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Resumen 

La glucosamina-6-fosfato desaminasa (EC 	..10) cataliza la conversión reversible 

de la D-glucosamina-6-fosfato (GIcN6P) en D-fructosa-6-fosfato (Fru6P) y amoniaco. 

Este es un paso clave en la vía de catabolismo de los aminoazúcares en Escherichia 

cok y está regulada tanto a nivel de la transcripción como de las proteínas. El gen 

nagBque codifica la desaminasa es parte del regulón nagE-nagBACD, cuya expresión 

se induce cuando la bacteria crece en un medio de cultivos que contiene 

aminoazúcares. La molécula inductora es la N-acetil-D-glucosamina-6-fosfato 

(GicNAC6P) que es también el activador alostérico de la desaminasa. 

La donación del gen nagB de la desaminasa ha facilitado considerablemente el 

estudio de esta enzima que se obtiene a partir de cepas sobreproductoras y de la que 

se han construido mutantes sitio específicas. La enzima puede ser facilmente 

purificada por ,cromatografía de afinidad alostérica. La Desaminasa ha sido 

recientemente cristalizada, los resultados preliminares indican que la enzima posee una 

estructura cuaternaria, basado en un arreglo hexagonal de las subunidades, con un eje 

triple de simetría y tres ejes dobles. Esta estructura de trímero de dímeros también se 

deduce del estudio de los puentes disulfuro de la enzima. Las cisteínas 219 se 

encuentran oxidadas formando tres disulfuros intercatenarios, este resultado 

confirmatorio de la estructura cristalográfica y demuestra la existencia de tres 

contactos isólogos entre las subunidades. 

La glucosamina-6-fosfato desaminasa, es una enzima alostérica de tipo K, su 

cinética cooperativa y la activación por G1eNAc6P pueden ser descritas por el modelo 

MWC, considerando fijación no exclusiva del sustrato y fijación exclusiva del activador 

alostérico. La naturaleza concertada de la transición alostérica fue confirmada por 

estudios con el inhibidor sin salida. 

Por medio de diferentes técnicas espectrofotométricas, se ha demostrado la 

presencia de un residuo de tirosina característicamente ácido (p1( = 8.75), localizado 

en o cerca del sitio alostérico. Este residuo fue identificado en la secuencia como la 

Tyr 121 y se construyeron las mutantes 121W, y 121T. 

En las desaminasas modificadas la afinidad por el activador alostérico es de dos 

ordenes de magnitud menor. Ambas mutantes presentan una cinética de activación 

alostérica atípica que evidencia la existencia de un confórmero alostérico intermediario 

estable. Las mutantes presentan cambios en la Kcat, que a su vez dependen de la 

concentración del activador alostérico lo que hace que se comporten como un sistema 

alostérico mixto 1<1V. 



Synopsis 

Glucosamine-6-phosphate deaminase (E .C. 5.3.1.10) catalyses the reversible conversion of D-glucosamine-
6-phosphate (GIcN6P) into D-fructose-6-phosphate (Fru6P) and ammonia. This is a key step in the pathway 
of amino sugar utilisation in Escherichia coli which is regulated both at the transcriptional and the protein 
level. The gene nagB encoding the deaminase is parí of the nagE-nagBACD regulon, which expression is 
induced when the bacterium is grown in D-glucosamine (G1cN) or N-Acetyl-D-glucosamine (GIcNAc) as 
carbon source. The molecule that induces the regulon is N-Acetyl-D-glucosamine-6-phosphate (GIcNAc6P); 
this metabolite is also the allosteric activator of deaminase. The activity of the deaminase must be strictly 
controlled to prevent a "futile cycle" operating within the cell, involving deaminase glucosamine-6-P 
synthase. The cloning of the gene nagB in the last years, together with the other genes of the regulon, has 
considerably facilitated the study of the deaminase, making available gram amounts for structural studies, 
and allowing the construction of site-directed mutants. Glucosamine-6-phosphate deaminase was obtained 
from a strain of E. coli transformed with a pUC18 plasinid having a 1095 bp fragrnent containing the nagB 
gene, which overproduces constitutively the enzyme from the Iac promoter. The enzyme can be easily 
purified by allosteric-site affinity-chromatography. The enzyme was recently crystallised; preliminar/ results 
with data at 2.1 A resolution demosntrated that the enzyme has an hexagonal array of its subunits.. Self-
rotation function studies suggest that the hexamers have a point group symmetry of the type 32, contened 
on a 3-fold axis. Crystallographic evidence suggests that the hexamer subunits are arranged as dimers with 
(bree local 2-fold axes passing through the center of (bree dyads that forms the hexamer. This "(rimen of 

dimers" structure is also evident from the study of the sulíhydryl groups of the enzyme. There are four Cys 
per polypeptide chain, three have their SH reduced and one, corresponding to Cys219, is oxidised forming 
(bree interchain disulfide bridges per molecule. This finding dernonstrates the existcnce of three isologous 

intersubunit contacts in the structure. This structure is also consistent with thermal denaturation curves of 

the deaminase obtained by differential scanning calorimetry at neutral pH. 

Glucosamine-6-phosphate deaminase is an allosteric enzyme of the K-type. It displays intenso 
homotropic cooperativo kinetics. It can be described by the non-exclusive substrato binding case of the 
MVVC model. The allosteric activator, GIcNAc6P binds with a K„,, of 30-35 QM (for the R conformen) and 
behaves as an exclusive-binding activator, producing Michaelis-Henri kinetics at saturating concentrations. 
It has been shown by differential UV and differential circular dichroisrn (CD) spectrophotometry that a 
distinctly acidic tyrosine residue (hydroxyl pK = 8.75) is involved in the GIcNAc6P binding site. This tyrosyl 
residue was identified in the sequence as Tyr121, and the site-directed mutants Tyr1210Thr and 
Tyr121*Trp were constructed. GIcNAc6P binding is impaired but not suppressed in these mutants The 
allosteric transition to the higher affinity conformen (R) produced by the binding of homotropic (substrato or 
dead-end inhibitor) or heterotropic (GIcNAc6P) ligands, completely protects these thiols against chemical 
modification. This property permits the study of the allosteric transition, and the mutant Cys239OTrp was 
constructed to introduce a "china' label" fon this purpose. The suppression of Cys239 by site-directed 
mutagenesis produced an enzyme with a lower allosteric interaction energy. Cooperative behaviour of 
deaminase is strongly dependent on pH; at least three dissociable groups were shown to be inolved, one 
of these being the thiol group from Cys2390 Ser. 
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I. LA ORGANIZACION DE LOS GENES DEL CATABOLISMO DE LOS 
AMINOAZUCARES Y SU REGULACION EN Escherichia coli. 

a). EL REGULON nag 

Los aminoazúcares, N-acetil-D-glucosamina (GIcNAc) y D-glucosamina (GIcN) 

son metabolitos esenciales para el crecimiento bacteriano, ya que son precursores de 

componentes de la pared celular y de la membrana externa 1. Cuando al menos uno 

de estos precursores está presente en el medio de cultivo, el aminoazúcar se capta y 

se utiliza en la síntesis de la mureina de la pared celular y los lipopolisacáridos de la 

membrana externa2. En ausencia de una fuente externa de aminoazúcares, la bacteria 

sintetiza glucosamina a partir de la o-fructosa-6-fosfato y la L-glutamina3'4. Tanto la 

GIcN como la GIcNAc son excelentes fuentes de carbono y nitrógeno para la bacteria 

Escherichia coli, y en particular la GIcNAc produce velocidades de crecimiento 

equivalentes a las que se obtienen con glucosa'. Las enzimas necesarias para el 

transporte y el catabolismo de los aminoazúcares, se encuentran agrupadas en E. coli 

en el regulón nag. Éste se localiza en el mapa cromosómico de Escherichia col! a los 

15.5 min " y está formado por dos operones divergentes nagE y nagBACD" (Fig. 1). 

El gen nagE codifica para la proteína transportadora especifica (Ell"") de GIcNAc del 

sistema de la fosfotransferasa dependiente del fosfoenolpiruvato (PTS), y produce 

Mirolman, D. (1979). in Bacterial autor zambra:loe. Inouye, M. cd. John Wiloy &Solio, Inc. Now York. 

2
Raetz, C. R. (1991) . 	 coli and Salmanella typhimuriunti ventilar and inolevu1ar 

bialagy. Antorican Social:y foz Mtcrobiology. Waohington, 

3Llarvao, M (1911). J. Bacteriol. 1051 4121-4V1. 

4
Wu, II. C. y Wu, T. C. (1971). t7. Bactibriol 1051455-466. 

6Buchrnonn, B. J. (1990). Microbiological Revrews,54130-197 

5White, R. J. (1968).E3iochatn. J. 106:647-650. 

7Rogors, M. J., Oha1, T., Plumbridge, J. A, & 5011, D. (1988). Gene, 62: 197-20. 

8Pionibridgo, J. A. (1989). Mol. Microbio! 3: 506-51 



GIcNAc6P intracelularg 1°. En la dirección opuesta se expresan los genes nagB y nagA8  

que codifican respectivamente dos enzimas que degradan la GIcNAc6P a D-fructosa-6-

fosfato (Fru6P), la N-acetil glucosamina 6 fosfato desacetilasa (nagA) y la Glucosamina 

6 fosfato desaminasa (nagB). El tercer gen, nagC, codifica una proteína represora del 

regulón /lag"; al gen nagB no se le ha atribuido ninguna función, si bien el 

alineamiento de secuencias de aminoácidos sugiere que tiene alguna relación con 

fosfatasas, por la homología que presenta con esta familia de proteínas 12  (Fig. 1). 
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J.:mos-Maillot y Kornberg, (1980),J, Bacteria. 111:290-291 

10Whita, R. J. (1970). Blochern. J. 106:121-125. 

11
Vogier, A. P. and Lengeler, J. W. (1969).Mo/ Gen Genet,210: 97-105. 

12Odlernirano, M M y peoldiejl (1991) Ejerficoo rooftiodoK on él 141,11 de, tatuo' orfedovhol W frotoltnn sfruchire 

o 



b. CONTROL DE LA EXPRESIÓN DEL REGULON nag EN Escherichla coli. 

1. La inducción del regulón nag 

Los genes agrupados en los operones nagE-nagl3ACD se inducen conjuntamente 

cuando la bacteria es cultivada en GIcNAc como única fuente de carbono y nitrógeno. 

Los experimentos de \Miite en 19685  aportan la primera evidencia de la inducción de 

la expresión de las enzimas glucosamina-6-fosfato desaminasa y glucosamina-6-fosfato 

desacetilasa, producida por el cultivo de la bacteria en un medio con GIcNAc. La 

actividad de estas enzimas, aumenta aproximadamente 20 veces con respecto al nivel 

de expresión no inducido. Posteriormente Plumbridge13, en sus experimentos de fusión 

de los genes nagE y nagB con el gen lacZ, determinó los niveles de expresión 

alcanzados cuando la bacteria crece en presencia de diferentes fuentes de carbono: 

glucosa, glicerol, gluconato, GIcN y GIcNAc. Los resultados muestran que la GIcN y 

la GIcNAc producen velocidades de crecimiento mayores 	(2 y 7 veces 

respectivamente) en relación con los obtenidos con glicerol; así como 5 y 20 veces 

mayores con respecto a la glucosa. Lo anterior permite concluir que ambos operones 

del regulón son inducidos en paralelo por GIcNAc y GIcN y que son susceptibles a la 

represión catabólica, si bien el efecto es más fuerte para el caso del gen nagB. Por otra 

parte las diferencias observadas en las velocidades de crecimiento y en los niveles de 

inducción producidos por estos dos aminoazúcares, puede explicarse debido a que la 

GIcN es un sustrato deficiente para el transportador y por lo tanto no puede acumularse 

en la célula. También puede considerarse que la GIcNAc no sólo se transporta con 

mayor eficiencia sino que genera directamente una fuerte señal de inducción o que ésta 

es diferente. Sin embargo)es concluyente que la inducción no depende de la actividad 

de un sistema de transporte particular; un nagE o ptsM para GIcNAc o ptsM para GIcN 

es suficiente, lo que sugiere que la señal de indución se recibe en el interior de la 

célula". 

Se han aislado bacterias mutantes que son incapaces de crecer en medios con GIcNAc 

como única fuente de carbono y nitrógeno; se conocen en detalle dos alelos nagB2 y 

nagAl5. La primera de estas mutaciones impide el crecimiento de la bacteria tanto en 

A 11490.1 .1 ilucNnoi172 



GIcN como en GIcNAc. La segunda, en cambio, sólo lo hace cuando el medio contiene 

GIcNAc. La mutación nagAl es pleyotrópica, aumenta los niveles de la desaminasa e 

incrementa la actividad del transportador de la GIcNAc, lo que produce una 

acumulación intracelular de GIcNAc6P5 14. Las mismas característica fenotípicas se 

encuentran cuando se realizan otras mutaciones en el gen nagA, construidas in vitro 

por la inserción de un cassette de resistencia a antibióticos15  o por mutagénesis 

XplacMu in vivo". Esto a su vez produce la inducción endógena, puesto que la 

GIcNAc6P es el inductor intrecelular del regulón nag, que se une a la proteína 

represora evitando la formación del complejo DNA-represor". 

2). Papel del complejo funcional cAMP/CAP. 

En el centro de la región intergénica del regulón, existe una porción del DNA que tiene 

una secuencia homóloga, a la secuencia consenso encontrada en otros regulones para 

el sitio de unión de la proteína CAP, y que es el lugar de interacción del complejo 

cAMP/CAP. Este sitio es simétrico, el motivo TGTGA altamente conservado esta 

presente sobre la hebra proximal al operón nagE, mientras que la secuencia TGGTGA 

(con una G insertada) está presente en el lado del operón nagB. La expresión de 

ambos operones es estimulada por la proteína CAP sin embargo el gen nagE es mucho 

más dependiente13.15. 

3). La formación de una asa de DNA es necesaria para la represión de los genes 

nagE y nagB. 

La expresión de los genes nag está controlada por un represar, codificado por el gen 

nagC. El represor nag, se une a los operadores en el sitio de superposición de los 

promotores de los dos operones divergentes nagE y nagB, esta región del DNA que 

14Bornholm, N. J., y Dobrogosz, W. J. (1970).J. Bacteria/ 101:384-391. 

15
Plumbridge, J. A. (1091).Moiecular Microbiatogy 6:2053-2062. 
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es protegida con la unión del represor es llamada NagC CajaB y CajaE" (Fig. 2) . En 

esta región del DNA existe también un sitio de unión para la proteína CAP entre los 

dos operadores. La presencia del complejo cAM P/CAP estabiliza la interacción del DNA 

con el represor formando un complejo ternario DNA-Represor nag-cAMP-CAP13.16. 
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71 TGCTACAGAG TGTGTGAAAA TTTAATTCGT ATCGCAAATT AAACGCGTGT CTTTTGTGAG TTTTGTCACC 
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TTTATAGCAA TAATAGTGAG GGAAAATGAC CGATTTGGTC TTT1Gr
AATAA AATAGTAAGT TTTT7 .G 

El análisis de secuencia del DNA en esta región, permite encontrar cierta homología 

entre las secuencias de otros sitios de unión de represores en procariotes, aunque 

estos últimos son habitualmente palindrómicos, y en este caso es cuasipalindrómica. 

Estudios in vitro 16  e in vivo 17  de la interacción del represor Nag con el operador, 

demostraron que una mutación de 4 pares de bases sobre la caja B (sitio de fijación 

del represor 115bre nagB) provoca una desrrepresión casi total de ambos genes; la 

inserción de 6 pares de bases, la mitad de un giro helicoidal entre el sitio CAP y la caja 

B, incrementa 3 veces la expresión de los dos genes. Por el contrario la introducción 

de un giro helicoidal completo (10 pares de bases) reprime la expresión de los genes. 

16
Plumbridge, J. A. y Kolb, A, (1991). J. Mol. farol. 217:661.670. 

17rrumbri1uir. j A yko;lp, A (1993) Mol Mmobivi onviodo 



Estas observaciones constituyen una fuerte evidencia de que la unión del represor al 

DNA es un fenómeno cooperativo consistente en la interacción de la proteína con estos 

dos sitios, que se caracterizan por una aparente hipersensibilidad a la enzima DNasa 

1 y cuyos centros están separados entre si, por 94 pares de bases y por 9 giros de la 

doble hélice del DNA, lo cual trae corno resultado la formación de una asa de DNA que 

es necesaria para la represión de los dos operones divergentes. 

La formación del bucle de DNA, origina ventajas al sistema, como es fa inducción 

simultánea y rápida de los operones divergentes que codifican las proteínas 

encargadas del transporte y las funciones catabólicas. 

c. METABOLISMO DE LA GLUCOSAMINA Y LA N-ACETIL GLUCOSAMINA 

La GIcNAc se transporta al interior de la célula por medio de su acarreador específico 

que forma parte del sistema PTS9. La GIcN, en cambio, penetra en la célula 

principalmente por la acción del complejo El I M,P/Illm"n 9  Durante su transporte ambos 

azúcares se fosforilan la posición 6; la GIcNAc6P se desacetila por acción de la 

desacetilasa que la convierte en GIcN6P, la cual a su vez se convierte en Fru6P y 

amonio por medio de la desaminasa (Fig. 3). 

En ausencia de aminoazúcares en el medio intracelular, la bacteria puede sintetizar 

GIcN6P a partir de Fru6P y glutamina a través de la enzima glucosamina-6-fosfato 

sintetasa (Glutamina-D-fructosa-6-fosfato amidotransferasa, Fig 3). Esta enzima es 

codificada por el gen glrnS, localizado a los 84 min del mapa cromosómico de E. cor. 

Este gen tiene un mecanismo de control muy preciso, que reduce su expresión, cuando 

el regulón nag se encuentra desrreprimido; lo anterior evita la formación de un ciclo 

improductivo, con gran pérdida de energía, producido por la actividad simultánea de las 

enzimas glucosamina-6-fosfato desaminasa y glucosamina-6-fosfato sintetasa5. 

Plumbridge y colaboradores" utilizaron técnicas de inmunotransferencia y medidas de 

actividad enzimática, para detectar los niveles de expresión de las proteínas: 

Glucosamina-6-fosfato sintetasa, Glucosamina-6-fosfato desaminasa y N-acetil 

18
Walker, J. E.,, N. J. Gay, M. Sarasta, y Eberie, A. N. (1984). Brachein, J. 224:799-815. 

19
Plunsbi idge, J. A., Cochet, O., SOLIZIA, J. M., Allamhano, M. M. y Calcagno, M. J. Bacieriol. en prensa. 
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GicNAc (Fig 3). 
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Es interesante hacer notar que la glucosamina sintetasa en eucariotes se inhibe 

alostéricamente con la UDP-GicNAC20.21, mientras que en la enzima proveniente de E. 

coi!' este metabolito carece de efecto regulador. Sin embargo sería muy interesante que 

este metabolito actuara completamente diferente en los dos sistemas; en procariotes 

como un efector transcripcional y en eucariotes como un inhibidor enzimático. Por otra 

parte esto también se apoya en el hecho que el gen urf que codifica para la proteína 

N-acetil-glucosamina-1-fosfato uridiltransferasa22  se localiza inmediatamente corriente 

arriba del gen glInS en el cromosoma de E. coll.23  La distancia intergénica tan pequeña 

que existe entre ambos genes y la secuencia de DNA que no presenta ninguna 

homologla con la secuencia consenso de otros promotores sugiere que estos genes 

se transcriben, y podría suceder que el gen urf tuviera el mismo mecanismo de 

regulación que el gen gimS". 

II. GLUCOSAMINA-6-FOSFATO ISOMERASA DESAMINASA DE Escherichla coll k. 

a). EXPRESION, PURIFICACION Y PROPIEDADES MOLECULARES. 

La enzima Glucosamina-6-fosfato desaminasa (D-Glucosa-6-fosfato cetol isomerasa 

desaminante, E.C. 5.3.1.10) de E. culi es un homopolímero hexamérico con 

subunidades de 29.7 kDa24. Esta enzima fue purificada por primera vez en nuestro 

laboratorio a partir de E. culi 8, induciendo la expresión del gen nagB al cultivar la 

bacteria en GIcN como única fuente de carbono y nitrógeno". La donación del regulón 

nag por Plumbridge6  ha facilitado enormente el estudio cinético y estructural de la 

desaminasa, ya que nos ha permitido obtener la proteína en grandes cantidades, y con 

menor tiempo y costo. 

20  risa, P. S. y Sonnaborn, D. R. (1982) Proc. Nati. Acad. Sci. 1/SA.79: 6289-6293. 

21
VVinterburnsP. J. y Pholps, C. F. (1971). Biochern, J. 121:711-720. 

22
Mongln-Lecreulx, D. Comunicación personal. 

23Walkor, J, E., Samste M„ y Eberlo, A. N. (1984) Brachem. J. 224: 799-815. 

24
Calcatíno, M. Campos, P., Mulliert, 0, Y Suástegui, J. (1984). Ipochirry. Bipphys. Acia,787: 165-173 



Construcción de una cepa hiperproductora. El gen nagB fue aislado del plásmido pB31-

1, previamente construido por Plurnbridge8. Se aisló como un fragmento Fspl-Cial de 

1.095 kb, que tiene interrumpido el promotor nagB. Este fragmento fue insertado en el 

plásmido pUC18 previamente digerido con Smal y Acci, de modo que el gen nagB se 

sitúe corriente abajo del promotor /ac. En la cepa JM101 (lacl ,) se controla la 

sobreexpresión agregando al medio de cultivo durante en la fase de crecimiento 

exponencial, isopropil tiogalactosido (IPTG) a la concentración de 1 mM. En las cepas, 

que hemos utilizado preferentemente en nuestro trabajo que son .álaci  la expresión 

es constitutiva". 

