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Introdúcelo. 1 

I. Característíques estructuráis deis barrils (|5/a)8. 

J . l . El primer domini coneguí amb plegament (fi/a)8. 

La primera prote'ína cristal-litzada en que es va observar restructura de barril 
(p/a)8 va ésser l'enzim triosafosfatisomerasa (D-gliceraldehid 3-fosfat cetol 
isomerasa: EC 5.3.1.1) de múscul de pit de pollastre (Gallus gallus) (Banner 
et al., 1975). Aquest enzim, situat a la via d'Embden-Meyerhof-Parnas 
(glucolisi), catalitza la reacció d'isomerització que permet la interconversió 
entre el fosfat de dihidroxiacetona (DHAP) i el D-gliceraldehid-3-fosfat 
(GAP). 

L'análisi del mapa de densitat electrónica obtingut a una ressolució de 2.5 Á 
va demostrar que per a cada unitat asimétrica hi ha una molécula dimérica. 
Aquest dímer está constituit per dues cadenes polipeptídiques de 247 residus 
cadascuna, químicament idéntiques. Els autors van descriure l'estructura de 
cada subunitat com a aproximadament esférica, sorprenentment regular i 
amb un diámetre al voltant deis 35 A. La cadena polipeptídica de cadascuna 
de les subunitats té un plegament intern en forma de barril on les dogues 
están representades per les vuit tires d'una lámina p paral-lela. Aqüestes tires, 
per efecte del cargolament que pateixen les lamines p per se, es troben 
inclinades respecte l'eix del barril. Les tires p paral-leles properes a nivell 
d'estructura 3-D son consecutives a nivell d'estractura primaria. Intercalades 
amb les tires p, tant en la seqüéncia com en el plegament, hi ha els segments 
helicoidals que recobreixen al barril per la seva part externa. 

Banner et al., (1975) van descriure que el plegament de cadascuna de les 
subunitats de l'enzim triosafosfatisomerasa tenia una estructura tipus (p/a)8. 
No obstant, cal assenyalar que els segments corresponents a les estructures 
secundarles no son idéntics i que el tros de seqüéncia que uneix dues tires p 
consecutives inclouen, en alguns casos, mes d'una hélice. 

El fet que aquest enzim sigui conegut també per les sigles TIM (Trióse 
phosphate isómerase) ha provocat que aquest plegament també sigui 
anomenat barril TIM (amb independencia de quina sigui l'activitat 
enzimática que correspongui). Un altre sinónim que sovint s'empra és el de 
barril ap. 
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Introdúcelo. 2 

1.2. Característiques generáis del plegament. 

Amb posteriorioritat ais treballs efectuáis per Banner et al. (1975), s'ha 
descobert que hi han d'altres proteines amb el mateix tipus de plegament que 
el descrit per l'enzim triosafosfatisomerasa de pollastre. Aquest conjunt de 
proteines, tot i ésser molt semblants en la seva aparenta 3-D, no 
constitueixen un conjunt totalment homogeni. No obstant aixo, es poden 
definir una serie de característiques generáis que corresponen al que seria el 
barril TIM canonic. Aquesta estructura representativa es caracteritza per la 
presencia de vuit tires p paral-leles, en l'interior del domini, que es troben 
unides entre si mitjangant una serie de ponts d'hidrógen que interconnecten 
les veínes. Per exemple, la tira Pi está unida mitjangant ponts d'hidrógen a 
les tires P2 i Ps, la P2 a pi i P3 i així succesivament. La lámina p resultant té 
una estructura d'hiperboloide producte de la proximitat en l'espai de les tires 
pi i pg. E l fragment de seqüéncia que separa dues tires p consecutives 
contindria una única hélice a. Aqüestes hélices son majoritáriament 
amfipátiques i es disposen espacialment al voltant de la lámina pg central 
recubrint-la. Les cares hidrofóbica i hidrofflica de les hélices interaccionen 
amb la cara extema de la lámina p i amb el medi aquós respectivament. 

Moltes proteines amb aquest plegament s'aparten Ueugerament de l'estructura 
canónica (p/a)8. Com a exemples d'aquestes petites desviacions de la 
idealitat es poden destacar: a) la presencia d'alguna tira p antiparal-lela 
respecte la resta [com en el cas de l'enolasa on les dues primeres tires p son 
antiparal-leles i el sentit de la primera hélice és el contrari del de la resta 
(Lebioda et al., 1989)]; b) la manca d'alguna de les tires p que constitueixen 
el barril central [com en el cas de la cellobiohidolasa 11 que conté una barril 
format únicament per 7 tires p (Rouvinen et al., 1990)]. 

1.3. Paper deis diferents tipus d'elements d'estructura secundaria en 
l'estabilitat del domini. 

1.3.1. La lámina paral-lela. 

1.3.1.1. Característiques geométriques. 

Una de les característiques estructuráis mes importants deis barrils 
TIM és la presencia d'una lámina p paral-lela que es troba situada al 
cor de l'estructura (vegeu secció I.2.). Normalment, aquesta lámina 
está constituida per vuit tires p i es troba enrotUada sobre si mateixa. 
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Introdúcelo. 3 

L'estructura que en resulta es pot imaginar, grosso modo, com si fos 
una bastida en forma d'hiperboloide amb els eixos de les tires p 
situats a sobre de la seva superficie. 

La primera descripció amb detall d'un barril format per una lámina p 
va ésser realitzada a principis de la decada deis 70 per Birktoft i 
Blow (1972). Posteriorment, diversos autors han intentat 
parametritzar i correlacionar les principáis característíques 
geométriques d'aquests tipus d'estructures (McLachlan, 1979; 
Richardson, 1981; Salemme i Weatherford, 1981a,b; Salemme, 
1981; Chothia i Janin, 1982; Novotny et al., 1984; Lasters et al., 
1988; Lesk et al., 1989; Chothia i Finkelstein, 1990; Lasters, 1990; 
Lasters et al., 1990; Wodak et al., 1990; Ke, 1992; Murzin et al., 
1992; Murzin et al., 1994a,b). En general, tant les relacions com els 
parámetres s'han obtingut a partir de barrils ideáis, és a dir, amb 
forma de cilindre o d'hiperboloide de secció circular. La principal 
desviació respecte a aquesta "idealitat" es deguda a l'existéncia de 
barrils amb una secció elíptica (Lasters et al., 1988; Murzin et al., 
1994a,b). És important assenyalar que tant els parámetres com les 
equacions emprats a l'hora de definir aquesta geometría no son 
exclusius de les estructures amb plegament de barril TIM sino que, 
en general, son válids per a qualsevol barril constituit per una lámina 
P tancada (amb independencia del nombre de tires p que hi participin 
i de si la seva disposició és o no és paral-lela) (McLachlan, 1979; 
Murzin et al., 1994a,b). A continuado es presenten quins son els 
parámetres necessaris a l'hora de descriure la geometría d'un barril 
constituit per una lámina p (entre paréntesi i al final de la definido hi 
figura el valor corresponent al parámetre en un barril TIM ideal): 

Parámetres intrínsecs a la propia lámina p: 

a: distancia entre els C" al llarg de les tires p (3.3 Á). 

b: distancia entre tires p veínes (4.4 Á), 

t: valor promig del cargolament de la lámina p respecte a un 
eix perpendicular a la direcció de cada tira p (-26°). 

9: valor promig del cargolament de la lámina p respecte a un 
eix paral-lel a la direcció de cada tira p. 
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Introdúcelo 4 

e: valor promig de renrotllament de la lámina p al llarg de 
cada tira p. 

¡i: valor promig de l'enrotllament de la lámina p al llarg d'una 
línia perpendicular a les tires p. 

Parámetres característics d'una determinada estructura en forma 
de barril: 

n: nombre de tires p que constitueixen el barril (8). 

a: valor promig de l'angle que forma la direcció de cadascuna 
de les tires p amb l'eix del barril (-36°). 

