1aaina• nativa que •• praaaata en el articulo 2, 

(Kr • 2 llM; Kt • 65 llM, r ••i• aitio•)· heaoa aiaulado la curva da 

velocidad ••pacífica an función de la concentración ••pacifica da 

GlcN6P, obteniendo una curva da cooparatividad poaitiva, coa un 

coeficiente 4• Bill aAxiao del orden da tr••· late coeficiente callbia 

a 1.5, cuando •• aiaula la ecuación coa lo• ai1ao• valor•• da Kr y Kt, 

pero con la aitad da lo• aitioa. E•to• r••ultado1 •on congruente• con 

loa obtanidoa expariaental•ant• con la• an•i••• aodif icadaa qua tienen 

un coeficiente de Bill entre 1.5 - 1.6. 

Sólo tena•o• evidencia• cinética• da un núaero de •itio• activo• 

igual a 1eia r no heaoa verificado diracta•anta eata dato en la ansiaa 

nativa r ea la• .adificadaa. lin eabargo al aodalo da la aitad da loa 

aitioa no deja de ••r atractivo, porque repr•••nta una interpretación 

única de loa do• tipo• da caabio• ciaitico1, generado• por al bloqueo 

de loa tiolea. 

'· La predicción da eatructura aacund1ria y lo• eatudioa de dicroiaao 

circular, aportan r••ultado• qua an conjunto paraitaa ubicar 

taxon6aicaaeate a la deuainaaa, en la faailia 4e laa" protainaa,.,/12 , 

(Articulo IV). DHtacan an priaer lugar 1 la alternancia da Hgaentoa Q' 

49
Macquarri, R. y Bernard, S.(1971), J. Mol. Biol. 55:181-192. 



con •egaento•~, el c•rácter bidrofóbico de l•• boje• beta plegada•, y 

el carácter anfipático de un gran porcentaje de bélicH elfa. B• 

intere•ante de•tacar la -1ocaliaación de lo• grupo• IB de le 

de•a•ina•a, en eatructura •ecundaria obtenida en eata predicción. lólo 

do• ciateín•• la 118 y 239, •e encuentran en la superficie de la 

proteína, •ientraa que la 219 y le 228, ae localiaan en re9ione1 •uy 

bidrofóbicaa y predicha• co•o oculta•. lato• re1ultado1 te6rico1 ae 

correlacionan con 101 obtenido• experi•ental•ente e~ el articulo V en 

el que ae de•ueatra que laa ci1teina1 118 y 239, ion laa que for11an el 

par de tiolea vecin1le1. 

La• auatituci6n de loa tiolea vecinale• de laa ciateínaa 118 y 239 

podríen producir un cambio de confor11aci6n que afecte algún paao 

intenediario del •ecaniaeo catalítico. To•ando co- referencia el 

aecani•- de Roae
20 

(Fig. 3), podriaeoa preguntarnos ai en la• 

autantea cambia la accesibilidad al agua de la• for11aa protonadaa 

intenediaa o la capacidad de la proteína para eatabiliaar la 

cis-enola•ina inteniediaria. 



PERSPECTIVAS 

El eatudio d• loa grupoa aulfbidrilo de l• gluco•••ine 6 foaf ato 

iao••ra•• no •• un capitulo cerrado. Bxi•t•n aún pregunta• i•portant•• 

que permanecen ain reapueata, J que vale la pena intentar reaolver. 

l. El cambio en la cooparatividad bomotrópica, y la di••inución de la 

conatante catalítica da .la d••••inaaa, ¿aon la conaacuencia d• un 

becbo único, COllO por •j••plo la cinética de ••dioa aitioa, o aon doa 

fenÓ••noa independientaa? 

2, Si aon fenÓ••noa independientea, ¿aólo una d• la• ciateinaa •• 

importante en la eatabiliaación del conf6rmero tenao? 

3 ¿ Cull•• aon loa grupoa que interaccionan con lo• aulfbidrilo en •l 

confórmero ••noa activo?. 

&. ¿Cuál •• el aicroaebient• en el que queda atrapado el sine cuando 

•• produce la tranaición aloatirica? 

Para r••ponder ••t•• pregunta• •• proponen loa aiguientea 

axperiaentoa1 

Utiliaar la• autant•• de loa grupo• aulfbidrilo, para continuar el 

eatudio cinético iniciado en el artículo IV, en eapecial para 

coaprobar ai única•enta la •utanta 239 ea la que influye en el caabio 

de cooperatividad bo110trópica, También Eatudiar el poaible callbio en 

la cooperatividad beterotrópica d• la• en•i••• aodif icadaa 

genéticaaente por ••dio del Htudio d• la unión del activador 

aloatirico. 

Aprovechar la capacidad de eatoa grupo• tiol•• de unir aetal•• 

divalentea para realiaar eatudioa de reaonancia aagnética nuclear, 

con Cadmio 113, para conocer el aicroallbient• d• •ata región a travia 

de l•• interaccione• del ••tal y al aia110 tieapo utilhar eataa 

aeñ•l•• para aonitoriaar la tranaición aloatirica. 



Cuantificar directeaente por diáliaia en equilibrio el núaero de 

aitioa activo• en la ensiaa nativa 'f en la doble autente, para 

verificar o deacartar la bip6teaia de una cinética de l• aitad de lo• 

aitioa inducida por el bloqueo de loa tiolea. 

Realiaar un e1tudio 11aejante al d1 Ro1e
20

, de cinétice de 

interc1mbio de Tritio con el 19ua, para valorar 101 puo1 

interaediario1 en el ciclo cat1Htico, 'f 1u polibla -difii:aci6n en · 

la1 autante1. 

Por otr1 parte la po1ibilidad de bloquear reveraibleaent• eatoa 

9rupo1 1ulfbidrilo, penitirán rHlisar Htudio1 de otro• re1iduo1, 

con reactiY01 que reaccionan ine1pecificaaent• con 101 IB. La bélica 

alfa en la que H localisa la ci1teina 111 re1ulta una sona de la 

protaina auy intereHnte para futuro• Htudio1. Z1 la única hélice 

bidrofilica J flexible de la -lécula, cuyo• rHiduo1 interaccionan 

todo• con el ••dio. Probableaente al igual qu• la• ci1teina1, e1to1 

aainolcido1 ten91n un papel funcional definido bien puedan utilisar1e 

coao -nitore1 de 101 callbioa conforaacionale1 de la ensiaa. 



Cada uno de no•otro• no e• •á• que un hombre, un intento, elguien 

a ••dio ca•ino. Pero debe ••tar a ••dio caaino en la dirección de lo 

perfecto, debe tender al centro, no a la periferia. 

RecuérdalOI ae puede aer UD lógico eatricto O UD gra•ático y, al ai8ao 

tie•po, eatar col•ado de fantaaía r de •ú•ica. Be puede •er aú•ico o 

jugador de abalorio• y, conteaporánea•ente, e•tar entregado por entero 

a la ley r a la regla. Bl hoebr• que i•aginaaoa r quer•-·· qua e• 

nue•te ••ta llegar a •er, debería poder cambiar t.odoa lo• diH au 

ciencia o au arte por otro cualquiera, dejarí.a reaplandecer en el 

juego de abalorio• la lógica •h crbt.alina y en la graaática la 

fantaaia •á• ricaaente creadora. Aai t.endríaao• que •er, t.endrl'.aaoa 

que poder aar colocado• • cada hora en di•tint.o lugar, •in que noa 

opuaiéraao• o 001 confundiéraao•. 

Hagister Husicae, 

en El Juego de Abalorios 

Hermann Hesee. 

~·· 

~: 
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