Producción de la Biomasa. La cepa E. coli K12 que expresa constitutivamente el gen 

nagB, se cultiva en un medio de Luda B. que contiene 100 4/m1 de ampicilina y se 

cosecha durante la fase de crecimiento exponencial. La sopreproducción de la 

desaminasa que se logra con este plásmido es del orden del 30% en relación con el 

total de proteínas solubles de la bacteria25. 

Purificación por cromatografía de afinidad alostérica. Se construyó una columna de 

afinidad, utilizando un análogo del activador alostérico (N1-6-aminocaproil-GIcN6P) 

inmovilizado en agarosa24. 

b. PROPIEDADES MOLECULARES. 

En la tabla l se resumen algunas constantes relacionadas con propiedades moleculares 

de la desaminasa 

25Altamirano, M. M., Plumbriclo, J. A., Harnándni-Arana, A. y Catcrignn, M. (1991) ninchim. filophys, Acta 1076:266.272. 



TABLA 1 

Algunas constantes fisicoquimicas de la glucosamina.6-P desaminasa de E, coli 

Peso Molecular" = 179,870 

Coef. Sedimentación" = 9.0 S 

Volumen parcial específico" = 0.737 cm3/g 

Kcat  (sentido desarninante) = 1800 s-1  

Km para GIcN6P = 2 mM 

Peso subunidad 24  = 29,780 

pH isoeléctrico24  = 6.1 

8278 (pH 8.0) = 20.0 M-1  cm-1  

Keat  (sentido sintético) = 400 s-1. 

c. ASPECTOS CINETICOS 

La enzima catalina la conversión reversible de GIcN6P en Fru6P y amonio26.27.23. 

GleN6P 1120 TI  Fru6P N114+  

In vitro se realizan experimentos cinéticos en ambas direcciones, si bien el equilibrio 

favorece el sentido desarninante (KEQ  = 0.22M en Tris-HCI pH 7.7, 30 C)24. Sin embargo 

in vivo en condiciones fisiológicas, la desaminasa se comporta como una enzima 

catabólica. Esto resulta del estudio de las mutantes ~S', que carecen de la enzima 

que sintetiza la GIcN6P, y que no crecen salvo que el medio se suplemente con GIcN 

o GIcNAc5.10.13. Sin embargo, Vogler y Lengeler" construyeron una cepa en la que la 

síntesis e arninoazúcares se produce por la reacción inversa de la desaminasa. Es 

esta cepa el operón nag está desrreprimido por inserción de un cassette en el gen 

nagC, que codifica el represor. En esta cepa GiniS-, nagC-, la bacteria puede crecer en 

un rnedio rico en sales de amonio. 

26
1ob*, 1. F. y Cardini, C. E. (1956).8/ochim. Blophys. Acta 54: 273-282. 

27
Com!), D. G. y Rosomon, S. (1958).J. Blof. C11,911).232 807-027. 

28
Mideiton, C. y Raso. i. A. (1977) Biocherniztry 16: 1590-1596. 
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La enzima Glucosamina-6-fosfato desaminasa presenta una intensa cooperatividad 

homotrópica positiva con respecto al sustrato GIcN6P (hMAX  = 2.9 (1) 0.2 a pH 7.7); en 

la reacción inversa, cuando el sustrato es la Fru6P la cooperatividad homotrópica es 

menor (hmAx= 1.4 II) 0.1 a pH 7.7) e independiente de la concentración de ion amonio24. 

Este último no es un ligando alostérico. El activador alostérico, la GicNAc6P, se 

comporta como un activador de fijación exclusiva, ya que produce cinética hiperbólica 

a concentraciones saturantes (por ej. 2 mM). Se trata además de un sistema alostérico 

de tipo K puro, debido a que al incrementar sucesivamente la concentración del 

activador, los valores de S05  disminuyen (efecto K), mientras que los valores de VMAX 

no se modifican". (Fig. 4) 

1.0 

2 

CG1016P1, mM 



Los experimentos cinéticos en ambos sentidos de la reacción, en condiciones de 

cinética de Michaelis-Henri, dan patrones de velocidad inicial y de inhibición por 

productos consistentes con un mecanismo de equilibrio rápido al azar. Esto valida el 

empleo de modelos de equilibrio, en el análisis de la cinética alostérica. 

d. GRUPOS SH 

Los estudios de modificación química de los grupos sulfhidrilo en la glucosamina-6- 

fosfato desaminasa29, revelan la existencia de tres grupos sulfhidrilo por cadena 

polipeptídica, aunque la secuencia de aminoácidos deducida del DNA, revela cuatro 

cisteínas. Dos grupos SH aparecen expuestos y reactivos en la proteína nativa, 

mientras que un tercer grupo SH se comporta como oculto al disolvente y sólo 

reacciona en presencia de desnaturalizantes. El sulfhidrilo faltante corresponde a un 

residuo de cisteína oxidado. 

La titulación con DTNB de los dos sulfhidrilos expuestos, puede ajustarse a una 

reacción de seudo-primer orden, lo que implica que ambos grupos presentan la misma 

reactividad, lo que sugiere que se encuentran en un mismo microambiente. La 

reactividad de estos SH expuestos se modifica de manera importante por la presencia 

de ligandos homotrópicos o heterotrópicos que inducen la transición alostérica de la 

p rote I n a" . 

La enzima con los dos grupos reactivos totalmente modificados por la introducción del 

grupo 5-tio-2-nitrobenzoato (TNB) o diferentes substituyentes de gran volumen, es 

totalmente inactiva'', lo cual puede ser consecuencia de una distorsión conformacional 

de la estructura de la proteína por la presencia de grupos voluminosos y cargados. Sin 

embargo la metilación de las mismas cisteínas con yodometano, la enzima es activa 

y alostérica".", pero presenta una cooperatividad homotrópica menor, con una 

constante catalítica (kat) de exactamente la mitad con respecto a la enzima nativa. 

Estos tioles se encuentran en posición vecinal, debido a que: 1) se modifican con el 

aml.•••••••••••••••• 

  

  

29
Altamirano, M. M., Mulllcit, G y Calcagno, M. (1907) Arch. Mochirn. Biophys. 268: 95-100. 

30
Altamirano, M. M., Lara-Lomus, R., Libroros-Minolla, C. y Calcagno, M. (1989)Arch. Wochim. filophys. 269: 555-561. 



arsenito formando un ditioarsenito cíclico, 2) La interacción con el arsenito sólo puede 

revertirse con un ditiol (etanoditiol); 3) los SH pueden ser oxidados a disulfuro con el 

oxígeno molecular utilizando como catalizador el complejo (1,10 orto-fenantrolina)3-Cu; 

en estas condiciones ya no se logran titular los SH con DTNB". 

Todas las modificaciones químicas producidas en los SH reactivos de la proteína tanto 

con reactivos monofuncionales como bifuncionales, así como el derivado oxidado de 

estos tioles, tienen el mismo comportamiento cinético y alostérico, lo que sugiere que 

la región de la proteína en la cual se localizan estos sulfhidrilos vecinales, se mueven 

en el cambio conformacional manteniendo sus relaciones geométricas." 

El carácter vecinal de los SH y los efectos cinéticos producidos cuando se bloquean, 

los convierte en un probable sitio de regulación de la actividad de la desaminasa, 

tomando en cuenta esta consideración se realizaron experimentos con metales 

divalentes especialmente el zinc que podría ser el ligando natural de estos grupos. 

El ion zinc tiene una gran afinidad por los SH reactivas de la desaminasa31, sólo 

cuando está en la conformación T (menos afín por la GIcN6P). La Kdis  para el Zn"}  se 

ha calculado en 1.5 X 104  M; la unión de este metal produce los mismos cambios 

cinéticos descritos previamente para el bloqueo de los SH reactivos, y su efecto 

desaparece cuando se dializa la enzima-Zn contra un amortiguador con EDTA; sin 

embargo la proteína no puede ser liberada del Zn" si se dializa bajo la mismas 

condiciones pero agregando al amortiguador una concentración saturante de 

GIcNAc6P. Esto es una evidencia clara, que el zinc unido a la proteína es secuestrado 

por el cambio conformacional T- R31. 

e. ESTRUCTURA SECUNDARIA 

La Glucosamina-6-fosfato desaminasa de Escherichia mil no presenta ninguna 

homología con proteínas cuya estructura tridimensional se conoce'', por lo tanto es un 

caso típico de proteína no homóloga en la cual la predicción de estructura secundaria 

a partir de la secuencia, en combinación con métodos fisicoquímicos como el dicroísmo 

circular, es el camino más adecuado en ausencia de datos cristalográficos, para 

31
Altamirano, M. M. y Calcagria, M. (1990) l3iochim. tliophys. Acta 10313: 291.294. 



conocer la estructura secundaria de la proteína32  

La estructura secundaria de la desaminasa25.  se  investigó simultáneamente por estudios 

fisicoquímicos de la proteína en solución:dicroísmo circular (CD) en el ultravioleta lejano 

y análisis de la estructura primaria: métodos de predicción empíricos, utilizando un 

esquema conjunto que se basa en la combinación de 6 algoritmos, que fueron 

seleccionados tornando en cuenta su diferente fundamentación teórica33. El contenido 

de hélice a (37% por predicción y 34% CD) y de B plegada (22% predicción y 20% CD) 

en conjunto con otras características como el marcado grado de alternancia entre 

segmentos a con (3; el carácter antipático del 75% de las hélices, el predominio de 

láminas a  hidrofóbicas, lo anterior sugiere que desde el punto de vista estructural, la 

desaminasa pertenece a la familia de proteínas a/0 (Fig., 5). 
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Por otra parte existen otros datos que contribuyen a reafirmar esta aseveración, el 

espectro de Dicroismo circular de la enzima, es característico de las proteínas 4334, 

con una intensa banda positiva a 192 nm y dos bandas negativas a 219 y 210 nm. El 

análisis de la composición de aminoácidos de la desaminasa, utilizando el algoritmo de 

Nishikawa35  que correlaciona ésta con el predominio de estructura supersecundaria 

da una distancia del centro de la proteína de 2.71 que es un valor compatible con los 

obtenidos para otras proteínas odie. Todo este conjunto de evidencias nos permite 

clasificar a la desaminasa en la familia de proteínas a/(325. 

III. INGENIERIA DE PROTEINAS: Una alternativa para el estudio estructural y 

funcional de las enzimas. 

La facilidad de explorar y extender nuestra compresión de la estructura y función de las 

proteínas, es un fenómeno de la década de los 80. Esto se debe a la conjunción de la 

genética molecular, la bioquímica, la computación y la cristalografía, para culminar en 

la creación de una nueva área de investigación: la ingeniería de proteínas. Esta nueva 

área combina los conocimientos y las metodologías de estas diferentes áreas de 

especialización para resolver problemas de Química de Proteínas y Enzimología. Es 

posible, por ejemplo, analizar de una manera completamente nueva las interacciones 

proteína-ligando y la estabilidad de las proteínas, disecando la participación individual 

de los aminoácidos y su contribución a la función, y su importancia estructural. 

La ingeniería de proteínas se fundamenta y tiene como punto de partida, el principio 

central de evolución molecular: Las nuevas propiedades y funciones que se encuentran 

en las proteínas, son el resultado de la formación y acumulación de mutaciones 

espontáneas en los genes, a lo largo de grandes períodos de tiempo. La evolución es 

poderosa e inexorable; es también ciega y lenta. En la actualidad es posible introducir 

mutaciones en posiciones precisas en los genes usando técnicas in vitro, 

adelantándose a los mecanismos naturales de evolución y acelerando y gobernando 

  

34 
~avalan, P. y Johnson, W. C. Jr. (1983) Natura 305; 831-832. 

35
Nishikawa, K y Ooi, T (1986) Biachim. Blaphys, Acta 811: 45-54. 



el proceso. Lo anterior ha dado una nueva alternativa en el estudio de las proteínas, 

y en el diseño de novo de proteínas 

La ingeniería de proteínas incluye la construcción, análisis y el uso de proteínas 

modificadas, lo que puede incluir cambios en la especificidad de los sustratos de una 

enzima o incrementar la estabilidad de la proteína para usos industriales. 

Claramente la introducción de técnicas de mutagénesis dirigida, con la posibilidad de 

introducir, cambiar o quitar un aminoácido deseado dentro de la secuencia de una 

proteína, una vez que el gen ha sido donado y secuenciado, representa una gran 

oportunidad para estudiar y comprobar los mecanismos moleculares propuestos. 



OBJETIVO 

El proyecto de investigación que he realizado durante el doctorado, tiene como 

objetivo fundamental desarrollar un estudio de correlación estructura-función de la 

interacción proteina-ligando alostérico usando como modelo de experimentación a la 

enzima glucosamina-6-fosfato desaminasa de E. coli; con un enfoque multidisciplinario, 

como un primer paso hacia la ingeniería de proteínas. 

LP 



ASPECTOS METODOLOGICOS 

En los siete articulos que integran esta tesis, se realizaron experimentos 

multimetodológicos, que se describen en cada uno de los manuscritos que la 

conforman. 



RESULTADOS 

Los resultados obtenidos en el desarrollo del proyecto, los he dividido en diferentes 

capítulos. 

1. Interacción de la GIcNAcGP con la enzima glucosamina-6-fosfato desaminasa. 

Un bello ejemplo de una transición concertada. 

1. N-Acetyl-D-glucosamine-G-phosphate binding to the allosteric sita of Escherichia coli 

Glucosamine-6-phosphate deaminase. 

Myriam M. Altamirano and Mario Calcagno. 

Enviado para su consideración a la revista Eur. J. Blochem. Junio 10 de 1993. 

2. Spectrochemical evidences for the presence of a tyrosyl residue in the allosteric site 

of Glucosamine-6-phosphate deaminase from Escherichia coli 

Myriam M. Altamirano., Andrés, Hernández-Arana., Salvador, Tollo. and Mario, 

Calcagno. 

Enviado para su consideración a la revista Eur. J. Biochem. Julio 7 de 1993. 

11. Influencia de las mutaciones sobre el equilibrio alostérico. 

1. ldentification of two cysteines residues forming a pair of vicinal thiols in Glucosamine- 

6-phosphate deaminase from Escherichia coli and a study of their functional role by 

site-directed mutagenesis. 

Myriam M. Altamirano, Jacqueline A. Plumbridge and Mario Calcagno. 

Biochemistry (1992), 32:1153-1158. 



2. Effects of replacement of an allosteric site residuo (TYR121) on activity and 

allosteric properties of Glucosamine-6-Phosphate Deaminase from Escherichia culi. 

Myriam M. Altamirano, Jacqueline A. Plumbridge and Mario Calcagno. 

Manuscrito en su primera versión. 

Ill. La unidad alostérica mínima. Aspectos estructurales de la Glucosamina.6- 

fosfato desaminasa. 

1. Glucosamine-6-phosphate deaminase from Escherichia coli has a trimer of dimers 

structure with three intersubunit disulfides. 

Myriam M. Altamirano, Jacqueline A. Plumbridge, Hugo A. Barba and Mario Calcagno. 

Biochemical Journal. Aceptado con modificaciones menores Mayo 6 de 1993. 

Se anexa carta. 

2. Crystallization and preliminary crystallographic studies of glucosamine-6-phosphate 

deaminase from Escherichia coli K12. 

E. Horjales, M. M. Altamirano, M. L. Calcagno, Z. Dauter, K. Wilson, R. C. Garratt and 

G. Oliva. 

J. Mol. 8101. (1992), 226:1283-1286. 

RECAPITULACION 

1. Allosteric regulation of glucosamine-6-phosphate deaminase from Escherichia coli. 

Myriam M. Altamirano, Jacqueline A. Plumbridge, and Mario L. Calcagno. 

Capitulo en el Libro: CHITIN ENZYMOLOGY, editado por R. A. Muzzarelli, Ancona 

1993. Fecha de publicación Julio 1993. 
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SUMMARY 

Escherichia col! glucosamine-6-phosphate deaminase is a hexameric allosteric enzy me, activatecl 

by N-acetyl-u-glucosamine-6-phosphate (GIcNAc6P). The binding uf GlcIVAc61) to the allosteric 

site of this enzyme was studied kinetically and by equilibrium dialysis experiments. From 

equilibrium dialysis, six allosteric sites were found, and the Kd for the allosteric activator was 

calculated to be 35 juM. Fitting velocity versus substrate curves lo cquations derived from the 

Monod et al. model, gives similar values for the number of binding sites and allosteric activator 

dissociation constant. The corresponding equation for an exclusive binding dead-end inhibitor, 

describes precisely the experimental curves. The competitive inhibitor, D-glucitolainine-6-

phosphate produces paradoxical activation at low substrato inhibitor concentration, thereby 

providing additional evidence for the concerted nature of the allosteric transition and that the 

entire deaminase oligomer is the functional allosteric unit of glucosamine-6-phosphate deaminase. 

The protective effect of the T-->1Z transition on the reactivity of thiols from two cysteinyl residuos 

(Cys118 and Cys239) was used as a tool to analyse activator binding, and an equation derived 

from the allosteric concerted model is proposed to describe this effect. 
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Glucosamine-6-phosphate deaminase from Eschenaia coliis an allosteric enzyme of the K-type, 

activated by N-acetyl-D-glucosamine-6-phosphate (G1cNAc6P). (Coinb and Roseman, 1965; 

Calcagno et. al, 1984). GIcNAc6P is a key metabolite involved in the regulation of amino sugar 

catabolism in E. coli; it is the intracellular produce of GIcNAc transpon and the signa] for 

activating the amino sugar utilisation which induces the expression of the genes clustered in the 

nag regulan (Plumbridge, 1991; Plumbridge et al., 1993), including the nagB gene which escodes 

for glucosamine-6-phosphate deaminase. The allosteric activation of deaminase by G1cNAc6P is 

known; it acts as an exclusive-binding activator of the enzyme, causing hyperbolic kinetics at 

saturating concentrations (Midelfort and Rose, 1977, Calcagno et al., 1984). 

The deaminase is a hexameric molecule composed by six identical subunits (Calcagno et 

1984). Preliminary crystallographic data (Horjales el al, 1992) and chemical and physico chemical 

studies (Hernández-Arana et al., 1993; Altamirano et al. 1993) indicate that the enzyme's 

quaternary structure is organised as a trimer of dimers, linked through time inter-chain disulfide 

bonds, one for each dimer. Taking finto account this information, it is reasonable to speculate 

about what is the functional allosteric unit of the enzyme, the entire hexamer or a smaller 

structure, as the disulfide-linked dimer. The studies reported herein were performed to obtain a 

quantitative description of the binding of G1cNAc6P to glucosamine-6-phosphate deaminase and 

to better characterise its allosteric equilibrium and its control by homotropic and heterotropic 

ligands. 

EXPERIMENTAL PROCEDURES 

Reagents 

Biochemicals and most reagents were from Sigma Chemical Co., (St. Louis, MO). G1cNAc6P 

was prepared by acetylation of GleN6P and purified by ion-exchange chromatography, according 

to Leloir and Cardini (Leloir and Cardini, 1962). The same procedure was used to 

synthesize 1.14CI-GIcNAc6P isotopically labeled in the acetyl group with [1,1 "Ci-acetic 

•=1 
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anhydride, 1 mCi per mmole (Amersham), cliluted with non-labeled acetic anhydride, tu obtain 

a specific activity of 1.5 11(1/inmole, The purity of the product was verified by TLC on silica 

gel precoated piales (Sigma Chemical Co.) 	using the following, solvent systems: a) 

isopropano1:15M ainmonia (6:1); b) ethyl acetato: 17M acetic acid:water: I SM =monja (6:2:2:1) 

and c) ethanol:1M ammonium acetate:17M acetic acid:water (5:2:1:1). Spots were visualised 

by means of reagents for organic phosphates and mino sugars using, respectively, Flanes-

Isherwood reagent and ninhydrin as described by Churrns (1982). As general detection 

procedures, iodine vapors and 5N 1-12SO4  followed by heating at 110 "C, were used (Churros, 

1982). The radiochemical purity 

of 114CI-G1chlAc6P was verified by autoradiographic analysis of' ru: plates. To calculate the 

specific radioactivity of the final product (0.73 p.Ci nunolem, the GIeNAc6P concentration was 

determinad by a modified Elson-Morgan reaction (Levy and McAllan, 1959), using the pure 

unlabeled compound as standard. The deaminase dead-end inhibitor, 2-deoxy-2-amino-

D-glucito1-6-phosphate (glucitolamine 6-phosphate, GIcN-o1-6P), was synthesised and purified as 

described by Midelfort and Rose (Midelfort and Rose, 1977); its purity was verified by TLC 

using cellulose plates and solvent systems b and c (see aboye), devetoped with ninhydrin or 

general detection procedures. 