R: radi promig del barril (14 Á). 

S: "despla^ament" de la lámina. Si les tires p fossin paral-leles 
a l'eix del barril (a = 0°), llavors qualsevol línia vertical a 
aquest eix que sortís d'un determinat residu de la primera tira p 
i continúes a través de tota la lámina, tomaría exactament al 
punt de partida. En el cas deis barrils (p/a)8, la inclinació de 
les tires p fa que quan aquesta línia toma a la primera tira, ho 
faci a vuit residus de la posició inicial. Per tant, en el cas 
particular deis barrils TIM, S agafa el valor de 8. 

Una gran part de tots aquests parámetres ja van ser proposats el 1979 
per McLachlan. Aquest autor va ser el primer en tractar de 
parametritzar les característiques geométriques d'un barril i 
relacionar-Íes mitjan^ant les següents equacions: 

a 

R = ^ [2] 
2*sin( /̂ifí)*cos(cí) 

Chothia (1988) va proposar una nova formulació d'aquestes dues 
equacions, que és válida únicament pels barrils (p/a)8 (s'obtenen de 
substituir a i b a [1] i [2] pels valors que els hi corresponen en els 
barrils TIM ideáis): 

0.75*5 
tana = [1] 
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R = 2.2 
.sin(;r/n) * cos(a) [2] 

Cal remarcar que les equacions de McLachlan van ser 
desenvolupades inicialment amb l'intenció d'aplicar-les a barrils 
constituíts per lamines p antiparaMeles. No obstant aixd, també son 
valides a l'hora d'estudiar la geometría de la lámina p paral-lela deis 
barrils (p/a)8 (Chothia 1988; Lesk et al., 1989). 

Amb posterioritat, Lasters (1990) va voler aprofundir sobre quin és 
l'efecte de 1'hiperboloide sobre el cargolament de la lámina p i quines 
son les restriccions conformacionals que l i imposa la seva geometría. 
En aquest estudi, Lasters va introduir dos nous conceptes, el de 
"cargolament de la bastida" o Tg i el de "cargolament de la tira p" o 
Twp que, posteriorment, serien desenvolupats mes ampliament per 
Murzin et al. (1994a) en descriure el cargolament i l'enrotllament de 
la lámina p (tot i que emprant diferents parámetres (vegeu el següent 
parágraf). El mateix any, Wodak et al. (1990) van demostrar que la 
lámina p deis barrils TIM no introdueix cap restricció extra sobre la 
cadena polipeptídica, és a dir, els parells d'angles díedres (j) i \j/ no 
presenten valors especiáis respecte ais d'altres lamines p. 

Mes recentment, Murzin et al. (1994a) han desenvolupat unes 
equacions que extenen la parametrització a tota una serie de 
característíques estructuráis com ara: a) la disposició de les seves 
tires P; b) la forma de l'hiperboloid; c) el nivell de cargolament i 
enrotllament de la lámina p; d) el valor óptim de cargolament 
necessari per a produir una lámina p tancada; i e) la disposició deis 
residus en l'interior del barril. En formular noves equacions, aquests 
autors van afegir nous parámetres estructuráis (9, £, x i | i ; vegeu 
definicions en un parágraf anterior) ais que préviament ja havien 
estat definits per McLachlan (1979). Els resultats obtinguts per 
Murzin et al. (1994a) demostren que totes les propietats estructuráis 
deis barrils venen determinades pels valors de n i de S i que, per tant, 
aquests dos valors poden ser emprats a l'hora de classificar els 
barrils. En concret, a i R depenen de n i de S a partir de les 
equacions proposades per McLachlan (equacions [1] i [2]). D'altra 
banda, 9, e, x i p, depenen de n i de S mitjangant les equacions: 

n*9 + S*e = 2*7t*!iin(a) £3" 
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5 * (a/í?) * 0 + n * Ai = 2 * ;r * cos(a) [4] 

r = {a/b)*e [5] 

A mes, Murzin et al. (1994a) van suggerir que, de totes les 
combinacions possibles de valors per a n i S, únicament n'hi ha 10 
que produeixen barrils amb un bon empaquetament de cadenes 
laterals al seu interior. Aixo indicarla que les proteines amb un barril 
format per una lámina p presenten un nombre molt limitat de 
possibles arquitectures. Lógicament, entre aqüestes 10 combinacions 
hi ha la corresponent ais barrils TIM (n i S = 8). Aquests autors 
també van estudiar com varien les equacions [l]-[5] si es considera 
que els barrils teñen una secció elíptica (i per tant, mes propera al 
que está descrit per la majoria de barrils reals). 

L3.L2. L'empaquetament deis residus a l'interior del barril 

L'empaquetament de cadenes laterals a l'interior de la lámina p ha 
estat descrit com a un deis factors mes importants —sino el que 
mes— en el manteniment de l'estructura deis barrils TIM (Lesk et 
al., 1989; Houbrechts et al., 1995) i la seva major o menor 
termoestabilitat (Hwang et al., 1997). Normalment, els residus que 
interaccionen en el centre d'un barril son hidrofóbics pero també es 
pot donar que n'hi hagi una certa quantitat d'hidrofílics (Helin et al., 
1995). 

La primera descripció sobre com interaccionen les cadenes laterals 
deis residus que es troben a la part central del barril va ser realitzada 
per en Lesk et al. (1989). Aquests autors van estudiar quina era la 
disposició deis residus dins del barril de tres enzims: la 
triosafosfatisomerasa (pollastre), el glicolatoxidasa (espinac) i la 
rubisco (Rhodospirillum rubrum). L'objectiu del seu estudi consistía 
en tractar d'explicar l'origen evolutiu deis barrils (p/a)8 des del punt 
de vista estructural (i no de seqüéncia que és com normalment es fa; 
vegeu la secció V . L d'aquesta introducció). L'estudi va demostrar 
que en els tres casos hi ha 12 residus dins el cor de la lámina p i que 
la disposició de les seves cadenes laterals no és aleatoria. En totes 
tres s'observa com les seves cadenes laterals es reparteixen en tres 
plans que son —aproximadament— perpendiculars a l'eix del barril. 
Cadascun d'aquest plans o capes consta de 4 residus que pertanyen a 

UNIVERSITAT ROVIRA I VIRGILI 
ESTUDIS COMPUTACIONALS SOBRE BETA-AMILASA, UNA MOLÈCULA ENZIMÀTICA TIPUS BARRIL (BETA/ALFA) 8: 
RELACIONS EVOLUTIVES I TRANSICIONS ESTRUCTURALS AL CENTRE CATALÍTIC. 
Gerard Pujadas Anguiano 
ISBN:978-84-694-2163-5/DL:T.885-2011 



Introdúcelo 7 

tires p alternades. A aquests plans seis ha qualificat com a "capes 
d'interacció" degut a que la majoria d'interaccions al centre del barril 
involucren residus que formen part d'una mateixa capa. Lesk et al. 
(1989) van trobar que tant en la triosafosfatisomerasa com en la 
rabisco, la capa central estava formada per residus de les tires p 
senars i les capes deis extrems per les tires p parelles. En el cas del 
glicolatoxidasa pero, és a l'inrevés. En Lesk et al. van interpretar 
aquest doble tipus d'empaquetament des del punt de vista evolutiu 
(vegeu la secció V . l . d'aquesta introducció). Posteriorment, 
l'empaquetament a l'interior del barril ha estat estudiat tant de forma 
experimental (Tsuji et al., 1993) com teórica (Murzin et a l , 
1994a,b). Els estudis realitzats per aquests darrers autors van 
demostrar que existeix una correlació entre els valors de n i S i la 
disposició deis residus a l'interior del barril (vegeu la secció L3.1.1. 
d'aquesta introducció). 

13,2, Les hélices a. 