Bacteria and enzyme 

E. coli glucosainine-6-phosphate deaminase was prepared as previously described, from an 

over-producing strain (Altamirano et al. 1991). The concentration of the enzyme was 

calculated from its absorbance at 278 nin at pll 7.7, using its known molar absorptivity; enzyme 

assays and data processing were also as described (Altamirano et al. 1989). Unless otherwise 

specified, kinetic data were obtained at pf1 8.0 and 30 "C, in the presence of 2.5 in1V1 EDTA. 

The ENZFITTER program for non-linear regression analysis basad on the Marquart algorithm 

(R.J. Leatherbarrow, Elsevier 	Cambridge, U.K.), was used to fit data to various 

equations. 

Equilllydurn dialysis experiments 

The binding of GIcNAc6P to deaminase was measured using standard inicrocentrifuge 
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polypropylene tubos as dialysis chambers (Reinan! and Jacobson, 1989). A dialysis membrane 

with a cut-off of 14 kDa was used. The subes with the samples to be equilibrated were shaken 

for 8 h al 30"C in an adapted "vortex" test tubo shaker. The concentration of 1'''C1-GIcNAc6P 

was cletermined by liquid scintillation counting, knowing its specific radioactivity. 

Titration of sulfhydryl groups 

The kinetics of the reaction of two sulfliydryl groups in the native enzyme (Cys118 and Cys239) 

with DTNB was performed as described (Altamirano et. al., 1989), using a double-beain 

spectrophotometer. From the time course of the reaction, the pseudo first-order kinetic constant 

was calculated at different GIcNAc6P concentrations, including zero. 

RESULTS 

Kinetics of glucosamiue-6-phosphate deaininase activation by G1eNAc6P. 

A series of initial velocity-substrate curves were obtained al different constant concentrations of 

the allosteric activator at pl-I 7.7. (figure 1A). 'The behaviors of limit curves (zero and high 

G1chlAc6P concentration) were the ones expected for a K-system and an exclusive-binding 

allosteric activator, (Altamirano et aL 1989). The lit of the data obtained in the abscence of 

GIcNAc6P lo the general case of the Monod-Wyman-Changeux (MWC) model (Monod et al., 

1965), gives a non-exclusive binding constant (e) for GIcN6P of 0.021 ± 0.002, and a value for 

the number of sites (n) of 5.42 + 0.22 that can be rounded-off to six, and an allosteric constant 

4 of 15500 ± 5500. (See also fitted constants for zero inhibitor curve, figure 3). Each curve 

in the set shown in figure 1A, was fitted to the following forro of MWC equation (Monod el al. 

1965): 

Le« (l+ca)"-' 	a(1 arl  
v/V = 	 (equation 1) 

/ (1 +7)" 4 (1 + a)" 
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in this expression a and 'y are the specific concentration of G1cN6P and GIcNAc6P, 

respectively, c is the non-exclusive binding constant for the substrate, and L is the allosteric 

equilibriuin constant, G1cNAc6P binding is assumed as exclusive tu the R allosteric conformer, 

and n = 6 was a paraineter. The fitted value for K, for GleNAc613  was 0.033 --i- 0.002 mM, 

The plot shown in figure 113 corresponds Lo the same data, presented in the forro of a linear 

transformation of equation 1. (l3langy et al., 1968). The estimated Kit  for the activator was 47 

itM. The intercept-replot shown at the inset of figure 1.1.3 gives the Km  value for G1cN6P at infinite 

activator concentration; this value is 2.6 mM, close to the expected value of 2 mM (Altamirano 

et al. 1989). Por reference purposes, a similar experimental series in the presence of 2 mM 

GIcNAc6P gave a Km  for GIcN6P of 1.88 -I- 0.01 mM (not shown). 

Effect of the dead-end inhibitor GleN-o1-6P 

GIcN-ol-6P is a dead-end inhibitor of glucosamine-6-phosphate deaminase (Midelfort and Rose, 

1977). When assayed with activator-saturated enzyme, it behaves as a typical competitive linear 

inhibitor, with a Ki  of 2 µM (data not shown). In the absence of activator, when deaminase 

displays a strongly positive homotropic cooperativity, GleN-o1-6P behaves as an alternative 

homotropic ligand, causing paradoxical activation at low substrate concentration (figure 2). The 

data set from this experiment was fitted to the following equation, derived frOM MWC model, to 

which was added a competitive inhibitor that binds exclusively to R conformer (Segel, 1975): 

Lea (1+ca)'r i  + 
v/V = 	 (equation 2) 

1,(1 el/)' + (1-For+0)" 

in this expression, O is the speciftc concentration of the dead end inhibitor; other symbols have 

the same meaning as in equation 1. 

CleNdke6P binding to deaminase, studied by egnilibrium dialysis. 

The saturation curve of glucosamine-6-phosphate deaminase by G1cNAc6P, determined by 



equilibrium dialysis, is shown in figure 3, where the moles of GIcNAc6P bound per mole of 

deaminase hexamer, were plotted versus the concentration of GIcNAc6P. The shape of the curve 

is sigmoidal and it has a Hill coefficient oí 2.5 anda [GleNAc6P10.5  of 180 /./M. When the 

experiment was performed in the presence oía fixed high concentration of the dead-end inhibitor, 

to silla the allosteric equilibriuni in the direction to the R conformer, the curve 

obtained was virtually hyperbolic, and the Kd  for GIcNAc6P was 35 pM. Por both curves, the 

fitted value for the maxiinal saturation ratio (i.e., the number of allosteric sitos per enzyme 

molecule) was found to be close to the integer six (figure 3). 

Kinetics of sulfliydryl protection by GicNAc61) 

Sulfhydryl groups from Cys118 and Cys239 react with several thiol reagents when the enzyme 

is in the T conformation, but they become completely hindered when the T--1.R transition is 

induced by saturation with either homotropic or heterotropic ligands (Altamirano et al., 1989, 

1992). The kinetic of the cheinical reaction of the sulfhydiyl groups in the presence of G1cNAc6P 

was studied and analysed according lo the proposed model. The apparent pseudo first-order rate 

constant for the reaction of cysteines with DTNB plotted versus GIcNAc6P concentration, is 

shown in Fig. 4. The protective effect of the allosteric activator, can be described by the following 

expression (see also the Appendix): 

Et k* L 
(equation 3) 

L 	(I + ,y)n 

The experimental data fit well to ibis equation. The curve shows the expected cooperative 

kinetics of the G1eNAc6P protective effect. 

DISCUSSION 

Our study of the activation of glucosamine-6-phosphate deaminase by GIcNAc6P by non-

linear regression analysis confirais the validity of the MWC model to describe the allosteric 
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properties of this enzyme. We assuined the existence of six allosteric and six active sites, which 

were the fitted values obtained in the kinetic experiments without activator or inhibitor (Figs. 1 

and 3) and the nwnber of GIcNAc6P binding sites obtained from equilibrium dialysis 

experiments. The fitted model implies exclusive-binding of the activator, assuinption which is 

supported by the observation that the deaminase exhibas hyperbolic kinetics in the presence of 

saturating concentrations of GIcNAc6P. The quality of the fit. 	equation 1 can also be shown 

by means of the elegant plot proposed by Henri Buc in 1.967 (c.f. Blangy et al. 1967). The value 

of the Michaelis constant for GIcN6P obtained from the intercept replot shown in the inset of fig. 

113, is elose to the expected one, thereby providing an additional support for the validity of using 

equation 2 to describe the allosteric activation of glucosamine-6-phosphate deaininase by 

GIcNAc6P. 

The precedent analysis presupposes that the allosteric transition of glucosamine-6-phosphate 

deaminase is concerted. Additional evidence for this assurnption is the activation which is 

observed at low specific concentrations of the inhibitor and substrate, and the satisfáctory fit 

obtained with equation 2, which was derived from the MWC model. We also used the know 

protective effect that has the T to R conformerisation opon reacti.vity of cysteines (Cys118 and 

Cys239) to study the activator-enzyme interaction. Equation 3 may be an useful tool to study the 

interaction of diverse homotropic or heteropropic ligands with wild-type and mutant forms of the 

deaminase. 

Direct equilibrium binding measurements and model fitting demonstrate that the deaminase 

has one allosteric sito per polypeptide chain. The binding curve obtained in the presence of 

saturating concentration of the dead-end inhibitor, GleN-o1-6P, confirins this stoichiometry and 

allowed us to obtain directly the K for GIcNAc6P. This value corresponds to the microscopic 

dissociation constant of the allosteric activator from the R allosteric conformen. The curve is 

virtually hyperbolic, as expected if GlcN-o1-6P is an exclusive-binding ligand. 

The results reported here prove also that the entire deaminase oligomer is the allosteric 

unit, excluding the existence of a putative smaller cooperative unit, such as the disulfide-linked 

dinier and suggest that each pair of subunits forming this threefold repeated structure has 

equivalent and symmetrical allosteric sites. 
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LEGEND FOR THE FIGURES 

Figure 1. 

Activation of glucosamine-6-phosphate deaminase by GleNAc6P. 

A: direct plot of initial velocities versus substrate concentration at the following activator 

concentrations: (EI), none; (0), 5 ILM; ( ), 10 p.M; (A), 25 /AM; (A), 50 ittM; (0) 2.5 mM. 

Assays were performed using 2 nM deatninase in a final volt:me of 200 /21, at 	8.0 and 30 °C. 

as described elsewhere (Altamirano et al., 1989). Fitted values for the data in abscence of 

activator were: c = 0.021 ± 0.002; n = 5.42 ± 0.22; L = of 15500 ± 5500, maximum Hill 

coefficient = 3.02 ± 0.11. 

B. l3uc plot of the data from figure 1A. Y is the saturation fraction, estirnated as v/V,„,„„ at any 

particular activator concentration; V' is this value for the reference curve obtained in the presence 

of an excess (1 mM) of G1cNAc6P, corresponding to hyperbolic kinetics. The sixth root of the 

ratio at the ordinate gives the best lit. The set of lines intersects the abscissa at -Kd  for 

G1cNAc6P. Substrate concentrations are (0), 1 mM; ( ), 1.5 mM; ( O), 2 mM; (a), 2.5 rnM; 

(A), 3.0 mM; (A) 3.5 mM; (v) 4.0 mM. lnset: replot of ordinate intercepts as a function of 

substrate concentration. The abscissa intercept of this replot gives the -K,„ value for GIcN6P. 

Figure 2. 

77w efct of the dead-end inhibitor GIcAPol-6P on glucosamine-6-phosphate deaminase. Majal 

velocities versus substrate concentration, in the absence of the allosteric activator. The GIeN-ol-

6P concentrations are: (0) none; ( ) 5 ¡AM; (G), 15 iLM. The assay conditions were similar as 
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in the experimenta described in figure 1. 

The curves drawn were given by the lit to equation 2. (Pitted parameters: n = 3.4 -1- 

.9; 	= 9050 ± 2550). The lit of the data from the series without 	 (D),to equation 

1 gives the following values for the variables: L = 1.0600 ± 1500; c = 0.043 + 

0.002; n = 6.1.8 ± 0.15. The maximum 	coefficient for this curve is 2.94. ± 

0.16. 

Figure 3. 

l3inding of G1cNAc6P to glueosamine-6-phosphate deaminase, studied by equilibrium dialysis. 

Microcentrifuge tubes were used as dialysis chambers as described in the text. The enzyme 

chamber (200 /21) contained a 514M deaminase in 0.1 M Tris-HC1 buffer, pF1 8.0 (20 (r) and 2.5 

mM EDTA, The outer chamber (400 p,1) contained the same buffer and different amounts of 

["C1-GicNAc6P (1.46 p,Ciintnole) tu yield al equilibrium the desired concentration range of free 

allosteric activator. () GIcNAc6P binding in the presence of a saturating concentration (0.5 mM) 

of GIcN-oI-6P; (0) curve in absence of the dead-end inhibitor. Fitted parameters for these curves 

are: 1)„,„„ (nurnber of GIcNAc6P molecules bound per den-únase hexamer, at saturation): 6.30 

+ 0.28; Kd ,, 34 ± 4 tiM (curve -O-, hyperbolic fi t) . From the fit to Hill equation of curve -O-, 

EGIcNAc6110.5  is 180 piM; 	u „„,, 6.09 + 0.84 mM; 	coefficient 2.51. 

Figure 4. 

Elket of GlelkiAe6P oil the apparent rale constant of the reaction offrative deaminase sulthydryls 

cvith DTNB. Samples containing 0.5 itM dearninase in 0.1 M Tris-HCI buffer, and 2.5 mM EDTA 

(pH 7.7), and variable conccntrations of GIcNAc6P, was treated with 2 mM DTNB. The thiol-

disulfide exchange reaction was measured with a double beam spectrophotometer using a blank 

cell without enzyme. These data were fitted to equation 3, with the following parameters: k', 

7.8 x 10' 	n = 6. The fitted values for the variables were: L = 750 -1- 120; Kd = 20 ± 6 /£114. 
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A PPENDIX 

Kinetics of the modification reaction oí' an allosteric protein in the presence of an exclusive-

binding protective 

Scheme 1 shows the general reaction sequence for the chemical modification of a two-dates 

allosteric protein in which only the T-conformer is able to react with the modifying reagent. The 

ligand A, binds exclusively to the R forro. The chemical modification is irreversible, and the 

modified enzyme is still active and allosteric. 

L' 
R 	T* 	T 	--> 	T' 	R' 

nA t Klt 	 nA 
RAS, 	 RAn 

SCHEME 1 

The pseudo first-order cate equation for the protein modification is: 

= k', E, [Ti 	 (1 ) 

where k', = 	and E, the total concentration of unmodified enzyme; hence, 

E, [T] is the fraction of enzyme susceptible to chemical modification. The following expression, 

derived by Monod et aL(1965), gives the fraction of the 

protein in the R-state. 
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(1 + y)" 

L + (1+  y)" 

where y is the specific concentration of the exclusive-binding ligand A (Le., [AliKA), 

n the number of binding sites and L the allosteric constant. The fraction of the 

enzyme in the T forro, 1-R, is: 

L 

T = 

	

	 (2) 

L -I- (1 + y)" 

Susbtituting for 'r in equation 1 gives: 

L 

v = E, -------------- 

L 	(1 4yr 

The apparent rate constant for the inodification reaction in the presence of the 

allosteric ligand, is: 
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V11-1.0 

I I, 

(3) 

L -4- (I +y)" 

The plot of kum, versus y gives a downward S-shaped curve, intercepting the vertical 

axis in k,),„ = k' t  (see Results, figure 4). The following expression is a linear 

transformation of equation 3: 

1 

log 	 = n log (1 + y) -I- log L 

k' l  k„1,1  
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SUMMARY: 

The interaction of the enzyme glucosamine 6-phosphate deaminase (E.C. 5.3.1.10) from 

Escherichia coi', and its allosteric activator N-acetyl-D-glucosamine 6-phosphate 

(GIcNAc6P), was studied by different spectrophotometric methods. The analysis of the 

circular dichroism differential spectra produced by the binding of the activator or the 

competitive inhibitor 2-deoxy 2-amino-D-glucitol 6-phosphate (an homotropic ligand 

displacing the allosteric equilibrium to the R-conformer), suggests the presence of 

tyrosine residues at or near the allosteric site. The involvement of a single tyrosyl 

residue with a pK of 8.75 in GIcNAc6P binding site of glucosamine 6-phosphate 

deaminasewasfurther demonstrated by spectrophotometrical pN titration, in the presence 

or absence of these ligands. in these experiments, a single títrated tyrosyl residue is 

completely protected by saturation with the allosteric activator. The analysis of the amino 

acid sequence of the deaminase using a set of indices for the prediction of surface 

accessibility of amino acid residues, shows that only two tyrosyl residues, Tyr121 and 

Tyr254, are the most probable candidatas for this function. 
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The enzyme glucosamine-6-phosphate dearninase (D-glucose-6-phosphate ketol 

isomerase, deaminating, EC 5.3.1.10) catalyses the reversible isomerisation-deamination 

of D-glucosamine-6-phosphate (GIcNGP) luto D-fructose-6-phosphate (Fru6P) and 

ammonia (Comb y Roseman, 1958; Midelfort and Rose, 1977; Calcagno et al. 1984). 

Deaminase is an hexamer componed of six identical subunits, and has six active and six 

allosteric sites per molecule (Calcagno el al. 1984, Altamirano and Calcagno, 1993, 

unpublished). This is the single allosterically regulated enzyme in the pathway of amino 

sirgar catabolism in Esclierichia coli. N-acetyl-D-glucosamine-6-phosphate (GIcNAc6P) 

is an allosteric modulator of deaminase and its kinetic effects has been well characterised 

(Altamirano el al., 1989, 1992). Furlhermore, deaminase and other proteins involved in 

amino sugar transport and metabolism are regulated at the level of transcription of their 

genes, which are clustered in the regulen nagE-nagBACD, (Rogers el al., 1988; 

Plumbridge, 1989; Plumbridge et al. 1993). These genes are expressed when the 

bacterium is cultivated amino sugars as the carbon and nitrogen source; the inducer 

metabolite is GIcNAc6P (Plumbridge, 1991; Plumbridge and Kolb, 1991). This compound, 

the allosteric activator of deaminase, is also the product of N-acetyl-D-glucosamine 

transport and the substrato of other nag enzyme, N-acetyl-D-glucosamine-6-phosphate 

deacetylase. These facts emphasize the key role of GIcNAc6P concentration in the 

control of amino sugar utilisation in E. coli. To evaivate the actual contribution of the 

allosteric properties of deaminase on the regulation in vivo of the entire pathway, the 

construction of non-allosteric site-directed mutants may be an useful tool. Nevertheless, 

we do not have inforrnation about the structural basis of the allosteric control of the 

deaminase, as the structures participating in the allosteric conformational changes, or 

the amino acid sido chains involved in GIcNAc6P binding on the allosteric site. The 

present study is an initial attempt to characterise the critical structural features of the 

allosteric regulation of glucosamine-6-phosphate deaminase by means of 

spectrochemical techniques. 
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EXPERIMENTAL PROCEDURES 

Reagents 

Biochemicals and most reagents were from Sigma Chemical Co., (St. Louis, MO, 

U.S.A.); GIcNAc6P was prepared by acetylation of GicN6P and purified by 

ion-exchange chromatography, according to Leloir and Cardini (1962). The deaminase 

dead-end irthibitor, 2-deoxy-2-amino-D-glucito1-6-phosphate (GicN-o1-6P), was 

synthesized as described by Midelfort and fose (1977). 

Bacteria and enzyme 

E. coli glucosamine-6-phosphate deaminase was prepared as previously described, 

from an overproducing strain (Altamirano el al. 1991). The concentration of the 

enzyme was calculated from its absorbance at 278 nm at pH 7.7 and its molar 

absorptivity (C77  = 20.0 x 104  M-1  cm-1, Altamirano el al., 1987). 

Circular dichroism spectroscopy 

The circular dichroism (CD) spectra were recorded on both a Jasco J-500A instrument 

or an AVIV CD Spectrometer, model 62 DS. The spectral changes produced by 

GIcNAc6P or GicN-o1-6P binding were studied by running consecutivo spectra after the 

addition of small volumes (0.2 to 2.0 til) of a 100 mM solution of the ligand. The 

experiments were nade at room temperature, and 	7.7 in 0.05 M Tris-HCI buffer 

using cells of 0.2 cm pathlength, unless otherwise specified. 

Spectrophotometrical titration of tyrosines 

Difference spectra were recorded in a Cary 4 double beam spectrophotometer at 30 °C. 

Acid-base titration of tyrosyl residues in native glucosamine-6-phosphate deaminase, was 

performed recording the spectra of a set of 3-5 µNI deaminase solutions, prepared in 50 

mM ACES, 25 mM MES, 25 mM ethanolamine buffer, at various pH values. As a fully 

protonated reference sample, the solution at pH 6.0 was used. In this buffer system, the 

change of ionic strength with pH was minimal (Ellis and Morrison, 1982). The ionisation 
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of tyrosyl residuos was calculated from the absorbance chango at 295 nm, using the 

absorptivity coefficient of 2.33 x 103  M-1 	(Donovan, 1973). 

Methods of theoretical sequence analysis 

A set of four methods for the calculation of propensity scales for each of the 20 amino 

acids was selected to analyse the sequence of glucosamine-6-phosphate deaminase. 

These scales describe the tendency of each residuo to be associated with physico-

chemical properties such as a) hydrophilicity (Hopp and Woods 1981, Parker et al, 1986) 

which are mostly derived from the study of the partítion coefficients of amino acids in two 

non-interacting isotropic phases, and b) surface accessibility (E3oger et al. 1986, Padlan 

et al. 1975), based on the study of proteins of known three-dimensional structure. AII 

prediction calculations were made with the computer package for protein sequence 

analysis ANTHEPROT (version 5,5.) for IBM PC computers, by Gilbert Déleage, Institut 

de Biologie et Chimie des Protéines, Lyon, France. (Déleage et al. 1988, 1989). 

RESULTS AND DISCUSSION 

CD spectral changes produced by ligands. 

Spectrochemical techniques are suitable to analyse specific interactions of proteins and 

their associated structural changos. Our attention was focused on binding of the ligands 

of glucosamine-6-phosphate deaminase, GIcNAc6P, the physiological allosteric activator, 

and GIcN-ol-6-P, a dead-end inhibitor of the enzyme (Midelfort and Rose, 1977). This 

inhibitor is a non-substrate homotropic ligand, which displaces the allosteric equilibrium 

to the R-conformer (Altamirano and Calcagno, unpublished). The far-UV CD spectrum 

of the enzyme remains unchanged alter the addition of the heterotropic or the homotropic 

ligand, thus indicating the lacé of meaningful changos in the secondary structures of the 

protein. On the other hand, the addition of GIcNAc6P or GIcN-o1-6P produced marked 

changos in the near-UV CD spectrum of the enzyme, as shown in Fig. 1. The CD 

difference spectrum produced by saturating concentration of GIcNAc6P shows a broad 

distribution of bands over the whole aromatic absorption zone (curve B in Fig. 1). 

Notwithstanding its complexity, it is possible to gather some information about the 
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activator-enzyme interaction. The strongest signals at 282-283, 276-277 can be ascribed 

to 	bands from tyrosyl residues (Woody, 1985, Horwitz et al. 1970). On the other hand, 

the bands located at 291 and 296 nm can be safely assigned to tryptophanyl residues 

(Strickland, 1974). Other bands between 282 and 286 originate from tryptophanyl and/or 

tyrosyl residues and it is not possible to make a precise assignrnent. (Strickland, 1974, 

Horwitz et al. 1970, Woody, 1985). In contrast, the CD differential spectrum produced 

by saturation with GIcN-o1-6P (Fig. 1, curve A) is simpler, with the sharp positive bands 

at 280 and 287 nm. The comparison of both spectra, strongly suggests that the signals 

characteristic of tyrosine side chains in the 277-283 rango are produced by GIcNAc6P 

binding and may be caused by local interactions at the allosteric site, because the shift 

to the R conformation induced by an homotropic ligand, GIcN-ol-6P, did not produce 

bands in the same wavelength range. The stronger positive band at 287 nm observed 

upan GIcN-ol-6P saturation points out the participation of tryptophanyl residues in the 

allosteric transition, ligand binding to the active site, or both. This point could be 

conveniently studied by spectrofluorometric techniques. The far-UV CD spectrum of 

glucosamine-6-phosphate deaminase (182 to 250 nm) remained unchanged alter the 

addition of GIcN-ol-6P or GIcNAc6P, thus revealing the absence of significant changes 

in the secondary structure. 

GicNAc6P binding curve, determined by CD spectroscopy. 

The CD differential spectrum preserited in Fig. 1 shows that GicNAc6P binding causes 

an intense negative signa! at 275 nm, whereas at this wavelength, the allosteric activation 

produced by an active site ligand did not produce any significant change. This peak at 

275, was then used to obtain the saturation curve of deaminase by GIcNAc6P. The 

fractional change of the differential CD spectrum was assumed to be proportional to the 

saturation fraction (Y) of the protein, taking as a reference (Y = 1), the maximal spectral 

modification produced by a high (2 mM) concentration of GIcNAc6P. Fig. 2 shows the 

piot of Y versus GIcNAc6P concentration. The binding curve obtained in the presence of 

a saturating concentration of GIcN-of-6P was hyperbolic (Kd  = 36 ± 3 µM). In the 
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absence of the inhibitor, binding is highly cooperative (Hill coefficient, 2,9 -I- 0.2, 

[GIcNAc6P]0  64 t. 12 DM). The Ka  value obtained for GIcNAc6P coincides with the 

constant calculated from kinetic experiments or directly measured by equilibrium dialysis 

(Altamirano et al., submitted). Furthermore, the good fit to hyperbolic saturation reached 

at high dead-end inhibitor concéntration;  validates the use of this ligand as a tool to shift 

the allosteric equilibrium to the high affinity (R) conformer, as discussed in the previous 

paragraph. 

Acid-base titration of tyrosyl residues, and effect of ligands 

CD spectral data provided information suggesting that phenolic side chains from tyrosyl 

residues are involved in GIcNAc6P-enzyme interaction. Tyrosyl residues can be 

conveniently studied and measured by means of the red shift of its main UV absorption 

band. The differential spectra of the enzyme (pH 10.5 minus pH 6.0) were obtained in 

absence of ligands or in the presence of a saturating concentration of GIcNAc6P or G1cN-

ol-6P; the spectrum at pH 6.0 was used as reference for the fuli protanated phenolic 

groups. As shown in Fig. 3, an absorption band with a maximum at 295 nm, corre-

sponding to the dissociation of the phenolic hydroxyl of tyrosine was observed. This peak 

is absent when pH titration was performed with deaminase previously saturated with 

GIcNAc6P (Fig. 3), but the spectrum was not modified by a saturating concentration of 

GIcN-ol-6P (not shown). When this increase in absorbance at 295 nm was measured at 

different pH values, the titration curve shown in Fig. 4 was obtained. These data were 

fitted to the Henderson-Hasselbalch equation, giving a pK of 8.75 and 1.16 titrated groups 

per polypeptide chain. This fit is also presented in the inset of Fig. 4, as a linear 

transformation of the buffer curve (Pontremoli et al. 1969). These titration experiments 

indicate the participation of one tyrosyl residue per deaminase polypeptide chain, which 

has a rather low pK phenolic hydroxyl group. This group entirely disappears from titration 

when the procedure is performed in the presence of the allosteric effector, suggesting that 

it may be located in or near the allosteric site. 
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Prediction of the location of the exponed tyrosines. 

Amino acid sequence of glucosamine-6-phosphate deaminase is known from the 

nucleotide sequence of its gene (Rogers et al., 1988), and a secondary structure for this 

protein has been proposed on basis on CD spectral data and the combined use of 

diverse prediction methods (Altamirano et al., 1991). The enzyme was recently 

crystallised and preliminary crystallographic data have been reported (Horjales el al., 

1992) but the complete structure from X-ray diffraction data is not yet available. On the 

other hand, a systematic search for sequence homologies with other proteins, using the 

data from the GeneBank, and the program FASTA (Pearson, 1990) or progressive 

alignment methods (Doolittle, 1990), did not revealed significant alignments with any other 

protein, or with the other flag proteins (Altamirano, unpublished results). In the absence 

of further structural information, we carne back to sequence analysis, in an attempt to 

predict the position of the tyrosines, which according to the foregoing evidences, are 

involved in GIcNAc6P binding to the allosteric site of the enzyme. The use of a set of 

indicators of surface probability, presented in Fig. 5, suggests that only two tyrosyl 

residues of the eight ones which are present in deaminase polypeptide chain, are surface 

located; these residues are Tyr121 and Tyr254, and the former has a definitely higher 

score. In a previous study of secondary structure prediction of deaminase (Altamirano 

et al. 1991) we have also found that these tyrosines appear in sequence segments 

predicted as highly flexible according to Karplus el al. (1985). In the present study, 

tyrosine 121 appears in segment predicted as a hydrophilic, polar helix (residues 115-

124: DAECRQYEEK), and tyrosine 254 in a segment predicted as a highly flexible turn 

(251-254: TLRY). Based on the consideration that only amino acids which contribute to 

the "accessible" surface may directly interact with external atoms, tyrosines 121 and 254 

are best candidates for the tyrosine residue located at or near the allosteric site. This 

point can be further examinad by means of the construction of the corresponding site 

directed mutants. 
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LEGEND FOR THE FIGURES 

Fig. 1. 

Change in CD spectrum of glucosamine-6-phosphate deaminase produced by binding 

of GIcN-ol-6P (curve A) and GIcNAc6P (curve 13). 

The experimental points correspond to the CD difference spectrum calculated by 

substraction of data in the absence of ligand from those obtained in the presence of 0.1 

mM GIcN-ol-6P (curve A) or 2 mM GIcNAc6P (curve 13). The protein concentration was 

2.5 jM  (0.45 mg 	Scanning conditions: Averaging time: 6 s, plotted data are 

averages of 10 succesive scans. 

Fig. 2. 

Saturation curves of glucosamine 6-phosphate deaminase with its allosteric activator, 

G1cNAc6P, using the ellipticity change at 275 nm as the analytical signal. 

Saturation fraction, Y, was calculated from the quotient Z10/ dein„:„ where A©„, is the 

change in CD differential spectrum produced by the addition of 1 mM GIcNAc6P. 

Measurements were obtained in the presence and in the absence of 0.5 mM GleN-o1-6P 

(curves (0) and (0), respectively). Fitted values: [GlcNAc6P10.5 , 64 ILM -I- 12; Maximum 

Hill coefficient, hmax  2.9 -I- 0.2 (curve O); Kd, 36 ± 3 ILM (curve 0). 
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Fig. 3 

Difference Uy spectra of glucosamine-6-phosphate deaminase in the pH rango 7.0 - 

10.5. 

A 4.5 IÁM solution of the enzyme in 50 mM irnizadole, 25 mM MES, 25 mM CAPS buffer, 

pH 10.5 was measured against a reference cell containing the same enzyme 

concentration, at pH 7.0. The dashed line is the diference spectrum obtained in the 

absence of ligands (A similar spectrum was obtained after the addition of 0.5 mM G1cN-

o1-6P). The continuous line was obtained after the addition of 2.5 mM GIcNAc6P to the 

sampie cell (pH 10.5). The peak of this difference spectrum is at 295 nM. The M295  

observed is 0.064, which corresponds to 6.2 phenolic groups of tyrosine dissociated per 

deaminase molecule. 

Fig. 4. 

Titration curve of tyrosyl groups of glucosamine-6-phosphate deaminase. 

From 1. A295  data, obtained in the 	range 7.7 - 10,5, under the same conditions of Fig. 

3. The fit to the buffer equation shows a pK of 8.75 and 1.16 titrated groups per 

deaminase polypeptide chain. 

Fig. 5. 

Theoretical analysis of glucosamine-6-phosphate deaminase amibo acid sequence. 

A to D: Plots displaying four indexes for surface accessibility of glucosamine-6-phosphate 

deaminase. A: hydrophilicity scale of Hopp and Woods (1981); B, accessibility to the 

solvent scale of Boger et al. (1986); C, antigenicity index of Parker et al. (1985) and D, 

antigenicity by disymmetry against glycine (Padlan 1975). In all calculations a window 

of seven residuos was employed. The points along the curves, indicate the position of 

tyrosinos 121 and 254. The asterisks on the top of the figure, indicate the position of al! 

the tyrosyl residues of deaminase polypeptide chain (tyrosines 49, 74, 85, 86, 121, 128, 

184 and 254). 
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II. Influencia de las mutaciones sobre el equilibrio alostérico. 
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Identification of Two Cysteine Residues Forming a Pair of Vicinal Thiols in 
Glueosamine-6-phosphate Deaminase from Escherichia coli and a Study of Their 

Functional Role by Site-Directed. Mutagenesist 

Myriam M. Altamirano,)  Jacqueline A. Plumbridge,§ and Mario L. Calcagno*.i 
Departamento de Bioquimica, Facultad de Medicina, Universidad Nacional Autónoma de México, P.O. Box 70-159, Ciudad 

Universitaria, 04510 Mexico City D.F., Mexico, and Institut de Biologie Physico-Chintique, CNRS-URA 1139, 13 Rue Pierre 
e: Marie Curie, 75005 Paris, France 

Received July 17, 1991; Revise(' Manuscript Received October 17, 199! 

ABSTRACT: The nucleotide sequence of the nagll gene in Escherichia coli, encoding glucosamine-6-phosphate 
dearninase, located four cysteinyl residues at positions 118, 219, 228, and 239. Chemical modification studies 
performed with the purified cnzyme had shown that the sulfhydryl groups of two of these residues form 
a viejital pair in the enzyme and are easily modified by thiol reagents. The allosteric transition to the more 
active conformer (R), produced by the binding of homotropic (u-glucosamine 6-phosphate or 2-deoxy-2-
amino-o-glucitol 6-phosphatc) or heterotropie (N-acetyl-o-glucosamine 6-phosphate) ligands, cornplctely 
protected these thiols agaiiist chemical modification. Selective cyanylation of the vicinal thiols with 2-
nitro-5-(thiocyanato)benzoate, followed by alkaline hydrolysis to produce chain cicavage at the modified 
cysteines, gave a pattern of polypeptides which allowed us to identify Cys118 and Cys239 as the residues 
forming the thiol pair. Subsequently, three mutated forms of the gene were constructcd by oligonucleo-
tide-directed mutagenesis, in which one or bolla of the cysteine codons were changed to serme. The mutant 
proteins were overexpressed and purified, and their kinetics were studied. The dithiol formed by Cys118 
and Cys239 was necessary fOr maximum catalytic activity. The single replacements and the double mutation 
affccted catalytic efficiency in a similar way, which was also identical to the eífect of the chemical block 
of the thiol pair. However, only one of these cysteinyl residues, Cys239, had a significant role in the allosteric 
transition, and its substitution for serme reduced the allosteric interaction energy, due to a lower value of 
KT. 

Gh,cosamine-6-phosphate deaminase catalyzes the reversible 
conversion of n-glucosamine 6-pliosphate (GleN61))1  roto 
1)41R:tose 6-pliosphate and ammonia. 11 is allostcrically ac-
tivated by N-acetyl-D-glueosamine 6-pliospliate (61cNAc61)) 

t This research was supported by Grant 1N-206791 from Dirección 
Gral. de Asuntos del Personal Académico (DGAPA), UNAM, Grant 
D-111-903825 from Consejo Nacional de Ciencia y Tecnología (C0-
NACYT), Mexieo, and by the Centre Nationale de la Iteellerche 
Scientifique (CNRS), France (URAI139); M.M.A. holds a doctoral 
fellowship from DGAPA, UNAM. 

*To whom correspondence should be addresscd. 
1 Universidad Nacional Autónoma de México. 
linstitut de Biologie Physieo-Chimique. 

0006-2960/92/0431-1153$03.00/0  

(Comb & Roseman, 1958; Midelfort & Rose, 1977; Calcagno 
et al., 1984), The enzyme from Escherichia cali is an oli-
goinerie protein eomposed ttf six identical polypeptide cliains 
(Caleagno et al., 1984) whose primary structure is known from 
the DNA sequence of the gene nagB encoding this enzyme 
(Rogers el al., 1988). The gene, located at 15.5 mira ora the 
E. coli cliromosome ()Albite, 1968; Holmes & Russell, 1972), 

Abbrcviations: DTN13, 5,5'-dititiobis(2-nitrobenzoic acid); G1eN6P, 
o-glucosamine 6-phosphate; GleNAc6P, N-acetyl-o-glucosamine 6-
phosphate; NTC13, 2-nitro-5-(thiocyanato)benzoic acid; SUS, sodium 
dodecyl sulfate; TN13, 2-nitro-5-thiobenzoate. 

© 1992 American Chemical Society 
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is pa rt of the divergcnt nagE—nagli,, ICD operons, which have 
been rcccntly eiraracterized (Rogers et al.. 1988; Plumbridge, 
1989; Vogler & Lengeler, 1989). The amino acid sequence 
of the enzyme (Rogers el al., 1988) shows Tour cysteinyl 
residues per enzyme subunit, corresponding tu cintillo acids 118, 
219, 228, and 239. Cheinical modification stuclies un the 
purified deaminase from E. í.'o/i B batí prcviously identified 
the presence of Iwo reactive sulthydryl groups per polypeptide 
chain in the nativo enzyme (Altamirano et al„ 1987). They 
were shown tu form a vicinal pair and lo renet with different 
thiol reagents, but only when the enzyme is in its lcss active 
allosteric conformation (Altamirano el al., 1989); upon al-
losteric activaliun by homotropic or heterotropic ligands, diese 
thiols becotue completely proteetcd (AltaMirano et al., 1987, 
1989). `''hoy are also involved in 7,F1 4-  binding by the enzyine. 
When zinc-bound enzyme is allosterically activated, the Zri" 
ion is sequestered by the protein and is only released when it 

returns 	its Iess-active conforma don (Altamirano & ('al- 
cagno, 1990). This pair of sulfhydryls is essential f()r Fall 
act ivit y oí glucosa mine-(i-phospha le deaininase, a ffect i 	both 
the catalytic constan( and allostcrie activado!). It has been 
shown that modificador] of the dúo! pair by different reagents 
(Altamirano el al., 1989), or their participation in Zn" binding 
(Altamirano cSc Calcagno, 1990), produces a decrease uf the 
molecular aelivity lo hall' ()I' the value for the native enzyme 
and a diminished cooperativity toward G IcN6P. This lada 
finding indicares that these thiols are playing some role in the 
allosteric transition and that the observe(' changes in their 
cheinical reactivity are sol a simple consequence of their 
passive displacemeut during the conformational transition. lt 
is also possiblc that the regio!' of the protein undergoing thesc 
structural changes involving vieinal thiols is loca ted in the 
neighborhood of the active site, as suggested by the kc„, al-
teration in the 51-blocked enzyme. 

Tu better understand thc role of these thiols in the inech-
'misil) uf calalysis and control oí the deaminase, we have 
undertaken their localization alung the enzyme's polypeptide 
chain, and we have used Ibis information lo construct the 
corresponding Cys tu Ser mutants. This approach makes it 
possible to characterize the functional contribution of each thiol 
group individually. As both sull'hydryls are equally reactive 
tu chemical reagents, their chemical modificado') docs not 
allow tis to evaluate their separa te contribution to catalysis 
and regulation. 

ExPERIkt 	PROCEMIRES 

Bacteria and Enzynw. Wild-type E. culi glucosa mi ne-6-
phosphate deaminase was prepared from a strain carrying a 
plasmid which ovcrproduccd the protein from the tac prometer, 
as previously described (Altamirano et al., 1991). Similar 
plasmids cxpressing the three mutated forros of the protejo 
(missing une or both of the vicinal cystcincs; see below) were 
constructed, The host strain for expression oí these mutated 
proteins was 113PC546R, whcre expression of the chromosomal 
copy of the nagll gene is climinatcd by insertion of a kana-
mycin-resistance cassette in the gene (Plumbridge, 1991). This 
strain is in addition ,clac, so that expression of the deaminase 
is constitutive, Expression of nagB gene was measured by 
enzyme assays and SDS—polyacrylamide gel electrophoresis 
in the discontinuous Laenunli system (1.aerninli, 1970). Ov-
erproduction of both wild-type and mutated proteins was es-
Úntate(' to be in thc rango 20-25% as judged by Coomassie 
blue G-250 staining of electrophoresis geis. Bacteria were 
grown and mulant deaminases were prepare(' as described for 
the wild-lypc enzyme (Altamirano et al., 1991). The N-(t-
aminollexanoy1)-o-glucosamine 6-phosphate aga rose a ffi n it y  

Altamirano et al. 

column, which hindi; deaminase by thc allost cric site, also 
preved w be useful for the purification of the mutant enzymes. 
Purit y of all enzynte preparations was verified electropho-
retically in polyacrylamide gcls, buth in the denaturing 
Laemnili system or with the native protein, in 4-30% pore-
gradient geis, as describe(' (Calcagno el al., 1984). '['he 
concentration ()I' wild-type or genetically modified enzymes 
was calcula ted from the a bsorbance at 278 :un in a sonido!) 
of 25 rnM Tris-HCl buffer, 1)11 7.8, using the know]] molar 
absorptivity for the wild-type protein (Altamirano el al., 1987). 
Mutations al the two reactive cysteinc residues were not ex-
pected tot ehange the a bsorption at 27$ nin (Fdelhoch, 1967). 
Hnzyine assays and analysis uf the kinetic data were performed 
as describe(' previously (Altamirano et al., 1987, 1989). Unless 
otherwise specified, kinetic data were oblained al pli 7.7 and 
30 °C, in the presence of 2.5 in M FinA, 

Specific Cyanylinion uf the Reacil12e 1'hi01.V. A 5 pN1 so-
nido:1 of wild-type deaminase was cyanylated under nonde-
natuning conditions with 2 m M 2-nitro-5-(1 hiocya nato). 
benzoate (1\ITC11) in 50 niM potassium phosphate buffer, pi] 
7.50, containing 2.5 iriM disodium FDTA (buffer A). The 
tinte coursc of the reaction was followed spectrophotometrically 
al 412 sin, with the release of TN13 anion n'usad against 
ara appropriat e blank in a double-beani spectrophotometer. 

Identification uf 11w ('ysleine Residuos Reactive with NTCB 
in the Native Protein. Deaminase polypeptide chain, specif-
ically cyanylated at the reactive thiols, was cleaved at diese 
fluxible(' residues by alkaline hydrolysis according lo Dégani 
and Patchornik (1974). Aliquots of 2--3 muol of deaminase 
in 100-pl, samples were cyanylated overnight under the 
nondenaturing conditions described aboye. The reaction 
mixtures were then extensively dialyzed against buffer A to 
remove NTC13 and TN13 and then treated with 50 mM N-
ethylmaleimide (NEM) for 4 h in 3.5 M guanidinium thio-
cyanate. This step was introduce(' in oil attempt to block a 
buried sulfhydryl group, which becotues highly reactive ora 
denaturation (Altamirano et al., 1987) and which would 
produce undesirable sido reactions +val] the thiocyanoalanine 
residues. Samples wcre then dialyzed against water; the 
precipitated Roten] was dissolved by the addition ot solid 
guanidinium thiocyanate to give a final concentrado]] of 3.5 
M, and the pl 1 was adjusted to 9.5 with 0.1 volume of 0.9 M 
potassium borate buffer, p1-1 9.5, and some 0.1 M K01-1, if 
necessary. In other samples, 0.5% SDS was used instead of 
guanidinium thiocyanate. Samples were incubated at 37 °C 
for 12-48 11, ami then they were dialyzed against 50 mM 
Tris-HCI buffer, p1-1 6.8, using a dialysis inembrane with a 
cutoff oí 2 kDa (benzoylated dialysis tubing, Sigma Chemical 
Co.) and stored frozen. Diluted samples were concentrated 
by lyophilization. Dialyses were performed iri microchambers 
mude by cutting 1.4-ML plastic Eppendorf tabes transversely 
4 mm bclow the hender and closing the small chamber under 
the lid with a piece oí dialysis membrane. The compartment 
containing the sample became sealed when the lid was placed 
in the tube. The position of the membrane is the same used 
by Reinard and Jacobscn (1989) in their cquilibrium dialysis 
microchambers. Dialysis occurs through the upen end of the 
cut tubo; the assembled microchanibers were submergcd in 
a flask containing the dialysis buffer and were vigorously 
stirred. 