Les hélices a que es troben ais barrils TIM son majoritáriament 
amfipátiques i es disposen espacialment al voltant de la lámina pg 
central recubrint-la. Vtyurin i Panov (1995) han descrit que deis dos 
empaquetaments hidrofdbics en que participa la lámina p —un al seu 
interior i l'altre al seu exterior— el prioritari és l'extern (lámina p 
-hélice a). Aixo seria conseqüéncia del major nombre de residus 
hidrofdbics en la interfase hélices-lámina p (al voltant de 50) que no pas 
a l'interior del barril (al voltant de 12). Vtyurin i Panov (1995) han 
demostrat que els índex óptims d'empaquetament hidrofóbic —a banda i 
banda de la lámina— s'assoleixen quan el quocient entre a (distancia 
promig entre els C" alternats al llarg de les tires p) i b (distancia promig 
entre tires p veínes) és a/2 . 

Nota: les definicions d'a i de b s'han bescanviat respecte a les que 
figuren a la referencia original (Vtyurin i Panov, 1995) per a mantenir la 
coherencia amb les emprades per McLachlan (1979), Chothia (1988) i 
Murzin et al. (1994a,b) (vegeu secció 1.3.1.1. d'aquesta introducció). 
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1.3.3. Els ¡lagos. 

1.3.3.1. Els llagos de l'extrem N-terminal del barril. 

Els llagos de rextrem N- o amino terminal del barril son els que 
uneixen les hélices a amb les tires p. El centre actiu deis enzims amb 
plegament de barril TIM es troba en l'extrem C-terminal del barril. 
Aixó vol dir que els llagos N-terminals no participen ni en l'activitat 
enzimática ni en la unió deis substrats o inhibidors a l'enzim. Si es 
comparen les seqüéncies d'un mateix enzim i diferent font es pot 
veure com el nivell de conservado de la seva seqüéncia és menor 
que el corresponent a la resta de l'estructura (Pujadas et al., 1996). 
Per tant, quin és el paper que juguen aquests llagos?. Poden teñir 
qualsevol tipus de seqüéncia sempre i quan no generi una estructura 
secundaria?. Si no poden participar en la catálisi perqué es troben 
lluny del centre actiu, participen del manteniment de l'estructura de 
l'enzim?. Les investigacions d'en Urfer i Kirschner (1992) han 
permés donar una resposta satisfactoria a aqüestes preguntes. Urfer i 
Kirschner van utilitzar el gen d'un barril (p/a)8 — l̂'enzim monoméric 
fosforibosilantranilatisomerasa d'^. coli— per a construir i expressar 
una variant que contenia una duplicado interna —^i en tándem— del 
cinqué motiu pa. La disposició relativa de les estructures secundarles 
en la variant era piai...P5a5p'5a'5...P8a8. Un cop la proteína (p/a)9 va 
ser expressada i purificada, es va analitzar la seva activitat 
enzimática. Els resultats van demostrar que el mutant presentava 
activitat fosforibosilantranilatisomerasa i que, per tant, havia de 
mantenir el nucli (p/a)8 original. Aixó descartava la possibilitat de 
teñir un barril TIM on piai o psas fossin fora del nucli (p/a)8 del 
mutant. A mes, tant piai com p8a8 contenen residus que participen 
en la catálisi i que, per tant , no poden allunyar-se de l'extrem C-
terminal del barril. L'única manera dones de conservar el nucli (p/a)8 
original passa perqué un motiu ap o pa del tándem PsasP'sa's formi 
part d'un llag. Aixó únicament pot passar si el motiu ap o pa es 
coMoca en tres posicions diferents: a) entre a a i P's (Uag a l'extrem 
N-terminal del barril format per Psas); b) entre as i % (llag a l'extrem 
N-terminal del barril format per p'sa's); i fmalment, c) entre ps i a's 
(llag a l'extrem C-terminal del barril format per asP's). Mitjangant 
una serie d'experiéncies —independents unes de les altres— com ara 
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dicroisme circular, espectre d'emissió fluorescent, proteolisi limitada 
amb la proteasa V8, etc., Urfer i Kirschner (1992) van demostrar que 
de les tres possibilitats de plegament, només se'n produía una que és 
la que té el motiu ap entre Ps i a'5 (asp's situats en un \\a.q de l'extrem 
C-terminal del barril). La conclusió que en van extreure és que els 
llamos de l'extrem N-terminal del barril — i les zones properes a 
ells— son, en general, molt mes importants per a l'estabilitat de 
l'estructura que no pas els de l'extrem C-terminal. Aquesta seria la 
rao per la qual el mutant prefereix teñir un motiu ap prop del centre 
actiu —tot i que fa disminuir la kcat 25 cops respecte a l'enzim 
natural— que no pas a la banda amino terminal del barril. 

1.3.3.2. Els llagos de l'extrem C-terminal del barril. 

Els llagos de l'extrem C- o carboxi terminal del barril son els que 
uneixen les tires p amb les hélices a. Aquests llagos —a mes del seu 
paper primordial en la catálisi— teñen una participado básica en el 
manteniment d'estructures homo- o heterooligomériques on hi 
figurín barrils (p/a)8 (la majoria deis barrils TIM coneguts formen 
part d'estructures quaternáries; Borchert et al., 1994). Un bon 
exemple és l'enzim triosafosfatisomerasa que sempre es troba a la 
natura en forma dimérica. En aquest cas, l'interfase entre les dues 
subunitats está formada pels llagos que uneixen les tires pn amb les 
hélices an (on n agafa valors des de 1 fins a 4). Els quatre llagos 
contenen una gran quantitat de residus hidrofóbics que queden 
totalment enterrats com a resultat de la dimerització. Les operacions 
d'enginyeria de proteines que teñen com a objectiu la separado de 
l'homodímer de la triosafosfatisomerasa en els seus monómers 
realitzen les mutacions en aquests llagos (vegeu la seccióIII.5. 
d'aquesta introducció). 

1.4. Localització de l'activitat catalítica. 

Fins avui, totes les proteines conegudes amb estructura de barril TIM —a 
excepció de la narbonina i la concanavalina B— son enzims. Els residus 
responsables de l'activitat enzimática es troben situats en la part C-terminal 
del barril [la majoria en els llagos que uneixen les tires p i les hélices a 
(Farber i Petsko, 1990) i una quantitat menor en les propies tires p (Pujadas i 
Palau, 1997)]. Recentment, en Raychaudhuri et al. (1997) han demostrat que 
la cadena principal i les cadenes laterals deis barrils TIM generen un camp 
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electrostátic paraMel a l'eix del barril que apunta a una área propera al centre 
actiu. Raychaudhuri et al. (1997) han arribat a la conclusió que la presencia 
del camp electrostátic explicaría perqué els substrats deis barrils (p/a)8 están 

majorítáriament carregats negativament. 

11. Distribució deis dominis amb aquest plegament. 

11.1. Distribució de les seves estructures al PDB. 
El Brookhaven Protein Data Bank (BPDB o PDB; http://www.pdb.bnl.gov), és 
la base de dades on els cristal-lografs dipositen les coordenades de les 
estructures de proteines (6.655), ácids nucleics (530) i carbohidrats (12) (en 
paréntesi hi ha el nombre d'estructures depositades fins el 10 de mar? de 
1998; Bemstein et al., 1977). 

n.2. Distribució de les seves estructures al CATH. 

La base de dades CATH (http://www.biochem.ucLac.uk/bsni/cath/; Orengo et al., 
1997) és una classificació de dominis de proteines. Les sigles CATH 
corresponen ais tres criteris que s'empren a l'hora de classificar un domini: 
classe (C), arquitectura (A), topología (T) i superfamília homologa (H). Els 
dominis amb estructura de barrils (p/a)8 están classificats dins la classe ap 
(15< % hélice a < 55 i 10< % tira p < 45), l'arquitectura barril i la topología 
de barril TIM. 

n.3. Distribució de les seves estructures al SCOP. 