Elearophoretic Separation of Cleavage Products. De-
aminase samples cleaved at cysteinyl residues corresponding 
tu vicinal thiols were fractionated by SDS—polyacrylainide gel 
eleetrophoresis using Laemmli discontinuous system and 
0.75-min-thick gel slabs. The stacking gel had 6,5% total 
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aerylamide concentra tion with 	erg..1:.s-linking. The sep. 
aration 12,el was 	with a cross-linkage 	0.5()í). LOW 

el OSS-linking was used tu improve 	pliability; both gcls 
eonta Med I0'';, glycerol, to slow diffusion. 'I'hcsc gels yieid 
good separations in the range 30 .3 kDa. Proteiii hands wcrc 
detecte(' with the silver-staining procedure of \Y:ay el al. 
(198 I ). Cyanog,en bromide fragments of sperm whale myo-
globin, culmine a nhydrase, trypsinogen phenylmetha 
sulfonyl iluoride treated), soybean trypsin inhibitor, and glu-
cagon ‘vere used as molecular weight standards. NI yoglobin 
BrCN fraginents, which were prepared according tu Gross and 
Witkop (1962), gavie the five-hand pattern deseribed by 

Kratzin el al. (1989). 
Cm:sir:u:don of‘ Al water, nagli Genes. The nagn gene, on 

a 1.4-kb EcoRl—iiitallil fragment, was cloned from pUe-
(nag13) (Altamirano et al., 1991) into M131111)19. Olig,o-
nucleotide mutagenesis was performed by the Kunkel inethod, 
as describe(' (Sambrook el al., 1989). In one of the mutants, 
the Cys(TGC)118 was clianged tu Ser(AGC); in the otlicr, 
Cys(TGC)239 was changed to Ser(AGC). Oligonucleotides 
oí lengths of 21 and 23 bases, respectively, wcrc used. Thcy 
corresponded to the cense strand of thc nag/3 gene and were 
centercd around thc base to be inutagenized. The dotarle 
mutation was nade by introducing the Cys239 chango hito 
the M 13 carrying the Cys118 mutation. The tnutations were 
chccked by sequeneing using oligonucleotides conveniently 
placed within the nagn coding sequence. The changes are tu 
highly expressed serine codons and are not expected to ehange 
the expressivity of the protein. The mutagenized genes were 
exciscd as a:Mi—HM(1111 fragments and were recloned back 
luto pUC18 and also pl3R322. In the 'atter plastnid, there 
is no strong promoter positioned tu express the nagll gene, 
which is just expressed al a low leve! from plasmid tran-
scription. This expression is however suificient lo allow com-
plementation of the classic nagI12 mutation (Rogers el al., 
1988) present in strain 113PC571R (thi-1, argGú, argE3, his-4, 
mil -1, xy1-5, tsx-29, rpst,, Alac,174, nag112, zhi507;;Tn10). 
The duce mutated allcics were maintained in recA strains to 
minitnize their loss by recombination. For purification pum-
poses, the pUC(nagll) mutant plasmids were introduced luto 
1BPC54611 (thi-1, argG6, argE his-4, mt1-1, xy1-5, tsx-29, 
rps1., AlacX74, 	rec/11, sr/::Tri 10), the recombina- 
tion-deficient strain carrying a mili mutation in the elimino-
somal copy of the nagn gene (Plumbridge, 1991). 

Measurements of the Reactive ami Total Sfl Groups in 
Deaminase Mutan' Proteins. The number oí reactive thiols 
corresponding te the vicinal pair was determinad with 5-5'-
dithiobis(2-nitrobenzoic) acid (DTNB), al p1-I 8.0, 20 °C, in 
the presence of 5 mM EDTA, by measuring the release of 
2-nitro-5-thiobenzoate (TN II), as deseribed previously (Al-
tamirano et al., 1987). Alter completion of the reaction, 10% 
SDS was addcd to give a final coiicentration of 1%, and thc 
Mercase in TNB was meastued, tu determine buried sulf-
hydryls. Wild-type enzyme was also ineasured as reference. 

Iiiisu yrs 

Spectfic Cyanylation 	Vicinal, Reactive SII Groups. 
Wild-type, nondenatured deaminase was cyanylated with 
N'ECU as described under Experimental Proccdures. The 
reaction followed pseudo-first-order kineties, as expected for 
two equally reacting groups. The stoichiornetry of the reaction, 
calculated from the alumna of TNB released, was 2.07 sulf-
hydryls/enzyme subunit. A sccond-order rato constant of 2.1 
X 102  M-1  s-1  for thc reaction at p1-1 8.0 and 20 °C was 
calcula ted. The kinetic study of the S-cyanylatcd enzyme at 
the deantinating direction of thc reaction showed a k v„, of 82()  

Ficaniu. 1: Kinetics of glitcosamine-b-phospliate dcaminase modificd 
by cyanylation al the reactive pair ()I' cysteinyl residucs 	plol). 
Data plotted are avcragcs from two independent experimental series. 
The maximum 11ill coefficient for 'diese data is 1.60. 

2 
	

3 	 5 

HOURE 2; Eloctrophoretie separation of polypeptide chain fragments 
of E. col! glucosamine-6-phosphate deaminase produccd by cleavage 
at the selectively cyanylated sullitydryl groups. Limes 2, 3, and 4: 
alkalinc hydrolysis performed for 12, 24, ami 48 ti, respectively, in 
the presence of 0.5% SDS. Lane 5: alkaline hydrolysis performed 
in 3.5 M guanidinium thiocyanate for 24 h. Lime 1: control sample 
preparcd with a noncyanylitted enzyme, submitted lo alkaline hy-
drolysis under the same conditions as thc sample in lane 5. Total 
protcin samples analyzed wcrc in the range 0.5-2 mg, and the gel 
was silver stained. Molecular miss innrkcrs wcrc carbonic anhydrase 
(29.0 kDa), trypsinogen (24 kDa), soybcan trypsin inliibitor (20.1 
kna), inyoglobin (16.9 kDa), myoglobin chain fragnicnl 1-131 (14.4 
kl)a), inyoglobin eluda fragment 56-153 (10.6 kDa), myoglobin chain 
fragincrit 56-131 (8.2 kDa), inyoglobin chain fragnicnt 1-55 (6.2 
kDa), and glucagon (3.5 kDa). Other experimental dctails are de-
scribed in the tem. 

± 42 s i and a K„, for G1cN6P of 1.20 t 0.07 mM, when 
assayed in the allosteric activated forte in the presence of 1 
tuM GIcNAc6P. In the absencc of the activator the enzyme 
displaycd posilive cooperativity, with a maximal 1111 coefficient 
of 1.60 (Figure 1). 

Cleavage at Vicival Suljhydryls. Wild-type glucosamine-
6-phosphate dearninase, stoichiontetrically cyanylated at thc 
reactive vicinal tliiols, was cicavcd at diese residuos according 
tu 1)égani and Patchornik (1974). Clcavagc fragments were 
separated by SDS—polyaerylamide gel eleetrophoresis and 
identified by their molecular masses (Figure 2, lancs 2-4). A 
sample of noncyanylated enzyme, submitted tu all subsequent 
stcps described under Experimental Procedures, was also 
prepared and ron as a control for nonspeeiric cleavage (Figure 
2, 'arte 1). The duce main fragments observed were round 
to correspond to molecular masses of 27, 17, and 13 kDa. A 



1156 llioehernistry, Voi. 31, N(), 	11.19.? 	 Altamirano et al. 

1) 

: 291,14#1 

(lea 	rige 	gmenis 
Theorrtical Nir FragniellIs A : 13 210 

II 11 021 A 13 210 13.0 

11 	I/ E III 	ih3fi 17,0 
C : 1 090 

1): 1 250 A 11 	I/ 26 57.1 27.0 

II (' I) 13 	311.1 13.0 
: 3 272 

3 172 3.3 E 

11(1111/1'. 3: Seheinatie representation of the polypeptide chain of E. 
coll glueosainine-b-phosphate deaminase. The position oí cysteinyl 
residues is intik:met', and the fragments between litem are designated 
with letters from A to fi, in order along the protein seque:Ice. Mo-
Iccular niasses of fragments found are the estimated valses from 
eIeetrophoresis geis. 

faint band at 3.3 kDa was also observcd; probably most of this 
componen! is lost in the fixing and staining stops. A consid-
erable amount of enzyme remained uncleaved when the de-
naturant was 0.5% SDS; the 29,8-kDa band corresponding to 
the hilad protein was more conspicuous in samples hydrolyzed 
for 12 h (Irme 2) than in samples hyclrolyzed for 24 and 36 
h (lanes 3 and 4). After incubador' for 24 h, hydrolysis was 
more complete when guanidinium thiocyanate was used instead 
of SUS (lanes 5 and 3, respeetively). Under the conditions 

incomplete cleavage, 27-, 17-, and 13-kDa fragments were 
apparent, suggesting that they correspond Lo the splitting at 
one or the other of thc two possible cleavage sites. When 
hydrolysis was closer lo complet ion, as judged by the amount 
of unhydrolyzed enzyme present (Figure 2, lanes 4 and 5), the 
27-kUa component diminished and the 13-k1)a band increased. 
The possible cleavage sites, at the four cysteinyl residues of 
glucosamine-6-phosphate deaminase, are depicted in Figure 
3. 	In this figure, the segments between cysteinyl residues are 
designated with Letters from A to E, and their calculated 
molecular masses are given. Wc have found a fragment of 
17 kDa, which most likely corresponds lo 13CDE, with a 
calculated molecular mass of 16 636 Da. Thcre was, in ad-
dition, the nppearance of ara cquivalent amount of a 13-kDa 
polypeptide which could correspond Lo fragment A (molecular 
miss 13 210 1)a). The simultaneous appearance of !hese two 
bands suggests that Cys118 is a cleavage site. The existence 
of a 27-kDa peptide is consistent with the other cleavage site 
being located near the C-terminal end of the chain, where the 
other duce cysteine residues are found. Taking into account 
the observador' of a band al 3.3 kDa, which can only corre-
spond to fragment l3 (molecular mass 3272 Da), the 27-kDa 
fragment can be reasonably assigned lo fragment AI3CD 
(molecular mass 26 574 Da). Due to Ibis, the other cleavage 
site corresponds lo Cys239. According to this interpretador', 
the intenso 13-kDa band corresponds lo the superimposed 
peptides A (13 210 Da) and BCD (13 364 Da). 1f cyanylation 
and hydrolysis occurred at Cys219, fragments of 24 and 5.5 
kDa should be seer', while cleavage at Cys228 would generate 
fragments of 25 and 4.5 kDa. Wc have not observed peptides 
corresponding tu thcse molecular rpasses. 

Mulated Forms of Glueosamine-6-phosphale Deaminase 
al Cys118 - and Cys239. After identificador] of Cys118 and 
Cys239 as the cysteinyl residues bcaring the vicinal thiols, thc 

'rabie 1: Nomber of SuIllydryl Groups Reacting with DTN13, per 
Deaminase Subunit, in Wild Typc and Cys lo Ser Mutants" 

nondenatured 1% SDS 

type 2.04 	11.09 3.10 1 0.1 
Cysi18 lo Ser 0.96 1 0.08 2,02 0.05 
Cys239 to Ser 1.050 -1 0.13 1.89 1 0.07 
Cys118 lo Ser, Cys239 lo Ser 0.11 	:1: 0.04 0.96 1 0.01) 

d Experimenta1 conditions are describen in the text. Data are ayer-
agcs :E standard errors,1"rorn at least fine deterntinations. 

Table II: l< i pede Pa rarneters 	Wild Type and Cys to Ser Mutants 
Glucosionine-b-phosphate Deantinase".1  

K„,(nim) k„, (S-I) tr tllaR 

wild type 1.89 1 0.16 1810 ± 40 3.09 1 0.07 
Cys118 to Ser 0.84 ± 0.07 898 1: 14 3.03 1 0,08 
Cys239 to Ser 0.77 1 0.03 842 ± 58 1.60±0,111 
Cys 	to Ser, Cys239 lo Ser 0.81 ± 0.08 887 1 44 1.45 1 0.13 

" Experimental conditions are described in the (ext. Data are ayer-
ages i standard errors, frorn al least futir experintents. 

corresponding mutant genes were constructed, where the 
cysteine codons were converted to serine. The modified en-
zymes carrying the inutations Cys118 (o Ser, Cys239 to Ser, 
and the corresponding double inutant involving both residues 
were overproduced and purified as described under Experi-
mental Procedures. Our inilial se(Iuence assignment for the 
two reactive cysteinyls was confirmed by direct thiol titration 
with the three genetically modilied enzymes under native and 
denaturing conditions. As shown in Table I, single-mutant 
enzymes Rack one reactive sulfhydryl, and both thiols are absent 
in the double imitara. Data from the wild-type enzyme are 
also included for comparison. 

Kineties of"Genetieally Alodified Gluemamine-6-phosphate 
Deaminases. The kinetic behavior of the three mutant forms 
of glucosamine-6-phosphate deaminase, the two single mutants, 
and the double mutant is surnmarized in Table 11. Data from 
the wild-type enzyme were also included for comparison. The 
duce mutant enzymes present similar changos in the apparent 
catalytic constant, V„,„j1E11, i.e., thc microscopio k„„t  mul-
tiplied by the number of catalytical sites. This value corre-
sponds lo hall' of the value for the native enzyme. The re-
placement of one or both of the thiols also produced a 'luid-
ification in Ki„ for G'IcN61), which changed from 2.0 to 0.8 
m M. Thus, the catalytic efficiency or specificity constant 
(k,„1/K„,) (Fersht, 1985) remains effectively constant for the 
wild-type and most mutants (about 10" M-1  s--1 ). Since glu-
cosamine-6-phosphate deaminase is ara allosteric enzyme of 
the K-type (Calcagno el al., 1984), !hese data were obtained 
in the presence of a saturating concentrado!' of the allosteric 
activator, GIcNAc6P, lo produce hyperbolic kinetics. ln the 
absence of this ligand, the enzyme from the double mutant 
displays positivo cooperativity, but less Chau the wild-type 
enzyme, with a 111:1,d111t1I11 Hin coefficient (h„„.,) of neariy 1.5. 
The enzyme having the mutado!' Cys118 to Ser displays art 
untnodified cooperative behavior, similar to that of the wild-
type protein. On the other hand, the replaccment Cys239 lo 
Ser produces a deaminase distinctly less cooperative, with 
nearly the same 1.1ill coefficient as that observed for the 
double-mutant enzyme (Figure 4 and 'rabie 11). 

Effeci of Ztr2+ 	C.:ys lo Ser Glueosamine-6-phosphate 
Deaminase Mulants. The unce genetically modilied enzymes 
prepared were preincubated with zinc acetate, under conditions 
which re,sult in saturation of the zinc-binding site (Altamirano 
& Calcagno, 1990); the enzyme was [Mera assayed in the 
presence and in the absence of the allosteric activator. The 
kinetic parameters, K„, for GleN613  and k,„1  and h„,;„, for the 

.1 
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fitaiitt;. 1: kineties of the wild I.ype and 	lo Ser mutants of 
glucosainitie-t)-pliosphate deantinase. Data of initial velocities as a 
function oí (;leNtd) concentration are presented as llill plots. Details 
are described under Experimental Procedures. The data plotled are 
averages from two separate experimental series. Squares: wild-type 
enzyme. Triangles: Cys 118 to Ser mutan[. Open circies: Cys239 
lo Ser trauma. Med circles: 1),.m.tble mutant Cys118 to Ser and 
Cys239 tu Ser. The kinetie parameters derive(' from [hese curves are 
givcn in 'rabie 11. 

Table 111: '<muelle Changos Produced by Zinc Ion on Cys lo Ser 
Mutants of Glueosamine-6-phosphate DeanlinaSed"b 

K„, (mN11 k r ,,,(sH) /film 
lvild type 0.95 ± 0.12 890 ± 65 1.60 0.08 
Cys118 to Ser 1.24 ± 0.06 1 030 :1;11 1.57 ± 0.09 
Cys239 to Ser 1.04 ± 0,04 1086 	50 1.39 1: 0.10 
Cys118 to Ser, Cys239 tu 2.20 10.01, 954 ± 32 1.80 0.10 

Ser 

"A 40 nM enzyme solution in 50 inN1 	 buffer (11l 8.0) 
was ineubated for 2 h with I nM zinc acemite. This incubation time is 
10 times the hall-life of the Zn24-binding reaetion for the wild-typc 
enzyme (Altamirano & Caleagno, 1990). The enzyme was assayed in 
the presence of 0.5 mM GleNActil) tu determine K,„ and K,„„ and also 
without activator tu ealeulale 	as deseribed in the test. Data are 
averages i standard crrors from at least rota experiments. Reference 
values for the untreated wild-type enzyme are givcn in the first row of 
Table II. 

three Cys to Ser mutants, are shown in Table 111. Results 
corresponding to the wild-type enzyme are also included. Wc 
note that the Zi12' ion (lid rara[ induce any additional kinetic 
change on eithcr minara involving Cys239. On the (Alter hand, 
the treatinent with zinc on the Cys118 to Ser mutant enzyme, 
produced a change in cooperativity similar to thc effect already 
described for the wild-type protein. 

1)iscussioN 

Locali:ation nf tlw Reactive, Ilicitud Cpsteines along the 
Deaminase Sequence. The two vicinal cysteinyl residues of 
glueosamine-6-phosphate deaminase, which play an important 
role in catalysis and allosteric regulation of deaminase activily, 
have beca located in the polypeptide chaira of thc enzyme. In 
the absence of ligands, they provide the unique thiols reactive 
in the nativo protein. In the presence of either honiotropie or 
heterotropic ligands which shift thc allosteric equilibriuin to 
the R conformcr, they become unreactive. When ibis property 
was taken advantage of, both residues were spccifically cya-
nylated and the polypeptide chaira was cleaved al thesc posi-
tions (Dégani & Patchornik, 1974; Jacobson et al., 1973). 
From the molecular mares of the hydrolysis fragnrents and the 
known alpino acid sequence of the enzynre, we identified [hese 
cysteines as residues 118 and 239. The kinetic study of the 
deaminase stoichiometrically cyanylated at diese cysteines  
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showcd d'unges which are similar lo d'ose produce(' by other 
cheinical reaetions involving the lame groups (Altamirano et 
al., 1989, Al ta ['tirano & Ca lcagno, 1990). 

w Ser Mutaras al Residuos 118 un(! 239. The two 
single Cys to Ser inutants and the corresponding double mu-
tant involving both residues wcre construeted, and the modifico' 
enzymes were overexpressed and purified. lo [hese variara 
proteins, serine was chosen tu replace cysteine, [o introduce 
a structurally conservativa inutation (Gosh et al., 1986). The 
spectrophotometrie titration of tino' groups in t hese mutant 
proteins conliruned the sequence assignments mide by chemical 
cleavage (Table 1). `['hese data also show the presence of a 
third sulfhydryl, reactive only under denaturing conditions. 
Glucosamine-6-phosphate t'eliminase from E. col! K12 has 
Tour cysteinyl residues per chino (Rogers et al., 1988), but only 
three are lit rabie in the denatured wild-typc forro, two in both 
single Cys to Ser 'mamas, and only one in the double mutant 
(Table 1). This indicates that une of the remaining cysteinyl 
residues, Cys219 or Cys228, has its thiol group blocked and 
proba bly forms a distilfide. 

Our previous data and the evidence presented itere on the 
chemical reactivity of Cys118 and Cys239 show that they are 
specifically and stoichiometrically modificó with many sulf-
hydryl reagents. This is an indication that they are located 
al the enzyme surface. lndeed, tire prcdictcd secondary 
structure of the enzyme (Altamirano et al., 1991) locates 
Cys118 at a single hydrophilic (t-helical segment, also prcdictcd 
as a Ilexibility peak. On the other hand, Cys239 appcars in 
a prcdictcd ¡3-turra with high scores of flexibility and surface 
probability. The remaining two cysteinyl residues of the en-
zyme, Cys219 and Cys228, appcar in segments prcdictcd to 
be hydrophobie and are expected to be buried inside the de-
tintinase structure. 