La base de dades SCOP (http://scop.mrc-lmb.cam.ac.uk/scop/; Murzin et al., 
1995) és —a l'igual que CATH— una classificació de dominis de proteines. 
Les sigles d'SCOP signifiquen "Structural Clasification of Proteins". Els 
dominis amb estructura de barrils (p/a)8 están classificats dins la classe ct/p 
—caracteritzada per estar constituida per unitats pap que, a la vegada, 
formen una lámina p paraMela— i dins del plegament de barril p/a o TIM 
—caracteritzat per la presencia d'una lámina beta paraMela en forma de 
barril tancat, amb 8 com a valor de n i S (vegeu definicions a la secció 
1.3.1.1. d'aquesta introducció) i l'ordre de les tires p és 12345678—. 
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11,4, Distribució en fundó delseu codi enzimátic f J B . C ) . 

n.4.1. Distribució enfundó de la seva activitat enzimática. 

En l'actualitat, el nombre d'activitats enzimátiques catalogades segons la 
classificació de la NC-IUBMB a la base de dades ENZYME (versió 
22.0, novembre de 1997; http://www.expasy.ch/sprot/enzyme,htmi) és de 
3.729 (948 oxidoreductases, 1.085 transferases, 1.072 hidrolases, 345 
liases, 151 isomerases i 128 ligases). Segons les dades obtingudes a 
partir de la base de dades PDB_Finder [Hooft et al., (1996); versió 1.18, 
marg de 1998; ftp://ftp.embl-heidelberg.de/pub/databases/pdb_finder], en 
l'actualitat s'han dipositat al Brookhaven Protein Data Bank (BPDB) 
(Bernstein et al., 1977) les estructures corresponents a 418 activitats 
enzimátiques diferents. D'aquestes 418 activitats, 36 (un 10.8% del 
total) es troben en estructures amb plegament de barril TIM. Aqüestes 
dades son coherents amb les aportades per Farber (1993) i Reardon i 
Farber (1995), que consideren que, aproximadament, el 10% de tots els 
enzims cristal-litzats teñen un domini amb estructura de barril (p/a)8. Si 
s'extrapolen aquests resultats es pot dir que, aproximadament, hi deu 
haver unes 400 activitats enzimátiques que utilitzen com a bastida un 
barril TIM. Per tant, es pot concloure que la topología de barril (p/a)8 
és, de bon tros, la mes comuna en els enzims i en les proteínes globulars 
(Farber, 1993). 

D'acord amb la classificació de la NC-IUBMB (NC-IUBMB, 1992; 
http://www.expasy.ch/sprot/enzyme.html), en funció de l'especificitat de 
substrat i del mecanisme molecular, es troben barrils TIM distribuíts en 
gairebé totes les classes d'enzims (8 oxidoreductases, 2 transferases, 14 
hidrolases, 6 liases i 6 isomerases). La única excepció és en el cas de les 
ligases —ori fins avui— no s'ha trobat cap barril (p/a)8. 

II.4.2. El cas de la narbonina i la concanavalina B. 

Fins avui, únicament dos barrils TIM —la narbonina (Hennig et al., 
1992; Hennig et al., 1995b) i la concanavalina B (Hennig et al., 
1995a)— no presenten cap activitat enzimática coneguda. Les seves 
estructures están dipositades al BPDB amb els codis INAR i ICNV 
respectivament. En ambdós casos es tracta de proteínes 
d'emmagatzematge provinents de llavors de plantes leguminoses {Vicia 
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narbonensis L. en el cas de la narbonina i Canavalia ensiformis en el 
cas de la concanavalina B). 

La narbonina —tot i que no se 11 ha detectat activitat enzimática— ha 
estat classificada per en Coulson (1994) com a una quitinasa de la 
familia 18 de les glicosil hidrolases (Henrissat, 1991; Henrissat i 
Bairoch, 1993; vegeu la secció IL4.3. d'aquesta introducció). La rao cal 
buscar-la en la similitud significativa que existeix entre la seva 
seqüéncia i la de l'enzim endo-p-N-acetilglucosaminidasa H 
á'Streptomyces plicatus (Coulson, 1994). Aquesta homología va fer que 
en Coulson (1994) hagi proposat que la narbonina té activitat quitinasa 
o bé deriva d'una quitinasa que ha perdut la seva funció. 

Peí que respecta a la concanavalina B, la seva seqüéncia presenta un 
grau d'homologia elevat —al voltant del 40%— amb la d'altres 
quitinases de plantes (Hennig et a l , 1995a). No obstant — i a l'igual que 
la narbonina— la concanavalina B no presenta activitat quitinasa. Si es 
compara el centre actiu de les quitinases amb la seva regió equivalent en 
la concanavalina B, s'observen un parell de diferencies significatives 
(Hennig et al., 1995a). La primera consisteix en el canvi del Glu del 
centre actiu per una Gln i la segona en que la cavitat on s'hauria d"unir 
el substrat a la concanavalina B és menor que no pas la que hi ha a les 
quitinases. Tot i haver perdut la seva funció enzimática, la 
concanavalina B encara conserva la capacitat d'unir-se a carbohidrats. 
Per tant, es pot afirmar que la concanavalina B i les quitinases de la 
familia 18 provenen d'un ancessor comú. 

Estudis posteriors realitzats per Terwisscha van Scheltinga et al. (1996) 
han arribat a la conclusió que les quitinases de la familia 18 requereixen 
per a la seva activitat un Asp i un Glu. A mes, les seves posicions al 
centre actiu han de ser equivalents a les de l'Aspus i del Glunv en 
l'hevamina. La seva abséncia seria dones la responsable que ni la 
narbonina ni la concanavalina B presentin activitat quitinasa. 

II.4.3. Distribució de les glicosilhidrolases amb plegament de barril 
TIM en lesfamilies d'Henrissat. 

És important remarcar que, de les 14 estructures amb activitat hidrolasa 
(vegeu la secció 11.4.1. d'aquesta introducció), 12 son glicosidases amb 
activitat sobre substrats 0-glicosídics (i per tant son O-
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glicosilhidrolases o mes comunament glicosilhidrolases). Aquests 
enzims es caracteritzen perqué hidrolitzen l'enllag glicosídic, bé entre 
dos o mes carbohidrats, bé entre un carbohidrat i una altra molécula. El 
mecanisme d'hidrólisi es basa en una catálisi acida que requereix 
essencialment dos residus, un que actúa com a donador de protons i un 
altre que fa de nucleófil o base (Davies i Henrissat, 1995). La 
configuració del carboni anoméric del producte resultant de la hidrólisi 
pot ser, o no, igual que la del substrat emprat. 

Les 12 activitats enzimátiques EC 3.2.1.x corresponen a: a-amilasa 
(3.2.1.1); p-amilasa (3.2.1.2); ceMulasa (3.2.1.4); endo-l,4-p-xilanasa 
(3.2.1.8); quitinasa (3.2.1.14); lisozima (3.2.1.17); p-glicosidasa 
(3.2.1.21); glicá endo-l,3-p-D-glicosidasa (3.2.1.39); glicá-l,4-a-
maltotetrahidrolasa (3.2.1.60); liqueninasa (3.2.1.73); ceMulosa-l,4-p-
ceMobiosidasa (3.2.1.91); manosilglicoproteina endo-p-N-
acetilglucosamidasa (3.2.1.96). 

A l'inici d'aquesta década (Henrissat, 1991), es va proposar una 
classificació de les glicosilhidrolases. E l fonament d'aquesta 
classificació rau en el fet que, en els casos que és possible, es pot 
establir una certa relació entre les similituds en la seqüéncia i el 
plegament corresponent. Segons la classificació d'Henrissat, les 
seqüéncies amb homología de seqüéncia i homología estructural haurien 
de quedar agrupades dins d'una mateixa familia. Aquesta classificació 
presenta avantatges respecte a les basades únicament en l'especificitat 
de substrat [com ara la de la NC-IUBMB (NC-IUBMB, 1992)]. Per 
exemple, reflecteix les similituds estructuráis, revela les seves relacions 
evolutives i proporciona un eína a l'hora d'interpretar els mecanismes 
catalítics (Henrissat, 1991; Henrissat i Bairoch, 1993; Henrissat i 
Bairoch, 1996). Fent ús d'aquest criteri, al voltant d'unes mil seqüéncies 
—998—" de glicosilhidrolases procedents de la versió 35.0 del 
SwissProt (marg 1998) quedarien agrupades en 66 families 
(http://www.expasy.ch/cgi-bin/lists7glycosid.txt). 

En la classificació de glicosilhidrolases de Henrissat (1991) els 12 
enzims amb estructura barril TIM queden classificats dins de les 
següents families: familia 1: p-glicosidasa; familia 6: ceMulases de la 
famflia B (ceMulasa própiament); familia 10: ceMulases de la familia F 
(endo-l,4-p-xilanasa i ceMulosa 1,4-p-ceMobiosidasa); familia 13: a-
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amilasa i glucá-l,4-a-maltotetrahidrolasa); familia 14: p-amilasa; 
familia 17: glucá endo-l,3-p-D-glicosidasa i liqueninasa; familia 18: 
quitinases de la classe II (quitinasa própiament i lisozima); familia 18: 
manosilglicoproteina endo- p-N-acetilglucosamidasa. 

III. L'enginyeria de proteínes en els dominis amb plegament (p/a)8. 

Les proteínes amb plegament de barril TIM son estructures extraordináriament 
estables. Aixó fa que siguin especialment adients per fer assajos sobre 
modulado de l'activitat enzimática (Bainbridge et al., 1995), obtenció 
d'estructures quimériques (Mainfroid et al., 1993; Kishan et al., 1994), 
estabilització estructural en afegir ponts disulfur (Eder i Wilmanns, 1992) o en 
proporcionar hélices a mes consolidades (Mainfroid et al., 1996), establiment de 
dissenys de novo que afavoreixin aquest plegament (Richardson et al., 1987; 
Goraj et al., 1990; Tanaka et al., 1991; Tanaka et al., 1994a,b,c; Houbrechts et 
al., 1995) i , finalment, modelització 3-D a partir de variacions en la seqüéncia 
(Luger et al., 1989). Els resultats que es descriuen en aquest capitol indiquen 
que el plegament deis barrils (p/a)8 és extraordináriament resistent a un ampli 
ventall d'operacions d'enginyeria de proteínes, la qual cosa ha permés afirmar a 
Farber (1993) que "hom pot fer amb aqüestes estructures gairebé qualsevol cosa 
i teñir encara un barril a/p". Seguidament, es descriuen les principáis operacions 
d'enginyeria de proteínes realitzades sobre proteínes amb plegament de barril 
TIM, aixi com els resultats i conclusions mes notables. 

IIIJ. Permutacions circulars. 

Hi han permutacions circulars naturals que s'obtenen per transposició 
genética d'una pega d'ADN. En la soca salvatge, aquesta pega está coMocada 
a l'inid de la zona codificadora d'el gen; en canvi, en el mutant, la pega 
transposada está coMocada al final de la zona codificadora. Malgrat la 
transposició, el mutant manté la pauta de lectura. Conseqüenment, la 
proteína que resulta té una estructura primaria formada per dos elements de 
seqüéncia permutats respecte a altres proteínes homologues. 

La permutado circular, considerada com una operado d'enginyeria de 
proteínes, consisteix a fer una construcció génica que, al expressar-se en un 
sistema heteróleg, dona Uoc a una cadena polipeptídica permutada respecte a 
una proteína natural determinada. L'operació pren el nom de permutado 
circular perqué fa l'efecte com si s'haguessin unit els extrems N - i C-
terminals de la cadena polipeptídica natural i posteriorment "tallat" la 
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seqüéncia circular resultant en una posició diferent de roriginal. Óbviament, 
es genera una altra estructura primaria. És important elegir bé la posició de 
tall, donat que ha d'estar localitzada, necessáriament en un Uag. Els 
permutants circulars, obtinguts per técniques d'enginyeria de proteines, 
aporten informado sobre la manera en que els extrems N - i C-terminals 
d'una cadena polipeptídica i també la disposició de les estructures 
secundarles poden afectar el plegament i Testabilitat de les proteines. 

Les permutacions circulars no es poden realitzar sobre qualsevol tipus de 
plegament, sino únicament en aquells cassos que reuneixin dos requisits 
indispensables: a) que es traeti d'estructures d'una gran simetría; i b) que els 
extrems N - i C-terminal de la cadena polipeptídica que es vol permutar es 
trobin molt próxims a l'espai. Peí que fa a la segona característica, és evident 
que la proximitat espacial deis dos extrems afavoreix la formació d'un enllag 
peptídic entre els dos residus termináis compatible amb una mateixa 
estructura final, pero permutada peí que fa ais extrems N - i C-terminal 
(Luger et al., 1989). És evident que les proteines amb un plegament de barril 
(|3/a)8 son una exceMent materia primera per a aquest tipus d'experiments 
degut a que compleixen, amb escreix, els dos pre-requisits esmentats. S'han 
identificat permutants circulars en seqüéncies que adopten un plegament de 
barril TIM (Jia et. al., 1996; MacGregor et al., 1996; Rojas i Romeu, 1996; 
Essen et al., 1997). Recentment, el nostre grup ha observat en uns bacteris 
del genere Clostridium la presencia d'una permutado circular en p-
glucosidases de la familia 3 que afecta un domini predit com un plegament 
tipus barril (p/a)8 (Garda-Vallvé et al., 1998). En aquest cas, el domini 
corresponent al barril TIM queda interromput per un domini tot-p situat en el 
Uag que uneix les unitats Pa segona i tercera. 

Luger et al. (1989) van realitzar un experiment pioner molt notable amb un 
plegament de barril TIM. Aquest experiment consistía en la construcció, 
expressió, purificado i análisi de les característiques estructuráis de dos 
permutants de l'enzim fosforibosilantranilatisomerasa de Saccharomyces 
cerevisiae (yPRAI). En el cas particular d'yPRAI, la distancia entre els 
extrems va aconsellar afegir cinc residus extres a l'extrem amino terminal 
original que facilitessin l'apropament de les posicions N - i C-terminals. La 
seqüéncia resultant d'aquesta addició va ser anomenada xPRAI (que deriva 
de yPRAI extesa). Les análisis d'activitat enzimática van demostrar que les 
propietats catalíüques d'yPRAI i d'xPRAI eren molt similars. 
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Consequentment, es va concloure que xPRAI era una exceMent materia 
primera sobre la qual poder realitzar permutacions circulars. 

J//.2. Disseny de novo. 

El disseny de novo de proteínes és una metodología relativament nova 
(DeGrado, 1988; DeGrado et al., 1989; Richardson i Richardson, 1989; 
Cohén i Parry, 1990; Hecht et al., 1990; Sander et al., 1992) que té com 
objectiu la proposta de cadenes polipeptídiques el plegament de les quals 
corresponguin a una estructura 3-D predeterminada. La denominado de 
novo fa referencia a que les seqüéncies que es proposen han de ser 
significativament diferents a qualsevol altra seqüéncia natural coneguda. 
Aquesta metodología utilitza tot un calidoscopi de técniques que van des del 
modelatge de l'estructura en una estado gráfica fins al clonatge i expressió 
del gen, la purificado de la proteína i la determinado posterior de les 
característíques estructuráis própies. 