Role of Cys118 and Cys239 in Allavieric Transition. From 
chemical modification experiments, we know that in the 
three-dimensional structure of the deaminase Cys118 and 
Cys239 have their thiols in a viejita' position (Altamirano et 
al., 1989). l'hey are both equally reactive toward a set of 
sulfirydryl reagents (Altatniraao et al., 1987, 1989; Altamirano 
& Calcagno, 1990), including NTCB (see Results); the 
chemical biockage of [Iris dijo' pair produces a deanrinase with 
m(xlified catalytie and allosteric properlies. The present study 
allowcd lis to evaluate separately the role of each cysteinyl 
residuo in the function of this enzyme. Data from Table II 
and Figure 4 show that the role ascribed to the vicinal thiols 
in the stabilization of the T allosteric conf'ornicr (Altamirano 
et al., 1989) is playcd only by Cys239. The mutant CysL 18 
lo Ser presented the same cooperativity and has the sarne 
ability to be activated by GleNAc6P as that of the wild-type 
protein. On the other hand, the single mutant Cys239 to Ser 
and the double inutant gave similar 1111 plots which Look like 
the data reported prcviously for deaminases having thc thiol 
pair chemically blocked, As the two thiols from the vicinal 
pair are equally reactive, this was ale unexpected result. Wc 
must assumc that both thiols are involved in thermodynami-
eally equivalent interactions, but with different scgrnents of 
the polypeptide chala, and that only one of them, Cys239, 
participates in soine kind of bonding having ara important role 
in allosteric transition. Mutants involving Cys239 have a lower 
interaction encrgy duo to a change in Kr  and behaved as if 
they were in no intermediate position between R and T con-
fortnations, Upon saturation with the allosteric activator, the 
K„, for GIcN6P obtained with all Cys to Ser mutants studicd 
was lower tiran the value of the wild-type enzyme (Table II); 
[hese K,„ values can be considered identical lo Kit. From Hill 
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plots, we can estimule a k v  ()I' 38 intvi for the wild-type or 
. ),N 1 18 tu Ser enzytne. Nlutants replacing Cys239 gane lower 

VilltICS, Ileill" 9 ni NI. This indica tes that the main allosterie 
cha lige produce(' by the Cys239 to Ser inutation is a change 
ni the difference of k 1  -- KR  and, consequently, in Wyman's 
pparent interaction energy ( Wyman, 19(i4), mainly at the 

(..Npense of the K-1 , 
( .111,1411'c (- Onstant.s. (d .  Cys t() N'er Al 'datas. The replace-

ment of either vicinal eysteirtyl residuo (Cys118 or Cys239) 
'ni the dea minase ca tal ytic consiani has the same effect: the 
apilaren( k,„„ for the fully aetivated enzyme is reduced to uearly 
hall' of the value lOr the wild-type enzyme. This contribution 
to the catalytic power ol' the enzyme requires both residuos 
uf the thiol pair, and neither Cys118 nor Cys239 alune is 
sufficient to restore the fuil catalytic activity. The same 2-fold 
activity reduction is observed whether the (Initiol is suppressed 
by inutation or by chemical modification. 'The precise role 
of this pair in catalysis remains to be established. Wc can Cake 
int° account that they retain their vicinal condition in the l( 
conformer (Altamirano et. al., 1989) and that (heir proximity 
to the active site would modify the proton dissociation constant 
of a neighboring group involved itt the catalytic mechanisin. 
A thorough kinetic study at different p1-1 values of wild-typc 
and the Cys lo Ser inutant deaminases may throw some light 
on this point. 

It is interesting to observe that. the ratio k,„11i7„, (specificity 
constan() has altnost the same value for the wild-typc and thc 
mutan( enzymes, nearl y 10(' N1-1 5 i, According to Fcrsht 
(1974), a compensatory chango in the a ffinity of the de-
aminases for GleN6P is to be expected, if the binding of the 
transition state of GleN6P to the protein is not affectcd by 
the Cys to Ser inutations. 

C'oncluding Remarks. Modificó dominases in which both 
cysteines were changed to serme residuos (Table 11) behaved 
similar!),  to the wild-type enzyme in which both thiols have 
been blockcd with different small-sized substituents (Alta-
minino et al., 1989). This result demonstrates that the kinetic 
changes described by chemical modification procedures are 
duo to the lack of the free thiol pair and do not depeud on sterie 
factors cause( by the presence of the chemical groups Miro-
duced. The kinetic changes observcd in the Cys to Ser inutants 
point out the different roles of Cys118 and Cys239, in R and 
'1' conformers. We have previously discussed that changes in 
cooperativity and km  produced by chemical suppression of the 
dithio1 could be accounted for by assuming half-of-the-sites 
kineties (Altamirano et al., 1989). The results describe(' Itere 
show that lx)th effects are unreleated; only Cys239 is necessary 
for full cooperative behavior, but both cysteinyls must be 
present for maximum catalytic activity. 

In a prcvious paper (Altamirano & Calcagno, 1990), we 
have reported the presence ol' une zinc-binding site per de-
aminase subunit. The vicinal thiols, now identified as Cys118 
and Cys239, seemed tu play an cssential role in the Zn21.-
binding site. The results, summarized in Table 111, show that, 
as expected, zinc (lid not produce additional kinetic changes 
in deaminases lacking the Cys239 tino!. Mulant dominase 
lacking only Cys118, which display~ an intenso cooperativity 
similar to that. of the wild-typc enzyme (Table 11), was 
modified by low zinc concentrations, giving the same kinetic 
pattern as that of thc Cys239-Iacking enzyme. This obser-
vation confirms the important role of Cys239 in the allosterie 
transition. it also provcs that (he Zn-binding site is still 
functional when the Cys118 sulfhydryl is replaced by a hy-
droxyl group in the Cys to Ser mutation. This demonstrates  

Altamirano et al. 

that Cys118 and Cys239 have different roles in the formatiun 
of the Zn-binding site. 

Cooperative behavior of glucosamine-(r-phosphate dominase 
is strongly depcndent un p1-1 (Calcagno et al., 1984); it is 
nli.iximal in the rango 7,8-8.2. In the light of the present 
results, it may be interesting tu study the role of sulfhydryl 
prutott dissociation from Cys239 as une oí the possible protonie 
equilibria involved in this p1-1 effect, Ligands involving this 
group, as Zn24.  or 11', may t hen play an important role in 
dominase regulation. 

Regislry No. GIcNA(61), 1746-32-3; GleN61), 3616.42-0; G1eN61)  
(leal:ligase, 9013-10.9; Cys, 52-90-4; Zn, 7440-66.6; Ser, 56-45-1. 
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Introduction 

Glucosamine-6-phosphate deaminase is the only allosterically regulated enzyme or alpino 

sugar catabolism in Escheriellia (mil (Plumbridge el al, 1993). The allosteric response of the 

enzyme to ihe intracellular levels of N-acetyl-D-glucosamine-6-phosphate (GIcNAc6P) allows 

for the Mercase of enzyme activity at the expense of' a lowering of the affinity for its 

substrate, GIcNÚP. This is a classical K-effect, and recently we have shown that the kinetics 

of deaminase can be satisfactorily described by the allosteric concertad model (Mouod el al., 

1965, Altamirano and Calcagno„rubmitted). The spectrochemical study of the interaction of 

the enzyme with GIcNAcÓP, its allosteric activator, indicated the presence of tyrosyl residues 

at or near the allosteric sito. A specific tyrosyl residue having a pK of 8.75, becomes 

protected ('role p1-1 deprotonation by GIcNAc6P saturation (Altamirano cut al., 1993, submitted). 

A theoretical analysis of the amino acid sequence of the deaniinase using a set of indices for 

the prediction of surface accessibility of amino acid residues, shows that the most probable 

tyrosyl residues involved in this .function are Y121. and Y254; Y121 , which is located in a. 

segment predicted as a highly polar helical segment, gives ihe highest scores for surface 

accessibility (Altamirano el al., submitted). According to these predictions, the site-directed 

mutants Y 1 21 T and YI21W were constructed to assess experimentally the role of this residue 

in the function of glucosamine-6-phosphate deaminase. The chosen replacement amino acids 

were Thr, selected as a structural conservativa mutation, that does not affect the stability of 

the secondary siructure of the segment, and Trp chosen to introduce an aromatic residue in 

the same position. This mutation suppresses the phenolic hydroxyl of Y 1 2 1 hui conserves the 

possible interactions depending on the aromatic side-chain. These two mutant forms of the 

enzyme were compared to the wild-type enzyme with regará to catalytic activity, substrato; 

and analogue ligands binding, and allosteric properties of the enzyme. As shown here,. 

replacements- at position 121 resulted in mutant forros exhibiting striking differenCes in 

allosteric activator binding and allosteric properties compared to the wild-type enzyme. 
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MATERIALS AND METIIODS 

Bacterial strains and construction of site-directed mutants 

E. 	wild-type glucosamine-6-phosphate deaminase was prepa.red .from an overproducing 

strain, as previously described (Altamirano el al., I.99 1.).  

Amino asid replacements at position 121 were performed by the oligonucleotide directed 

mutagenesis. The synthesis and purification oí' the oligonucleotides used for site-directed 

mutagenesis and DNA-sequencing were synthesised on a Beckman DNA synthcsiser and 

purified by 20% urea polyacrylarnide gel electrophoresis. The nagB gene from puC18 was 

cloned into PTZ18R plasmid, The imgli gene from PTZ 18R was then removed by digestion 

with Ecolti and Hindlli and ligated into MI 3 for site clirected mutagenesis by the method of 

Kunkel, as described by Sambrook (1989), using the mutagene kit from BioRad. Uracil- 

containing single-stranded DNA was generated in a dut- 	mutant E. coli strain RZ1032 

and used as the template to synthesise the mutated strain with the synthetic primer. The 

oligonucleotide CGAAGTGACGCGACTGG or TCTGAAGAAAAAATCCG for the 

generation of Y12IW or Y121T mutants. The underlined bases are those introduced to 

produce the mutations. Finally, the obtained double-stranded DNA was transformed into 

.1114101R E. coli strain. DNA sequencing by Sanger's dideoxy chain terminator method was 

used lo screen the mutants and to verify the estire sequence done strand of the mutant DNA. 

The hose strain used for the expression of these mutated proteins, was IBPC590, which is 

nag11::kan,recA1, a recombination-deficient strain carrying a null niutation in the 

chromosomal copy of the nagll gene (Plumbridge, 1991). 

Purification of nuttant forms of dearninase 

Wild-type and genetically-modifid forms of glucosamine-6-phosphate deaminase were 

obtained and assayed using previously reported procedures, using allosteric-site affinity 

chromatography (Altamirano e( al., 1991, 1992). 

The concentration of the wild-type enzyme was calculated from lis absorbance at 278 nm 

at 	7,7, using jis known molar absorptivity (20.0 x 104  M1  cm-', Altamirano ei al., 1987). 

The molar absorptivity for the mutant forms oí' the enzyme were calculated from the spectra 

of the proteins in 100 mM Tris-LICI buffer, p1-1 7.7, and the concentration of the protein in 



the solution, measureci with the method of Bradford, using the wild-type enzyme as standard. 

A convenient method to refine the en-, values of the mutants involving aromatic amino acid 

residues, is the measurement of the number of the reactive thiol groups under native 

conditions. We have shown that two cysteine residues, C118 and 0239 are reactive in the 

native deaminase, provided that the protein be in the T allosteric conformer. These thiols can 

be accurately measured with DTNB, and the data used to obtain a good measurement of 

protein concentration and to refine the molar absorptivity data. 

Reagents 

Biochemicals and most reagents were from Sigma Chemical Co., (Si. Louis, MO). GleNAc6P 

was prepared by acetylation of G1eN6P and purified by ion-exchange chromatography, 

according to Leloir and Cardini 	(1962). 	The deaminase dead-end inhibitor, 

2-deoxy-2-amino-D-glucito1-6-phosphate 	(G1c1\1-01-6P), was synthesized and purified. as 

described by Midelfort and Rase (1977). 

Specta'ophotometrical titration of tyrosines 

Difference spectra were recorded in a Cary 4 double beam spectrophotometer at 30 'C. Acid-

base titrations of tyrosyl residues in native mutant forms of the deaminase, were performed 

by recording the spectra of a set of 3-5 /AM deaminase solutions, prepared in 50 mM ACES, 

25 mM MES, 25 mM ethanolamine buffer, at various pH values. This buffer system 

minimizes the change of ionic strength with pH (Bilis and Morrison, 1982). As a fully 

protonated protein for reference, the enzyme solution at pH 6.0 was employed. The ionisation 

of tyrosyl residues was calculated from the absorbance change at 295 nm, using the 

absorptivity coefficient of 2.33 x 103  14-1  cm' (Donovan, 1973). 

RESULTS AND DISCUSSION 

Tyrosine 121 is a residue tocated at or near the allosteric site. 

We have previously demonstrated the presence of a tyrosyl residue with a pK of 8.75, 

detected by spectrophotometrical 	titration, using the red shift of main absorption peak of 



the phenolate anion (Altamirano ci al., submitted). in Fig. 1 , are shown the near-UV 

spectra of both mutant forms of deaminase, obtained at 	10.5 and p1-1 6.0, and the 

corresponding difference spectra. AH spectra were obtained in the absence of ligands, For 

both mutant enzymes the spectra did not change in the explored 	range, and the differential 

spectrum lacks of the peak at 295 nm, corresponding to the dissociation of the phenolic 

hydroxyl of tyrosine. This result confirms our postulated identification of Tyr121 as the 

residue whose side chain was protected from titration by the addition of a saturating 

concentration of the allosteric activator of the enzyme, G1cNAc6P. 

Kinetics of mutant deaminases with replacements at position 121: effect on homotropic 

cooperativity and activity. 

Substitution of either Thr or Trp for Tyr at position 121 produced important changes in the 

allosteric behaviour of glticosamine-6-phosphate deaminase, The curve of initial velocities 

versus G1ci\l'6P concentration, revea! that Y121W deaminase display a more intense 

homotropic cooperativity than the wild-type enzyme. The magnitude of the cooperativity can 

be measured by the maximal value of the Hill coefficient (Wyman, 1975). This value is 3.42 

± 0.2, in contrast with the wild-type or Y121T enzymes, which have a Hill coefficients near 

3.0 (Table 1). The kinetic data obtained in the absence of the activator give good fits to the 

MWC model. The observed increase in the homotropic cooperativity of Y121W deaminase, 

is mainly caused by a decrease of the KitiKT  ratio, i.e., the c parameter of MWC equation 

(Monod et. al, 1965). This value, usually in the 0.02-0.03 range for the wild-type enzyme, did 

not change in the Y121T mutant but decreased to 5.7 x 10-4  in Y121W. On the other hand, 

the parameter L, the allosteric constant, remains almost unmodified in Y121W mutant forro 

of the enzyme (Table 1). Assuming that KR  value is identical to the Km for the R conformer 

measured under hyperbolic kinetics (in the presence of a saturating concentration of 

GIcNAc6P), we can calculate a K1• of 1.05 M. On the other hand, Y121T deaminase has 

practically the same homotropic behaviour as the wild-type enzyme. Nevertheless, the rnost 

important kinetic change produced by the amino acid substitution is the significant decrease 

of the kcat values for both mutant forms (Table I). The kcat for the Y121W enzyme is 7 

times lower than the wild-type protein, but the most striking result is the nearly two fold 
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Mercase of tris parameter by the addition of very low concentrations of the allosteric 

activator. This unusual V-effect, is also observed with the Y121T mutant, which is less 

active, with a kcat of 17 s' in the absence of the activator. This value is two orders of 

magnitude lower iban the corresponding one for the wild-type enzyme, which behaves as a 

typical K-systeni. 

lieterotropic effects on vinT and Y I21W deaminases. The activation of mutant 

enzymes by GleNAc61). 

The kinetics of the activation of the wild-type deaminase by G1cNAc6P can be satisfactorily 

accounted for by the MWC model, assuming exclusive binding of G1cNAc6P (Altamirano 

el al., submitted). Although both deaminases with replaceinents of Y121 are active and 

allosteric enzymes as shown in Table T (indeed, they were purified by allosteric-site affinity 

chromatography, cf. Materials and Methods), the kinetics of G1cNAc6P activation appears 

radically modified, and can not longer be accounted using a simple two-states model 

(Figures 2 and 3, and Table 1). The kinetic changos in GIcNAcGP activation of both mutant 

deaminases with replacements at position 121 can be better recognized in the plots of hmax 

(the maximal values of the 	coefficients), versus the activator concentration (Fig. 3). The 

effect of the activator is biphasic, and two distinct activation stops are apparent, suggesting 

the existence of a stable intermediate conformer of the protein with a halfway structure 

between the T and R conformations. This stable forro seems to predominate in the G1cNAc6P 

concentration range from 0.1 to 1 mM, in the case of Y121W enzyme. 

G1cNAc6P binding curve calculated from the kinetics of the protection of sulfhydryl 

groups to their reaction with DTNB. 

Sulfliydryl groups from C118 and C239 react with DTNB and other thiol reagents when the 

enzyme is in the T conformation, but they become completely hindered when the T-'R 

transition is induced by saturation with either honiotropic or heterotropic ligands (Altamirano 

el al., 1989, 1992). We studied the kinetics cf the sulfhydryl reaction with DTNB and the 

protective effect of G1cNAc6P to analyse the allosteric conformational change by a different 



method, and lo estimate the changes in the affinity for G1eNAc6P produced by the mino acid 

replacements. We have already used this procedure to study the G1cNAc6P-protein 

interaction in the wild-type enzyme. The apparent pseudo first-order tate constant for the 

reaction of cysteines with DTNB plotted versus GleNAc6P concentration, is shown in Fig. 

4. The protective effect of the allosteric activator, can be described by the following 

expression (Altamirano and Calcagno, submitted): 

Et k* L 

L 	(1-1-sy)" 

where k* is the apparent pseudo-first-order tate constant in the presence of the protective 

ligand, G1cNAc6P. The experimental data fit well to this equation; the curve shows the 

expected cooperativo kinetics of the GIcNAc6P protective effect (Hill coefficient M  -3.01 

0.22, [GIcNAc6P]0,5  = 1.5 ± 0.3 mM). From these data, a Kd of 0.95 ± 0.35 mM of for 

GIcNAc6P was estimated. Similar results were obtained with the Y121T mutant form of the 

deaminase (not shown). 

The comparison of these results with those obtained in Figs. 2 and 3, suggests that only the 

second phase of the biphasic activation curve of the mutant deaminases, is measured by this 

method, which detects a conformational chango associated with the allosteric transition. 

Concluding remarks 

The results reported here, demonstrate that the tyrosyl residuo located at position 121 plays 

a critical role in the structure and function of glucosamine-6-phosphate deaminase. Tyrosine 

121 has been recognized as relevant for GleNAc6P binding from spectrochemical studies 

(Altamirano el al., submitted) and its replacement was expected to impair the activation of 

the enzyme by G1cNAc6P. This chango was certainly observed, and both Y121 mutant forms 

of the deaminase need a higher concentration of the allosteric activator to reach hyperbolic 

kinetics (Fig. 2 and Table I). However, the kinetic changos produced by both substitutions 

at the position 121, are very complex. Both Y121 mutants present a remarkable decrease of 



the catalytic constant, and the ken values for both mutants are increased by G1eNAc6P at 

a very low (nanomolar) concentration, although they never reach the typical kcat values for 

the wild-type enzyme. The present results are insufficient to propose a model to account for 

all these changes, produced by a point mutation. We can guess that the impaired catalytic 

function of the enzyme reveals that the residue at this position is also important for the 

structure of the active site. This role can be partially played by the W121 replacing for the 

original tyrosine, because Y121W deaminase is 14 times more active than Y121T enzyme 

in the absence of the activator, and twice more active, in the presence of G1cNAc6P. This 

structural role of the aromatic sirle chain in Y121W can be also seen in the comparison of the 

catalytical efficiencies (Keat/Km) of the wild-type and Y121W enzymes which are quite 

similar (Table 1). On the other hand, the Y121T enzyme, is eviclently a veiy less efficient 

enzyme, with a more disturbed structure at the catalytic site. 	The role of G1cNAc6P in 

stabilising the active structure of the enzyme distorted by the mutations, is also evident. The 

experiments of sulfhydryl protection by GIcNAc6P (Fig. 4) reveals that the occlusion of thiols 

from C118 and C239 accompanying the allosteric transition (Altamirano et al., 1992) 

correspond to the conversion of the intermediate conformer to the R-form, in the second phase 

of the biphasic activation curves observed in Fig. 3, 

This set of observations, and the study of C1188 and C2398 mutant (Altamirano et. al, 1992) 

demonstrate that single substitutions affect simultaneously different functions of the enzyme 

as catalysis, GleNAc6P activation of homotropic cooperativity, strongly suggesting that 

allosteric and catalytic sitos and residues critical for allosteric conformerisation could be 

located in a restricted zone of deaminase molecule. 
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TABLE 

Kinetic properties of mutant forms ofglucosamine-6-phosphate deaininase with replacements 

for Tyr 121 

Enzyme hmAx  km, 

s'l  

kcAT 

s-1  

KM  

Mtu 

k,„,/k 

s-1 IBM-I  

c L 

X 

103  

Wild-type 294 1800 1800 2 900 0.02 10 

Y121W 3.42 245 584 .66 960 0.0005 7.7 

Y121T 2.93 17 337 2.6 130 0.02 32 
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LEGEND FOR THE FIGURES 

Fig. 1. 

Change in near-UV spectrum 	Y121 W glucosamine-6-phosphate ((caminase produccd by the 

p1-1 chame 7.0 - 10.5. 

A 4.5 /AM solution of the enzyme in 50 mM irnizadole, 25 mM MES, 25 mM 

CAPS buffer, 	10.5 ( - 	) and 	7.0 (----) were measured against a reference 

ceil containing the buffer. The darker line is the differential spectrum. 