La gran quantitat d'estructures amb plegament de barril (p/a)8 i seqüéncia no 
homologa (vegeu la secció II d'aquesta introducció) fa que la bastida 
estructural sigui especialment apropiada per "construir-hi" noves funcions 
(Lasters et al., 1988) o emprar-la en un exercici de disseny de 
novo (Richardson et al., 1987; Goraj et al., 1990; Tanaka et al., 1991; Tanaka 
et al., 1994a,b,c; Houbrechts et al., 1995). En aquest sentit, no és d'estranyar 
que el primer disseny d'un barril TIM es fes ja l'any 1986, durant un curs que 
es va realitzar al Laboratori de Biología Molecular Europeu [EMBL; 
Heidelberg, Alemanya (Richardson et al., 1987)]. La proteína dissenyada en 
aquell curs va rebre el nom de Babarellina i es va construir a partir de quatre 
repeticions d'una unitat básica papa. La longitud de la molécula era de 178 
residus. Un cop fet el disseny de la seqüéncia, es va sintetizar el gen que 
l'havia d'expressar i es va clonar, tot i que sense obtenir-se'n cap resultat 
satisfactori (Dr. Chris Sander, comunicado personal). 

Posteriorment, dos grups de recerca van realitzar, amb mes o menys éxit, el 
disseny i la síntesiúfe novo d'un barril TIM. El grup liderat peí Dr. Joseph 
Marti al de la Universitat de Lieja (Bélgica) va obtenir una cadena 
polipeptídica que anomenaren Octarellina (Goraj et al., 1990). La seqüéncia 
de rOctarellina está formada per una unitat básica de 31 residus 
(SGLVVYLGKR PDSGTARELL RHLVAEGDAR S) que es repeteix vuit vegades. En 
aplicar el métode de GOR (Garnier et al., 1978), l'estructura secundaria 
predita per a aquest segment repetitiu era del tipus pa. La proteína es va 
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expressar en E. coli i i , després de ser purificada, es va sotmetre a una análisi 
estructural mitjangant técniques de dicroisme circular, electroforesi amb 
gradient d'urea i espectroscopia d'infraroig i Raman (Beauregard et al., 
1991). La principal conclusió derivada de les análisis fou que la molécula, 
tot i presentar hélices a i tires p forga estables, no tenia un bon 
empaquetament i , per tant, calia millorar-ne el disseny. El redisseny fou 
efectuat per Houbrechts et al. (1995). En aquest treball, es van teñir en 
compte diversos aspectes que originalment no havien estat considerats 
(distribució de cárregues, volum i hidrofobicitat deis residus propis de les 
lamines p i la simetría de la seqüéncia). En certa manera, van recollir les 
suggeréncies que el Prof. Chris Sander els havia fet en una revisió publicada 
l'any 1991 (Sander, 1991). En aquest article, Sander—^basant-se en Tanálisi 
deis barrils TIM existents a la natura— suggeria que era mes corréete repetir 
quatre vegades una mateixa unitat papa que no pas vuit vegades una unitat 
pa. A mes, aconsellava disminuir l'acumulació de cárregues (16 en total) en 
un deis extrems del barril de TOctarellina la qual cosa afavoriria la formació 
de l'estructura. Tenint en compte les suggeréncies de Sander (1991), 
Houbrechts et al. (1995) van dissenyar dues cadenes polipeptídiques noves 
que anomenaren Octarellina II i III. La seqüéncia II está formada per vuit 
repeticions de la unitat api i la III per quatre repeticions de aPiap2. Per tant, 
rúnica diferencia entre elles era que en la III hi havia dos tipus de tires p 
diferents, pi i P2, mentres que en la II totes eren del tipus Pi. Un cop 
expressades i purificades Es va demostrar que TOctarellina III purificada era 
forga estable a la desnaturalització amb urea. Aparentment, aquest resultat 
corrobora la importancia de dissenyar aquest tipus de molécules a partir de 
quatre repeticions d'una unitat aPap', tal com havia suggerit Sander (1991). 

Un segon grup de recerca liderat per Toshiki Tanaka i Haruki Nakamura 
(PERI, Protein Engineering Research Institute; Osaka, Japó) també ha estat 
treballant en el camp del disseny de novo de proteines amb plegament de 
barril TIM (Tanaka et al., 1991; Tanaka et al., 1994a,b,c). En un primer 
treball (Tanaka et al., 1991) van dissenyar quatre barrils (p/a)8 de 217 
residus cadascun a partir d'una unitat básica Piaip2a2 repetida quatre cops. 
Després de ser expressades i purificades, les quatre proteines es van 
desnaturalitzar amb urea. Aixo va permetre identificar l'estructura mes 
estable que va rebre el nom de TIM-1. La unitat básica Piaip2a2 de TIM-1 va 
ser utilitzada per a dissenyar dos "barrils" nous, el (p/a)6 i el (p/a) 10. 
Finalment, es va comparar l'estabihtat de TIM-1, (p/a)6 i (p/a)io. Es va 
concloure que la proteina artificial (p/a) 10 era la mes estable, tant com ho és 
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la proteína TIM natural. Tanaka et al. (1991) van justificar aquests resultats 
adduint que tant les interaccions com l'empaquetament entre cadenes laterals 
a l'interior del barril eren mes afavorits en el cas de (f3/a)io que no pas en el 
cas de TIM-1. En conseqüéncia, aquests autors van arribar a la conclusió 
que, per al disseny de novo d'una estructura (p/a)8, probablement és crucial 
fer una bona elecció deis residus que han de formar l'interior del barril. Així, 
per fer la tria de residus, caldrá coneixer les característíques básiques (volum 
de la cadena lateral, hidrofobicitat, etc.) de les combinacions naturals de 
residus en aqüestes posicions. Segons Tanaka et al. (1991), el mes important 
és combinar cadenes laterals que, no només tinguin facilitat d'interaccionar 
entre elles, sino que també tinguin uns tamanys complementaos (per 
exemple, compensant els volums de les cadenes laterals). Procedint d'aquesta 
manera, si es divideix el barríl de TIM-1 en seccions equatoríals que passen 
per quatre residus de tires p altemades (i amb les cadenes laterals encarades 
cap a l'interior del barril), s'observa que cadascuna de les seccions conté 
quatre residus idéntics. A partir d'aquestes consideracions, Tanaka et al. 
(1991) van apuntar que la millora del disseny de l'estructura de TIM-1 hauria 
de passar ineludiblement per la correcció deis defectes d'empaquetament 
causats per la confluencia de residus idéntics. 

Posteriorment, Tanaka et al. (1994a) van fer un nou disseny d'un barril TIM 
a partir d'una unitat básica piaipiai que es repetía quatre vegades. En aquest 
cas —a diferencia del disseny realitzat el 1991 (Tanaka et al., 1991)— es va 
teñir cura de combinar el tamany de les cadenes laterals que havien de 
quedar dins del barril per tal que poguessin cabré en l'espai que deixen les 
vuit tires p al seu interior. Es va comprovar per microscopía electrónica que 
la proteína resultant tenia una forma similar a la de l'enzim 
tríosafosfatisomerasa de conill. Tot i aquest darrer resultat, els autors van 
reconeixer que només es pot teñir la certesa que el plegament de la proteína 
dissenyada de novo és del tipus TIM si s'aconsegueix realitzar una 
determinació estructural mes precisa (mitjangant raigs-X o RMN). 

Aquest grup ha dissenyat, amb mes o menys éxit, altres cadenes 
polipeptídiques les seqüéncies de les quals podrien adquirir aquest tipus de 
plegament (Tanaka et al., 1994b,c). Un deis millors exemples és el disseny 
realitzat per Tanaka et al. (1994c) a partir de la duplicado d'una unitat básica 
Picxip2a2P30C3P40C4 • En aquest cas, la seqüéncia es va dissenyar de forma molt 
acurada, buscant la compatibilitat amb totes aquelles característíques 
generáis en les estructures amb plegament de barríl (p/a)8 (empaquetament 
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óptim de les cadenes laterals a Tinterior del barril; disseny d'hélices 
amfipátiques que haurien de facilitar la formació de ponts salins 
intrahelicoidals; disseny de llagos curts a l'extrem N-terminal). Els llagos de 
l'extrem C-terminal del barril es van manllevar de proteines amb plegament 
TIM. Posteriorment, es va construir un model de la molécula al qual es va 
aplicar una minimització energética. Peí que fa a l'estructura secundaria, es 
va comprovar que hi havia un grau molt elevat de coincidencia entre el 
disseny i la predicció feta per diferents métodes. També es van fer análisis de 
compatibilitat entre la seqüéncia i el plegament 3-D propi d'un barril TIM. 
Aquests tests semblaven indicar que l'estructura final modelada hauria de 
teñir unes característiques similars a les proteines naturals amb plegament de 
barril (p/a)8. Després de ser expressada i purificada, la proteina presentava 
un empaquetament deficient que era compatible, pero, amb la presencia de 
proporcions ajustades d'estructura secundaria, un nucli hidrofóbic 
característic i un plegament cooperatiu. 

Finalment, cal esmentar el grup de la Dra. Wodak (Universitat Lliure de 
Brusel-les, Bélgica) va estar treballar durant un temps en la parametrització 
de les característiques geométriques deis barrils (p/a)8 (vegeu la secció 
1.3.1.1. d'aquesta Introdúcelo). Segons els autors, aquesta parametrització 
hauria de sentar les bases teóriques per al disseny de novo d'un barril TIM 
(Lasters, 1990; Lasters et al., 1990; Wodak et al , 1990). 

111.3. Disseny de barrils (p/a)„ (n 7^8). 

Els dominis amb estructura de barril TIM han estat utilitzats com a materia 
primera per al disseny de barrils (p/a)n. Les estructures en forma de barril 
TIM emprades provenen de proteines naturals (Luger et al., 1990) o bé de 
dissenys de novo que, suposadament, presenten aquest plegament (Tanaka et 
al., 1991). Els barrils (p/a)n (n ̂  8) dissenyats fins ara son (p /a)6 (Tanaka et 
al., 1991) i (p/a)io (Luger et al., 1990; Tanaka et al., 1991). L'experiment 
realitzat per Luger et al. (1990) va consistir a afegir a l'extrem N-terminal del 
gen que codifica l'enzim yPRAI el fragment d'ADN corresponent al segment 
a7p7a8P8 de la proteina. El resultat d'aquesta operació va ser un gen que 
codificava per una proteina del tipus a7p7a8P8aiPi.oc2P2-oc7p7a8p8. El gen es 
va expressar posteriorment en E. coli. Els detalls experimentáis sobre 
estabilitat estructural activitat i enzimática están descrits ais treballs origináis 
(Luger et al., 1990; Tanaka et a l , 1991), els quals suggereixen que els barrils 
(p/a)io presenten característiques similars ais barríls TIM deis quals deríven. 
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ni.4. Disseny de ponts disulfur extres. 

Un pont disulfur consisteix en un enlla§ covalent entre dos átonas de sofre 
corresponents a les cadenes laterals de dos residus de cisterna. La formació 
d'aquest enllag covalent produeix una oxidado deis dos grups tiol que hi 
participen. A l conjunt de les dues cisteínes unides covalentment s'anomena 
cistina. Normalment, la formació de ponts disulfur i el plegament de la 
cadena polipeptídica son processos simultanis (Darby i Creighton, 1995; 
Raina i Missiakas, 1997). A mes de facilitar el plegament corréete, els ponts 
disofre participen en el manteniment de l'estructura tridimensional i 
augmenten la termoestabilitat de la proteina (Wetzel 1987; Creighton, 1988). 
El mecanisme peí qual els ponts disulfur estabilitzen una estructura sembla 
estar relacionat amb la disminució d'entropia que duen associada (Anfmsen i 
Scheraga, 1975; Chan i Dill 1989; Matsumura et al., 1989b). Per tant, no és 
d'estranyar que diversos autors s'hagin interesat per introduir ponts disulfur 
extres mitjangant técniques d'enginyeria de proteines (Perry i Wetzel, 1984; 
Sauer et al., 1986; Villafranca et al., 1987; Matsumura et al., 1989a,b; 
Mitchunson i Wells, 1989; Kanaya et al., 1991). 

Els barrils TIM també poden augmentar la termoestabilitat mitjangant 
l'addició de ponts disulfur extres. Eder i Wilmanns (1992) van publicar el 
primer — i fins ara únic— treball sobre la creació d'una nova cistina en un 
barril La proteina emprada era el mutant S e r 2 i 2 C y s d'yPRAI —que en 
la seva forma natural no conté cap pont disulfur— i el nou enllag covalent es 
va crear entre els de la Cysi? i la C y s 2 i 2 . Aquesta cistina uneix dues 
hélices adjacents de l'estructura (ai i ag) i forma una proteina quasi-circular. 
A mes, s'ha demostrat que el pont disulfur es forma espontániament in vitro i 
estabilitza la conformado nativa d'yPRAI en 1.0 Kcal/mol (Eder i 
Wilmanns, 1992). 

ni.5. Transformado d'oligómers de barrils(p/a)8 en monómers. 

La majoria deis barrils (p/a)g coneguts formen part d'homo- o 
heterooligomers (Borchert, 1994). En molts casos l'oligómer juga un paper 
fonamental en que l'enzim tingui una estabilitat i una activitat catalítica 
superior a la que 11 correspondria si fós un monomer. Un bon exemple seria 
el de l'enzim triosafosfatisomerasa —que dona nom al plegament— i que, 
per regla general, es troba en forma dimérica. Per tant, un objectiu científic 
molt interessant consisteix a coneixer l'aportació de cada monómer a 
l'activitat total de l'enzim. 
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El grup liderat peí Dr. Wierenga al Laboratori de Biología Molecular 
Europeu (EMBL; Heidelberg, Alemanya) va plantejar-se aquest objectiu 
(Borchert et a l , 1993; Borchert et al., 1994). Els autors van escollir l'enzim 
triosafosfatisomerasa de Trypanosoma brucei per realitzar els seus 
experiments. El dímer d'aquest enzim té una interfase de contacte molt 
extensa que implica una superficie de 1.600 per subunitat. Básicament, la 
interfase está formada pels llagos que uneixen les tires (3n amb les hélices an 
(on n agafa valors des de 1 fins a 4). El centre actiu de cada subunitat es 
troba prop de la interfase. No obstant aixó, els residus d'una subunitat no 
interaccionen directament amb el substrat que es troba al centre actiu de 
l'altra. El llag L 3 que uneix p3 i as aporta a l'interfase del dimer les 
interaccions estabilitzants mes importants (molts deis residus implicats es 
troben enterráis a la interfase). En conseqüéncia, el llag L 3 va ser escoUit per 
fer les modificacions que haurien de convertir el dimer en monómer. A l 
tractar-se d'un llag fortament hidrofóbic, les modificacions s'havien de fer 
amb molta cura, i no n'hi havia prou en fer mutacions puntuáis que evites sin 
la formació del dimer. A mes, calla impedir que aquesta part de la molécula 
—d'alt contingut en residus hidrofóbics— quedes exposada al solvent i 
endegués canvis conformacionals que podrien alterar de forma significativa 
l'estructura de la proteína. Totes aqüestes consideracions van ser tingudes en 
compte en el model que els autors van realitzar abans de prendre una decisió 
sobre el mutant que que calla expressar, Els resultats del modelatge van 
aconsellar de substituir un segment de 15 residus a L 3 —del 68 fins al 82— 
per un de vuit. Una vegada dissenyada la seqüéncia d'aminoácids 
corresponent al monómer, el seu gen es va expressar en E. coli i la proteína 
resultant va ser purificada i cristal-litzada. L'análisi de l'estructura va 
demostrar que l'enzim mantenía les característíques estructuráis 
corresponents a un barril TIM. A mes, conservava part de l'activitat catalítica 
del dímer (la seva kcat era 1000 vegades menor i la Km augmentava per un 
factor de 20 en relació ais valors propis de l'enzim natural). E l monómer 
resultant d'aquest experiment va rebre el nom de "monoTIM". 