Figure 2. 

Activation of Y121W glucosamine-6-phosphate deaminase by GleNAc6P. 

A: dircet plot of initial velocities versus substrate concentration at the following activator 

concentrations: ( ), none; (0), 1 /2M; (0), 10 1.2,M; (A), 25 ILM; (A), 50 

p,M; (0) 10 mM and (o) 16 mM. Assays were performed using 2 nM deaminase in a 

final volume of 200 	at pH 8.0 and 30 °C. as described elsewhere (Altamirano et al., 

1989). 

Figure 3 

Extreme values of the Hill coefticient (hmax) plotted versus GIcl\lAe6P concentration. 

(0), Y121W mutant deaminase; (e), Y121T inutant deaminase; ( O), Wild-type 

enzyme. See details in text. 
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III. La unidad alostérica mínima. Aspectos estructurales de la Glucosamina-6 

fosfato desaminasa. 
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SYNOPSIS 

Glueosamine-6-phosphate deaminase is an oligomeric protein composed of six identical 

29.7 kDa subunits. Each subunit has four cysteinyl residues located at positions 118, 219, 228 

and 239 on the sequence. We have previously shown that Cys118 and Cys239 forro a pair of 

vicinal thiols whose reactivity changes with the allosteric transition. The cite-direeted mutations 

Cys->Ser corresponding to the other two eysteinyl residues have been 

constructed, as well as some selected multiple mutations involving the four 

cysteines. Sullkdryl and disulfide measuretnents on the wild-type and mutant 

enzymes indicate that thiols from Cys219 are oxidised and forni inter-chain 

disulfide bonds. The disulfide-linked dimer was demonstrated by SDS-PAGE. This 

result is consistent with prel i mi nary cry stallog raph e data and thermal 

denaturation studies, and strongly suggests that glucosamine-6-phosphate 

deaminase is a trimer of disulfide-linked dimers. The mutant form of the 

deaminase lacking the interchain disulfide bond or the thiol at Cys228 are both 

stable hexamers and they show the same sensitivity to urea denaturation as the 

wild-type protein. Furthermore, these Cys-->Ser mutants display the same 

kinetics and allosteric properties as those already described for the wild-type 

enzyme. 



INTRODUCTION 

Glucosamine-6-phosphate deaminase (1)-glucose-6-phosphate ketol isomerase, deaminating, 

EC 5.3.1.10), is an oligomeric protein componed of six identical polypeptide chains (Calcagno 

et al., 1984) whose primary structure is known from the DNA sequence of its gene, nagB 

(Rogers et al., 1988). The enzyme has been recently crystallised and preliminary crystallographic 

data are available from diffraction measurements at 2.1 A resolution It has been found that this 

protein has a point group symmetry of the type 32, centred on a 3-fold axis; crystallographic 

evidence also suggests that the hexamer subunits are arranged as dimers with three local 2-fold 

axes passing through the centre of the three dyads forming the hexamer (Horjales et al, , 1992). 

This structure is also consistent with thernial denaturation data of the deaminase obtained by 

differential scanning calorimetry al neutral pH, which suggests that deaminase dissociates finto 

dimers, in two successive steps (Hernández-Arana et al., 1993). 

The existence of disulfide bonds in the deaminase rnolecule can be presumed from the 

study of its four cysteinyl residues. Recently, we have identified Cys118 and Cys239 as the 

cysteines bearing two superficial and vicinal thiols whose reactivity changes with the allosteric 

transition. The other two cysteinyl residues are one we have described as "hidden", since it reacts 

with sulfhydryl reagents only under denaturing conditions, and a cysteinyl residue which does 

not react with thiol reagents at all, implying that it may be present in the disulfide forro 

(Altamirano et al., 1992). As the enzyme has only four cysteinyls, these residues must be 

Cys219 and Cys228. In this work we report the identification of these two cysteines by the 

analysis of proteins carrying the sise-directed mutations Cys219-->Ser and Cys228->Ser. Other 

proteins carrying multiple Cys-->Ser mutations were ¿liso made by combination with the mutations 

at. cysteinyls 118 and 239 constructed previously. These modified proteins were used to 

reexamine the question of the presence of a disulfide bond in the deaminase molecule and lo 

assess its structural and functional role. 

3 



MATERIALS AND METIIODS 

Bacteria and ettzynte 

E. culi wild-type glucosamine-6-phosphate deaminase was prepared from an 

overproducing strain, as previously described (Altamirano et al., 1991). Plastuids expressing the 

Cys219 to Ser and Cys228 lo Ser mutant forms of the protein, were constructed as described 

previously (Altamirano et aL, 1992). The double mutation Cys219,228-9.Ser, the triple 

Cys219,228,239—>Ser and the qualruple (afl Cys changed to Ser) were also constructed. The post 

strain for the expression of these mutate.d proteins, was IBPC546R, which is nagB....kan.recAl, 

a recombination-delicient strain carrying a null mutation in the chromosomal copy of the nag1-3 

gene (Plumbridge, 1991). All mutations were checked by DNA sequencing. 

Wild-type and genetically-modified forms of glucosamine-6-phosphate deaminase were 

obtained and assayed using previously reported procedures, using allosteric-site aflinity 

chromatography (Altamirano et al., 1991, 1992). 

Reagents 

2-nitro-5-thiosulfobenzoate (NSTB) was prepared according to Thannhauser et aL (1987) 

and conserved in solution. Biochemicais, protein standards and carbohydrate derivatives were 

purchased from Sigma Chemical Co., MO, U.S.A. Most chemicais were reagent-grade 

products. 

Measurements of the reactive and total SII groups 

The total thiol groups in the wild-type and the mutant forms of the deaminase were 

determinad with 5,5'-dithiobis (2-nitrobenzoate), DTNB, at pll 7.7, at 25 "C, in the presence of 

0.5 % SDS or 3.5 M guanidinium thiocyanate and 5 tnivi EDTA. The produce of the thiol-

disulfide exchange reaction, 2-nitro-5-thiobenzoate (TNB) was tneasured spectrophotometrically 

with a double-beam instrument. Calculations were made using the known molar absorption 

coefficient for this compound (Mearas and Feeney, 1971) and for glucosamine-6-phosphate 

deaminase (e27, 20.0 x 104  114-' cm', Altamirano et aL, 1987). 
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Detection and measurement 	disultide bonds 

Disulfide bonds were analyse(' by the metilo(' of Thannhauser clt al. (1987). This 

proceclure measures both thiols and disulfides. The reaction consists in a sulfitolysis of the S-S 

bonds by sulfite at 	9.0, and the simultaneous reaction of preexisting thiols and those formed 

by sulfitolysis, with NSTI3 in the presence of 3.5 M guanidinium thiocyanate as protein 

denaturant. 

Electropboretic procedures 

Electrophoreses of the diffcrent deaminase samples were inade acconling to Laemmli 

(1970). When necessary, sample buffer was prepared without any thiol-reducing reagent. 

Electrophoreses under non-denaturing conditions were performed in pote gradient gels (T = 4-

30 %), as previously described (Calcagno et al., 1984). Electrophoreses in polyacrylamide gel 

slabs with transvase urea gradients, initially described by Creighton (1976) were prepared 

according to Goldenberg (1989). 

High Performance Analytical Gel Filtration 

Gel filtration was carric(' out on a TSK-G 3000 SW (1,K13) column (7.5 x 600 mm) 

equilibrated with Tris-HC1 100 mM buffer p11 7.5, containing 0.075 InM potassium acetate. The 

following molecular weight standards were used: ferritin (440 Kda), catalase (240 Kda), wild-

type glucosamine-6-phosphate deaminase (178 Kda), and hemoglobin (66 Kda). 

RESULTS AND DISCUSSION 

Measurernents of rednced and total Cys residuts 

The reaction of wilcl-type glucosamine-6.-phosphate deaminase with the NST13-sulfite reagent 

(Thannhausser et al. 1987) produces 3.5 moles of TNB per mole of enzyme subunit. As the 

denatured enzyme has only three reactive thiols, and from the known stoichiometry of the 

Thannhausser et al. reaction, which releases one TNB anion per each disulfide cleaved as well 

as one TNB for each free sulfhydryl, this result indicates the existence of one disulfide bridge 

for two deaminase subunits. In Table 1 are shown the results of thiol and disulfide measurements 
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on wild-type and a set of Cys-,-,Ser mutant enzymes. 	From three data it can 

be 	i n fe r red 	that cysteinyl residuos at position 219 are forming a disulfide 

bond between neighbouring polypeptide chains. 

Electrophoretical isolation of the denatured dimer linked by a disulfide 

In standard SDS PAGE, with samples prepared in a buffer containing rnercaptoethanol or other 

reducing reagents, all enzymes from Table 1, give a single electrophorefical band at 30 Kda(not 

shown). In the electrophoresis gels shown in Fig. 1., samples were prepared in a buffer without 

reducing agent. Wild-type enzyme gives two bands, corresponding to 30 and 60 Kda (Fig. 1, 

lanes 6 and 9). The mutant enzyme where only Cys219 has been replaced with serme, produces 

a single band corresponding to the monomer (lanes 1 and 7). The same result is obtained in 

other inultiple Cys >Ser mutations containing the change of Cys219 to Ser (lanes 2 and 4) The 

triple Cys118,228,239->Ser mutation produces a band corresponding to the dimer, accompanied 

by a small amount of monomer (lane 5). The sample of this lane was prepared at room 

temperature. Another satnple treated by heating for 1 min in a boiling water bath, gives a largor 

amount of monomer (nearly 25% by densitometty). These results and those obtained with the 

other Cys to Ser mutations studied (Fig. 1, lanes 4-6), confirin that Cys219 is the only cysteinyl 

residue involved in formation of the interchain disttlfides. The cysteinyl residue at position 228, 

is identified as that having the "Itidden" thiol, reacting only in the denatured protein (Table 1). 

In wild-type enzyme the interchain disulfide is unstable and the lighter component predominates 

in non-reducing SDS gels, probably due to the reducing effect of the other three thiols present 

in the polypeptide chain. It would be expected that the triple mutation Cys118,228,239-*Ser 

would give a pure 60 kDa band; the variable amounts of monomer aiways present, suggests 

that the denatured disulfide-linked dimers are partially unstable under the conditions of 

electrophoresis. The dimeric forro after elution from the polyacrylamide gel and re-

electrophoresis on a second gel, produces again a small and variable proportion of monomer. 

The amounts of dimer and monomer were determined by extraction of Coomassie blue from the 

stained protein bands excised from polyacrylarnide gels, as described by Ball (1986). The ratio 

dimer/monomer obtained with the mutant Cys118,228,239->Ser was 5-6 for the first 

electrophoresis, and 12-14 for the re-electrophoresis. 
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Molecular weight and stability of Cys219->Ser deaminase 

The mutant form of the deaminase lacking the interchain disullide bond is 

an hexamer, as demonstrated by pose-gradient gel electrophoresis and gel 

tiltration high performance liquid chromatography of the native proteins (not 

shown); in any case the presence of smaller oligorners was detected. The same 

results were obtained with Cys228->Ser mutation and the Cys219,228-->Ser double 

mutant. To investigate 	the stability of the N.vilcitype hexamer and our Cys->Ser 

enzyme rnutants, we used the technique of transverse urea gradient gel 

electrophoresis (Creighton, 1976; Goldenberg, 1989). Wild-type enzyme (Fig. 

2A), both Cys—Ser single mutants and the Cys219,228->Ser double mutant (Fig. 2B) 

behaved essentially identical; under these experimental conditions, 

discontinuities due to oligomer dissociation are not apparent. 

Kinetics of the deaniinases carrying the site-directed mutations Cys219->Ser and 

Cys228-->Ser 

The kinetics and allosteric properties of the mutant deaminases in which serme replaces 

cysteines 219 or 228, were the same as those already described for the wild-type enzyme 

(Altamirano et al., 1992). The same result was obtained with the double mutation. 

CONCLUDING REMARKS 

We have demonstrated the presence of three interchain disultide bonds in the deaminase 

molecule, formed between cysteinyls residues al position 219. According to the structural 

information available, the three S-S bonds in the deaminase molecule niust be located on each 

of the three twofold symmetry axes (Hodales et al., 1992). Surprisingly, this disulfide is not 

essential for the stability of the oligomer, under physiological conditions, and does not modify 

the profile of deaminase in electrophoreses in transverse urea gradients (Fig. 2). Nevertheless, 

quantitative denaturation studies, for instance, by differential scanning calorimetry, may be of 

value in the characterisation of the possible structural role of the thiol group from Cys219. 

Moreover the elimination of the "hidden" thiol from Cys228 or the interchain disulfide formed 
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by Cys219, does not produce any significant change in glueosamine-6-phosphate deaminase 

function. 
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TABLE 1" 

TITRATION OF SULFHYDRYLS ANI) DISULFIDES IN WILD-TYPE ANI) 

CYS-SER MUTATIONS OF coli GLUCOSAMINE-6-PHOSPHATE DEAMINASE 

SUITHYDRYLS' SULFHYDRYLS 

DISULFIDESc 

Native 	Dellatureda  

Wild-type 	 2.06 	2.95 	 3.58 

Cys219->Ser 	 2.10 	3.07 	 3.11 

Cys228-'Ser 	 2.00 	1.97 	 2.55 

Cys219,228->Ser 	 1.94 	2.12 	 2.10 

Cys118,228,239->Ser 	 0 	0 	 0.47 

Cys118,219,228,239->Ser 	 O 	O 	 O 

nAverage of three or four determinations. The number of thiol groups or disulfide links is 
expressed per chain of deaminase polypeptide. 

Measured with DTNB at pH 7.7, 30 "C. 

Measured with the reagent NSTB-sulfite (Thannhauser et al. 1987), at pH 9.0 in the presence 
of 3.5 M guanidinium thiocyanate. 

SH titrations in the presence of 3.5M guanidinium thiocyanate. When the denaturant was 0.5% 
SDS, similar results were obtained. 
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FIGURE 1 

TITLE: Comparative analysis of wild-type and some Cys-->Ser mutations of 

glueosamine-6-phosphate deaminase. 

LEGEND: 

SDS/PAGE of wild-type glucosamine-6-phosphate deaminase and some site-directed Cys->Ser 

mutations. The gel (T = 11.2%, C = 2.7%) was prepared and run according to Laerrunli 

(1970), and run at 20 inA, 10 °C. Sample buffer was prepared without thiol-redueing agents. 

Lanes 1 and 7, Cys219-Ser; lane 2, Cys219,228->Ser; lane 3, Cys228-Ser; lane 4 

Cys118,219,228,239->Ser (all Tour Cys residues changed to Ser); lane 5, Cys118,228,239-)Ser 

(this sample was dissolved at room temperature); lanes 6 and 9, wild-type; lane 8, 

Cys118,228,239-*Ser (this lasa sample was boiled for 1 min). The gel was stained with 

Coomassie brilliant blue R-250. Standards: bovine serum albumin (66 kDa); E. col*/ N-acetyl-D-

glucosamine 6-phosphate deacetylase (41 kna), carbonic anhydrase (30 kDa). 



FIGURE 2. 

TIT 

Transverso urea gradient PAGE of wild-type and Cys219,228->Ser double mutant of glucosamine- 

6-phosphate deaminase. 

LEGEND. Deaminase samples were subjected to electrophoresis at pI-I 8.5, in a gel with a urea 

transversal concentration gradient from O to 8M prepare(' according to Goldenberg (1989). The 

gel (T12%, C2.4%) was loaded with 35 tzg of protein, run at 4 °C at 20 mA for 25 h and 

stained with Coomassie brilliant blue R-250. Urea concentration gradient is from left to right 

A: wild-type glucosamine-6-phosphate deaminase. B: Cys219,228-->Ser mutant enzyme 

FOOTNOTES 

t To whom correspondence should be addressed. 

Abbreviations: DTNB, 5,5'-dithiobis (2-nitrobenzoate); TNB, 2-nitro-5-thiobenzoate; NSTB, 2- 

nitro-5-thiosulfobenzoate. 
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enzyrne? 



Dr. Lyn Johnson 
Biochemical Journal Editorial Office 
59 Portland Place 
London W1N 3AJ, U.K. 

am sending to The Biochemical journal, a revised version of the paper entitied: 
Glucosamine-6-phosphate cieaminase from Escherichia colillas a trimer of dimers 
structure with three inter-subunit disulfides (BJ 93/0545) by M.M. Altamirano, J.A. 
Plumbridge and myself. 

We introduced important changes in the text, according to the points raised by the 
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Hexamerie glueosamine-6-phosphate deaminase from Eseherichia culi has hcen erystallized 
isomorphously with both phosphate 	ammonium sulphate as precipitants, over a vide 
1)11 :unge (6.0 lo 9.0). 	erystals lwlong tu space group R32 alid the cell parameters in the 
hexagonal setting are (1,4)=12).9 A and c-,223.2 A. A complete native data set %vas 
collected 	2.1 A resolution. Self-rotation function studies suggest that thc hexamers 	oil 
the 3-11o1d axis and have point group symmetry 32, with a non-erystallographie dyad 
relating twg) nmnomers linked hy an interehain disullide bridge. A possihle packing for the 
unit cell 	proposed. 

lía ywords; deaminase; glueosamine; hexamer; allostery; erystallization 

The ;mino sugars o-glueosamine (01eN) and 
N-1leet,y1-1)-glueosanline (ClieNA0) are hoth 
tial (quimil and nitrogen sources for the hacterium 
11:seheriehia nota, and jis growth in the presence of 
111111111) sugars induces thc expression of the enzymes 
necessarv 	inetabolisin (1Vhite, 19(18). The 
genes iitvolved in the uptake and utilization uf 
amino sugars wer(`, tuaiii)ed at, 15.5 tninutes on the 
baeterial (ihromosome (While, 1968; 11ohnes & 
Itusst.11, 1972; Jones-N101.1inter 	Kornberg, 1980), 
'Hiere itiv live genes arranged in two divergvni, 
operons, nayE-nag11,A,(',1), 	have buen 
(.1(na.(1 and sequenced and the control 1)1 klub• 
expression is weli known (Rogers el al., 1988; 
Plumbridge, 1989; Vogler & Lengeler, 1989). The 
gene nag13 eneodes 111e enzyme glueosainine-6-phos- 
plutte (leaminase (PLC. 5.:1.1,10), 	eatalyzes 

t Author Lo whotia all vorrespondenee :ihould he 
alltiressyd, 

the ~version of D-glueosamine-6-phosphate 
(( leN6P) 	into 	&netos° 6-phosphate ancl 
ammonia. The re:lel/ion eatalyzed is an aldo-keto 
isomerization conpled 	an amination-deamina- 
tion, termed an Anuulori rearrangement (1.1odge, 
1955). This enzyine is allosterically activated hy 
N-acetyl-n-glucosamine 6-pliosphate (01cNAc61.'), 
the same metabolite identilie(l as the co-inducen of 
the ll(ry regulo)) (Plumbridge, 1991). Similar 
elizymes have buen irlernitied irt several tniter• iniero-
organisms and animal tissues (Nolimaiiii, 1972). 

Chicosamine-6-phospliate deaminase from E, eoli 
can he obtained easily nii an overproducing barajo 
and purified 1)y allosteric site-affinity ehromitto-
graphy (Altamirano el (tl., 1991). The enzyme is 
hexamerie honiopolymer with suhunits of 29.7 k Da, 
ex hihiting an intentie homotropie co-operativity 
towards GleN(iP, which is modulated 1)y Lite alio-
sterie activator GleNAell) (Caleagno el al., 1984; 
Altatnirano el al., 1987). A search of the OWI, 

19S4!) 



1284 	 E, llmjales et al. 

sequence database version 12.1 (131easby (tia 
Wootton, 11)90; 3,1-, 140 e:Infles) has shows 110 signifi-
vant, homology with any (Alter kno‘s,n protein 
family. 8equenue-based stwondary structure predie- 
tiou, supported 	circular dichroic spectrobwopy, 
suggests that, the enzyme has a (iont Maui a/fi struc-
tuve (Altamirano el al., 1991). (.)f the four eysteíne 
residues in the sequenee, two 	taxable in the 
nativo protein, in the absence of ligands. The allo- 
sterie T 	transido') produces complete loss of' 
reactiva),  of tItis thiol parir ((;ysl 18 and Cys239). 
These thiols are viejita' and participate in a high-
allinity Zn-hinding sito. The two remaining 
eysteinyl residues are buried. Orle is titrable when 
the enzyme is denatured by urea or SDS and the 
fourth is exponed only alter reduction, suggesting 
the presence of an interehain (listillide bridge (Alta-
mirano el al., 1989, 1992; Altamirano & Calcagno, 
1990). `lis last observation indieíttes that the sub-
units itre possibly arranged as diniers linked by a 
disulfide bridge, which theii oligomerize as 
hexamers. 

To Mercase ()Lir understanding of' the structure 
and allosterie inechanism of deamination, we have 
initiated a erystallographic stu(ly of ghicosamine-
0-phosphate ("caminase from E. coli K12. I'Ve report 
itere Lite. preparation of single crystals of the enzyme 
suitable for high-resolution X-ray strueture deter-
minador) and the results of' the preliminary crystai-
lographie study. Ve diseuss the local symmetry of 
the hexamer and a possible paeking for the 
moleettles in the una eell. 

Gluvosamine-6-phosphate deaminase from E. con 
K 12 wus puritied as describe(' (Altamirano el al., 
1991), and stored preeipitated in 2.5 m 	tnOn" ti 
sulfate with 5 mm-(Iisodium 14.1)TA. The enzyme 
sttspension was dialyzed against, at low ionie 
strength buffer (10 mm-Ilepes/Na(1-1, pH 7'4) and 
coneentrated 	to 	approximately 	10 ingintl. 
1somorphous erystals were ohtained using the vapor 
diffusion technique in hanging dr(.)ps (M.ePherson, 
1982) at 20°C under the following conditions: 1.4 m,  

1.37 Al and 1.33 	K phosphate buffer (pl.! 6.0, 
7'1) and 80, respectively); 	(w/v) ammonium 
sulfate in 50 mm-Tris•H('I (j)11 811 and 94)); and 
42% animonium suffitte in 50 19m-1lepes/Na01-1 
(p11 7.0). The drops contable(' equal amounts (:3 t(1 
5 Id) of the dialy'ed protein stock (10 inglinl) and 
reservoir solutions. Crystal growth is visible after 
live (hLyS and usually complete within 21 clays. 'Fhe 
erystals tire multifitceted and show variable 
morphology, 	growing 	up 	tu 	into x 

1)101 x 0.3 min. 81)8/polyiterylatnide gel electro-
phoresis of the crystalline material in the presence 
oí J3-mercaptoethaliol confirme(' that tlw enzytne 
monomers were ballet, and tnigrated identically 
with those oí glueosam1ne-6-p11osplutte deaminase 
before crystallization. The erystals Itelong tu the 
rhomboliedral system with space group /1'32. The 
unit col! dimensions (1 the erystals grown itt 

phosphate viere measured froto preves-
sion pliolograpbs obtained with a, Rigaku 11,1/20011 
rotating iu 	generator operating al 50 It and 
190 mA, and are a=b-,-- 125-9 A, e= 223.2 A 
(1 A=0'1 mit) for the hexagonal setting. The unit 
eell volu me oí* 3.064 x 106  A3  is compatible with two 
trumomers in the asymmetrie una, yielding a ealeu-
late(' 1.7„, value (Matthews, 10(18) for these erystais 
of' 2'87 A2 /dallon. Assutning a protein pardal 
specitie volume uf 0.737 em3/g, estimated from the 
amino acid composition (Caleagno el al., 1984), the 
solvent emiten!, of' the erystal is approximately 
60%. Rotation photographs Lidien on a high-bril-
balice synehrotron radiation souree s1tow that, the 
erystals diffract tu at least, 2 A resolution. 

Complete native data tu a resolution of 2.1 A viere 
colleeted from une crystal on the 11'411:131., Protein 
Crystallography Station X31 in 1-lASYLA13 
1)E8Y, Hamburg, using un image-plato detector. 
The erystals are very sensitive Lo CuKOC rudiation 
( 	A) but proved to be dable for over 
24 hours during the synehrotron data vollection per-
formed using radiation of wavelength 1.0 A. 
Processing oí the data wats performed with the 

Table 1 

Data collerlion 	ic.5 for the 2./ A ?altive &dosel of whico,samine-6-pliosphale ((caminase 

Resolution 
:Aten lower 
limii, (A) nirmi 

efieetions 
measu red 

mlopentlent, 
reftections 

Pereentage 
of' 

cinopletene8s 

Cu tutilati 
ridleetions 

witlt 1 > 3a(I) 

5.01 01100 0.000 14,804 2580 87. 99.2 
3110 0.089 01180 35,515 4912 99.3 97.4 
2)5 0.110 0,091 41,184 0231 110•3 03.2 
Mi) 0110 0.093 32,555 7270 99.2 8511 
2.30 0'153 0.097 30,491 8232 99.4 782 
2.10 0.201 0.101 40,083 9137 9911 08.5 

'l'otitis 0.101 0101 209,002 38,308 07..1 81.0 

E E ilhi <111> 

t R = 

whcre /hl  is the Seilled intensity of the ith inettsurement of relleetion h or its equivalen(' and < / h > is the average intensit,y oí relleetion 
/1. 
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Figure 1. Self-rotation funetion of glueosamine-0-1}hosphate di,aminase. The rcsolution range is 1.5 to 2.5 A, with a 
radius of in tegration oí 2 to 21) A, using normalized strueture factors. The rotations are IISSLI Med tO be y a bota the erystal 
e-axis. fi  about the reciprocal a.*-axis and a again about the c-axis. (!t) Ahtximum value uf' 11w selProtation funetion for 
ettch fi-seetion, ni arbitrar),  units (a,11.) normalized Lo a, vrLlue of' 50 lin' the origin peak, with a I11ILII root-mean-square 
value of O a.u.; (1)) stereographie projeetion uf tlw diagonal cross-section (a +y 	x) oftiw self-rotation 	down 
the crystal 	eontoured ate 2.5, :1.5, 4-'5, 5.5, 6.5 and 7.5 times the map root-inean-square 	 tlw uiily 
signitivant peak apara from the origin, which is at seetion /1.0" svith a height of 26 am, and corresponds to a. non-
crystallographie 24311 axis (P) parallel to 11w erystal ab-plane, 15'111111y frota the a-tt.xis. 

MOSFLA1 (Wonaeott et al., 1985) package and the 
merging uf the 200,692 intensity ineasurements, 
resulted in 38,368 independent rellections with an 
oyeran llsy„, oí 10')/0  to 2.1 A. Data conection 
statistics are giveo 111 'l'afile 1, 

To determine the, non-ciystallographic synnuetry 
relation between the two independent mono:n(11.s in 
the asyminetric unit, a molí-votado:: function ‘Vas 
(.111(ml:ti:cmd using the Vast Rotadon Funt..dion ti 
t.rowther (1972) as impletnented in die program 
AUN (C(:`1)4I, 1985). The data included were in tlw 
resolution range of 20 tu 2.5 A and the (inter radios 
of' integrado!) was varied between 15 A and 25 A, 
and ail oí Litem produced similar results. Figure 1(h) 
is the stercographic projection ()film diagonal cross-
seetion (a -1- y = 180°.--- X) of the self-rotation function 
mal), showing a, single peak (P) correspotiding Lo a. 
non-crystallographic dyad perpendicular to the 
crystallographic 3-fold, and displaced frota the 
nearest crystallographic 2-fold by 15°. This result 
indícales that, the hexamer has 32 point gronp 
syminetry, eentered on the 3-Ibld axis and neves-
sarily displaced froto the origin. 'Tris is compatible 
with the Litration experimenta that suggest the pre-
sence of 11.11 interchain disullide bridge (Altamirano 
el al., 1992), whivh van be achieved only II die 
lwxamer subunits are arranged as diniers with the 
local 2-fold passing through the center of the inter-
chain disultide bridge luid further associated by the 
(wystallographic 3-fold axis Lo produce the hexamer. 
The of1Se.1 of 15" between the non-crystallographic 
and crystallographie 2-folds eould allow for two 
hexamers related by the crystallographic 2-fold Lo 
pack face-Lo-face in 1111 optima] staggered configur-
adon. 1 ri such a way, each monomer from a giVen  

hexamer would lie bel-meco two monomers of the 
2-fold related hexainer. (.)11 the basis of preliminary 
charol] microscopy experimenis that, suggest a 
disk-like configuration for the hexamer, and 
ami:ming a spherical shape for (n'eh monomer 141111  
apprO X ItIC 	n'OS O r 20 A Lo give the correet 
pardal sis...cinc volume for the protein molecule, ¿LO 

optima] model for the iuteking uf tlw hexamers in 
the unit ven can be achieved, with no superposition 
of the sphnres. f1 search for suitable heavy-atom 
derivatives in in progress. 
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Synopsis 
The pathway for utilisation of amino sugars in Escherichia coll is controlled both by regulating 
the levet of the expression of the genes coding for the catabolic enzymes and the level of 
enzyme activity. The key regulated enzyme in the pathway is D-glucosamine-6-phosphate 
dearninase, an allosteric enzyme activated by N-acetyl-o-glucosamine-6-phosphate. The 
enzyme is a hexamer composed of identical subunits arranged as a trimer of disulfide-linked 
dimers. However, kinetic studies indicate that the unit of the allosteric conformational change 
is the whole hexamer. The allosteric transition is conceded and can be accurately described 
by the MWC model. The concomitant conformational chango occiudes the sido chains of two 
cysteinyl residuos, identified as Cys118 and Cys239. A site-directed mutagenesis study 
dernonstrated that the thiol of Cys239 contributes to the structure of the T allosteric conformer 
with nearly 4 kJ mole. Tyr121 is also a critical residue in the allosteric regulation of the 
enzyme, since it is involved in GIcNAc6P binding at the allosteric site. 

Introduction 
Glucosamine-6-phosphate deaminase (agiucose-6-phosphate ketol isomerase, 

deaminating, EC 5.3.1.10) catalyses the reversible conversion of a-glucosamine-6-phosphate 

(GIcN6P) into D-fructose-6-phosphate (Fru6P) and ammonia (1-3). This is a key step in the 

pathway of amino sugar utilisation in Escherichia col!, and is regulated at the transcriptional 

as well as the enzymatic levels. The gene nagB encoding the deaminase is part of the nagE-

nagBACD regulon, whose expression is induced when the bacteria are grown with o-

giucosamine (GIcN) or N-Acetyl-o-glucosamine (GIcNAc) as the carbon source (4-6). While 
the deaminase and the amidotransferase which synthesise GIcN6P (glutamine fructose-6-

phosphate amidotransferase, E.C. 2.6.1.16), are two enzymes catalysing physiologically 
opposing reactions, the expression of their genes is coordinated so as to avoid the operation 

of a futile cycle (5,7). The malecule that induces the regulan is N-acetyl-o-glucosamine-6-
phosphate (GIcNAc6P), the intracellular product of GIcNAc transport. This metabolite is also 

the allosteric activator of the deaminase, and the substrato of the other nag enzyme, 

GIcNAc6P deacetylase. GIcNAc6P controls both the expression and the activity of deaminase; 

the regulation of lis activity derives from the allosteric nature of the enzyme. The long-range 

goal of our work on E. coli GIcN6P deaminase is aimed at characterising this regulation. The 

claning of the nagB gene in the last few years, together with the ather genes of the regulan 

(8,9), has facilitated considerably the study of the deaminase by makIng available largo 
amounts of pratein for structural studies and allowing for the construction of site-directed 
mutants. The present review sumrnarizes our main results from kinetic and structural studies 

on this enzyme, with emphasis on its allosteric properties. 



L'Izo 	"4:44r,o4 	..11!Mo. 
Figure 2. Electro': rnicrograph 

Deaminase (negative stain). 

z1 	76 

of E. coli Gicti6P 
sessearessosmosamma 

2 

Structure 

GIcNGP deaminase is a hexameric homopolymer with subunits of 29.7 kDa (11) which 

appear in electron micrographs in an hexagonal array (Fig. 1). The deaminase was recently 
ciystallised and preliminary ciystallographic data have been reported. Although the complete 
structure is not yet available, X-ray diffraction data obtained at 2.1 A resolution, have 

confirmed the hexagonal structure of the oligomer, and strongly suggests a "trimer of dimers" 
structure with a single 3-foid axis and three 2-fold axes of symmetry (12). We have recently 

demonstrated the presence of three interchain disulfide bonds between cysteinyl residues 
219 in the deaminase molecule (13). According to the structural information that is available, 

the three S-S bonds in the deaminase molecule must be located on each of the three 2-foid 
symmetry axes. This particular disulfide is not essential for the stability or function of the 

oligomer, as revealed by the study of the site-directed mutant Cys219-->Ser (13). The 

proposed structure is also consistent with thermal denaturation curves of the deaminase 

obtained by differential scanning calorimetry, which indicate that at high temperatures, 
deaminase dissociates finto dimers in two sequential steps (14). Figure 2 is a schematic 
representation of the quaternary structure of this enzyme. 
The secondary structure of the deaminase was investigated both by circular dichroism 

spectrometry in the far Uy, and empirical prediction methods that employ a joint prediction 
scheme which combines six predictive algorithms with defined rulos based on different 

physico-chemical indices (10). The predicted structure has a considerable degree of 

alternancy of a-helices and [3-sheets. Two-thirds of the helices are amphipathic while 90% 

of the 0-sheets are hydrophobic, strongly suggesting that dearninase is an affi protein 

having probably a C-terminal cluster of helices. 

Kinetics 
GIcN6P deaminase catalyses a reversible reaction, and assays can be performed in both 

dlrections, although the equilibrium favours deamination (Kua  = 0.22 M at pH 7.7, 30 °C) (11). 
Under normal physiological conditions, deaminase functions only as a catabolic enzyme (c.f. 
ref. 6). The enzyme displays intense homotropic cooperativo kinetics towards its substrate, 

Figure 1. A schematic representation oí the 
quaternary GleNGP deaminase 
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GIcNGP (maximum Hill coefficient, 2.9 at pH 7.7). This value declines at phi values below 7.4 
and aboye 8,2, approaching unity at both extremes oí pH. The reverse reaction, that is, the 
formation of GIcNGP, also exhibits homotropic cooperativity towards Fru6P In contrast, 
however, ammonia behaves as a Michaellan substrato. The maximum Hill coefficient for 
Fru6P is 1.4, and is independent of the ammonia concentration (11). 

The allosteric kinetics of GIcNGP deaminase can be described by the non-exclusive 
substrate binding case of the model of Manad et al. (MWC model, (15)). Non-linear regression 
analyses give good fits, with n values (the number of interacting sites) close to six (Fig. 3). 
The allosteric activator, GIcNAc6P, behaves as an exclusive-binding activator, producing at 
saturating concentrations, Michaelis-Henri kinetics. The number of allosteric sites was 
confirmad as being six by equilibrium dialysis experiments (16). Dissociation constants 
obtained by model-fitting kinetic data and by direct measurement of GIcNAc6P binding were 
in close agreement (30-35 AA). Qur kinetic data prove that the entice deaminase oligomer is 

the allosteric unit, excluding the existence of a putative smaller cooperative unit, such as the 
disulfide-linked dimer. Evidence for the concerted nature of the allosteric transition, comes 

from two additional experiments: a) the enzyme immobilised on N-c-amino-hexanoyl-

glucosamine-6-phosphate agarose, which binds the enzyme by the allosteric sito, displays 
hyperbolic kinetics over a wide range of protein/gel ratios, and b) glucitolamine-6-phosphate 
(GIcN-ol-6P), a dead-end inhibitor of the deaminase and an altemative homotropic ligand, 
produces paradoxical activation at low substrate concentrations, as predicted by the concerted 
allosteric model (16). 
Kinetics studies of the forward and backward reactions, under conditions of hyperbolic 
kinetics, give inicial velocity and product inhibition patterns consistent with a rapid equilibrium 
random mechanism (16), therby validating the use of equilibrium models for the analysis of 
the allosteric kinetics. 

Structural events associated with the allosteric transition. 
The deaminase is in the T (low affinity) conformation has two reactive thiols; the 1- ->R 

transition induced by saturation with either homotropic or heterotropic ligands produces a 
complete protection of these groups. These thiols are vicinal in the nativo protein (17, 18). 
They were located in the primary structure by peptide mapping alter specific cyanylation 
followed by cleavage at the S-cyanocysteines and hence identified as Cys118 and Cys239 
(19). The two other cysteines in the deaminase polypeptide chain were also identified. They 
are the residuos that form the interchain disulfide (Cys219) and the cysteine bearing a 
"hidden" thiol that can be exposed only after denaturation (Cys228) (13). The sulfhydryl 
groups of Cys118 and Cys239 can bind Zn2t with very high affinity (Kos  = 1.5 x 10 .7  M). This 
affinity for Zn2* is manifested only in the T conformen when the T-9•R isomerisation is induced 
by a high concentration of allosteric activator or competitive inhibitor, the enzyme can no 
longer bind zinc. On the other hand, if the Zn-bound enzyme changos to the R-form, the 
metal is sequestered inside the protein and no longer equilibrates with Zn7' in solution. 
Furthermore, the bound zinc can be released only after the protein is returned to the T 
conformation (21). While the possible physiological role of chis Zn binding sito remains 
unclear, these observations demonstrafe that Cys118 and Cys239 are situated in a region of 
the molecule that undergoes a drastic conformational change during the allosteric transition. 

We investigated the role of these thiols in deaminase function using a combined approach 
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of chemical modification, and site-directed mutagenesis, if Mese thiols are blocked by 
methylation, sulfomethylation 	or by reaction with trivatent arsenicais (e.g. arsenite, 
phenylarsine oxide), the modified enzyme has a decreased homotropic cooperativity (the Hill 
coefficient changos from 3.0 to 1.6), and a km  that is only haif of the value for the native 
enzyme (18). The same result is obtained when these thiols are oxidised to form a disulfide 
or when the enzyme is assayed in the presence of Zn2  (18, 19). The observed change in 
cooperativity in the SH-blocked deaminase is due to a 4 id mola  lower apparent free energy 
of interaction between ollgomers. This change is due mainly to a decrease in K1.; the 
modified enzyme behaves as if it were positioned in an intermediate conformation between 
the lirnit conformations R and T of the nativo protein. This strongly suggests that one or both 
of these sulfhydryls contribute significantly to the stabilisation of the T conformer. 

The role of Cys239 In the allosteric transition. 
Because Cys118 and Cys239 have the same reactivity, the chemical approach does not 
permit the separate evatuation of the role of these two cysteines in the allosteric transition. 
This issue was investigated by the construction of the corresponding site-directed Cys--)Ser 
mutations. A kinetic study of the mutan' enzymes demonstrated that only Cys239 is 
necessary for full cooperativo behaviour (19). The enzyme with the mutation Cys118->Ser 

lT 

tUNGPI 

Figure 3 . ,Fit o! the kinetic data (vN against substrato) to 
MWC mudel. t.: 1300; n: 5.7 c 0.02. [1.)Altosteríc activation by 
2mM GIcNAc6P. 

(1 	O 
U) 

tr$ 

Figure 4 . Kinetic data presented aa HM pinta. : Wild type 
K ri  1 .6 mM: KT 35 mM. O Cys239-Ser mutant 
Kr 1 mM, Kt 3.9 mM. 
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is just as cooperativo as the wild-type protein, but the Cys239->Ser replacement produces a 
chango in the KR/K r  ratio and consequently in the value of Wyman's apparent interaction 
energy (20), similar to the thiol-blocked enzymes (Fig. 4). This finding proves that only 
Cys239 particípales in the interactions that siabilise the allosteric T-conformer of GIcN6P 
deaminase. However, both vicinal thiols are necessary for the full catalytic activity of the 
enzyme, since each single mutation produces the chango caused by chemical modification 
(Le., the reduction in the apparent kcAr  to nearly haif of the value for the wild-type enzyme 
(19)). Although the precise nature of this effect remains to be established, this result 
demonstrates that the changos in cooperativity and kem  found by chemical blockage of both 
cysteines cannot be explained by assuming that the modified enzyme displays half-of-the-
sites kinetics. 
The cooperativity of deaminase decreases aboye pH 8.2, and displays hyperbolic kinetic at 
pH 9.0. The effect of pH on the Hit! coefficient is complex, but the comparison of the curves 

obtained with wIld-type and Cys239-->Ser mutant enzymes strongly indicates that one of the 

protonic equilibria involved in this effect is the dissociation of Cys239. 

The role of tyrosine 121. 
Nativo GfcNAc6P deaminase has a single tyrosyl residuo whose phenolic hydroxyl can he 
spectrophotometrically titrated with alkali (pK = 8.75). This residue is no longer titrable in the 
presence of saturating concentrations of the allosteric activator. The dead-end inhibitor, GIchi-
ol-GP does not have this protective effect. The allosteric transition is accompanied by spectral 
changes (absorbance, circular dichroism and tryptophan fluorescence), which indicate 
involvement of aromatic residuos. The differential circular dichroism spectrum of deaminase 
produced by saturation with GIcNAc6P exhibas a rriaximum al 274-275 nm, which probably 
corresponda to a tyrosyl residue. This peak is not present in the difference spectrum obtained 
by saturating the enzyme with the competitivo inhibitor, 	 Together, these results, 
suggest that an acidic tyrosyl residuo is located at or near the allosteric site, but is not 

involved in the associated T-51:1 conformational chango. Recently we have identifiecl this 

tyrosyl residuo as Tyr121 and have constructed the site directed mutants Tyr121->Thr and 

Tyr121->Trp; their ability to bind GIcNAc6P is impaired, but not abolished, and their 
homotropic cooperativity remalns unaffected (22). 

Concluding remarks 
The work described herein shows that GleN6P deaminase provides an interesting model for 
the study of allosteric interactions. It is a comparatively simple protein, since it is composed 
by six identical subunits, each with one allosteric site, Furthermore, it can be easily produced, 
purified and crystallysed. The reversibility of the reaction it catalyses and its special 
quaternary structure are also interesting features. On the other hand, a better knowledge of 
the regulation of deaminase may lend to a better understand the role of its modulation by 
GichiAc6P and hit fans, and to the regulation of amino sudar catabolism under different 
physlological conditions. The construction of site-directed mutants with altered allosteric 
properties may be an useful top! in Ibis research. 

This research was supported by grants from CONACYT (grant A128CCBE), DGAPA, UNAM (grant 
1N-206701), MexIce, by CNRS, France, and the Commission of European Communitios (centrad 
.C11 *C T92-0038) 
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