in.6. Disseny de proteínes quimériques amb estructura de barril (p/a)8' 

Les investigacions per esbrinar el nivell d'estabilitat i la capacitat de 
plegament de proteínes, l'estructura de les quals está formada per barrils 
TIM, han utilitzat mutants que presenten canvis puntuáis respecte a l'enzim 
natural (Yutaní et al., 1980; Borchert et al., 1993; Tsuji et al., 1993). Una 
manera mes drástica d'afrontar el mateix problema consisteix a canviar 
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segments sencers de la seqüéncia (estructures secundarles, supersecundáries, 
motius en general, etc.) i comparar les característiques estructuráis i 
catalítiques amb les de l'enzim original. A l fer aquests canvis cal teñir cura 
de minimitzar l'impacte sobre la resta de l'estructura. Una manera 
d'aconseguir-ho consisteix a substituir el segment de la seqüéncia original 
per un d'equivalent del mateix enzim pero de font diferent. La seqüéncia 
obtinguda amb aquest procediment s'anomena "quimérica" o "híbrida". 

Com a materia primera per a la construcció de "quimeres" s'han emprat 
barrils (p/a)8 (Mainfroid et al., 1993; Kishan et al., 1994). L'objectiu 
d'aquests estudis consistía a determinar l'efecte d'un canvi d'aquestes 
característiques sobre Testabilitat i l'activitat de l'enzim. Des del punt de vista 
estructural, els barrils TIM poden considerar-se pseudosimétrics. Aquesta 
pseudosimetria es basa en l'existéncia de vuit motius consecutius del tipus 
llag-tira p-llag-hélice a (L-p-L-a a partir d'ara) que poden considerar-se com 
a unitats de plegament. Aquest visió deis barrils (p/a)8 serveix de justificació 
teórica ais experiments que es plantegin construir un híbrid de barril TIM 
mitjangant la substitució d'un motiu L-p-L-a. 

L'experiment realitzat per Mainfroid et al. (1993) consistía a substituir el 
vuité motiu L-p -L-a [8(L-p-L-a) a partir d'ara] de l'enzim 
triosafosfatisomerasa de E. coli peí seu equivalent en el pollastre. Aquest 
motiu té una longitut de 23 residus. La proteína híbrida resultant va rebre el 
nom d'ETIMSCHI. La principal rao per a escollir 8(L-p-L-a) és que no 
participa en les interaccions entre subunitats (vegeu la secció III.5.). A mes, 
8(L-p-L-a) está involucrat en la unió del substrat al centre actiu. Així, el 
residu Leu233 es troba a la base del centre actiu i els residus Glyass i Gly236 
son a l'extrem N-terminal d'una hélice 3io que té una participado important 
en la unió del grup fosfat del substrat amb l'enzim. La creació d'un híbrid que 
empra el motiu on hi han els residus Leu233, Gly235 i Gly236 —totalment 
conserváis en un nombre molt gran de seqüéncies de triosafosfatisomerasa— 
serveix per a comprovar si els tres residus adopten la conformado necessária 
per a poder participar en la catálisi. Per altre part, el canvi del motiu 8(L-p-L-
a) també afecta l'empaquetament hidrofóbic entre la tira ps i l'hélice a?. Aixo 
es degut a que un deis 10 canvis que introdueix el nou motiu 8(L-p-L-a) és 
un residu Phe en comptes d'Ala en la posició 232 de la seqüéncia 
d'aminoácids. Els resultats obtinguts mitjangant el modelatge per homologia 
de l'híbrid mostren que el residu Phe232 pot ser enquibit dins la interfase de 
p8 i a? si, simultániament, rota la cadena lateral de Phe224. Després 
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d'expressar el producte quiméric en E. coli i purificar-lo, es van fer tests 
d'estabilitat i estudis comparatius sobre l'activitat enzimática, Els estudis 
cinétics van demostrar que l'híbrid tenia una certa activitat (la 

kcat venia 
disminuida per un factor de 10 respecte a la propia de l'enzim TIM d'E. coli). 
A mes, l'estabilitat estructural d'ETIMSCHI era semblant —tot i que no 
idéntica— a la de l'enzim natural d'£, coli. 
111.7. Disseny d'alteracions en l'activitat catalítica d'enzims naturals amb 
estructura de barril (¡3/a)8. 

A la secció III.2. s'han descrit les estratégies seguides per dissenyar 
seqüéncies que adoptin un plegament prefixat. L'objectiu final d'aquests 
estudis, que empren com a bastida una estructura de barril (p/a)8, és 
determinar els mecanismes que govemen el plegament deis barrils TIM. El 
seu coneixement permetria dissenyar enzims "a la carta", és a dir, molécules 
termostables —inexistents a la natura— posseídores d'activitats 
enzimátiques amb una eficiencia catalítica millorada. 

Un altre exemple de disseny de funcions —^més modest en els seus objectius 
que no pas els dissenys de novo, pero no per aixó menys interessant— 
consisteix a alterar les propietats catalítiques d'un enzim. Un bon exemple és 
el treball realitzat per Bainbridge et al. (1995) amb l'enzim rubisco (ribulosa 
1,5-bisfosfat carboxilasa/oxigenasa; EC 4.1.1.39). Aquest enzim catalitza 
dues reaccions: a) la carboxilació de la D-ribulosa-1,5-bisfosfat que és el pas 
inicial en la fixació del C O 2 mitjangant la fotosíntesi [D-ribulosa-1,5-
bisfosfat + C O 2 —̂> 2(3-fosfo-D-glicerat)]; i b) la fragmentado oxidativa de 
la D-ribulosa-1,5-bisfosfat en la fotorespiració [D-ribulosa-1,5-bisfosfat + O 2 
—> 3-fosfo-D-glicerat + 2-fosfoglicolat]. Les dues reaccions son 
simultánies, es produeixen en el mateix centre actiu i están en competencia. 
L'enzim és un oligómer i la seva composició depen de si prové de gens de la 
forma I o de la forma 11. Els que provenen de la forma I están constituíts per 
8 copies de dues cadenes polipeptídiques diferents: la gran o L (de l'anglés 
large) i la petita o S (de l'anglés small). Per la seva part, els que están 
codificats dins l'operó de la forma II están formats únicament per subunitats 
grans. E l centre actiu está localitzat a les subunitats grans 
(http://www.biochem.ucl.ac.uk/cgi-bin/cath/CATHSrch.pl?type=GEN&query=rubisco). 

L'objectiu de l'experiment realitzat per Bainbridge et al. (1995) consistía a 
buscar els canvis que cal fer en la seqüéncia de l'enzim per afavorir l'activitat 
assimiladora de carboni respecte a la consumidora d'oxigen. La modulado 
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de l'activitat enzimática es va estudiar emprant la subunitat gran á'Anacystis 
nidulans. Les mutacions es van realitzar en el segment de gen que codifica la 
seqüéncia de l'extrem C-terminal d'Le [lia? que uneix a i en el barril 
(p/a)8]. Es va escoUir Le perqué influeix sobre l'especificitat de l'enzim pels 
seus substrats gasosos CO2 i O2, per bé que interacciona amb parts de la 
molécula diferents de les del centre catalític. Un exemple característic és el 
residu Lysi28 que es troba aprop tant del substrat com de diversos grups 
carbonil que pertanyen a la cadena principal de residus dLe. Bainbridge et 
al. (1995) van comprovar que la mutació de Lys^g a residus de menor 
basicitat reduia l'activitat enzimática i , a mes, produia l'efecte contrari al 
desitjat, és a dir, afavoria l'oxigenació respecte la carboxilació. 

IV. Evolució globalitzada versus evolució individual deis barrils TIM: 
divergencia o convergencia evolutives. 

La possible relació evolutiva entre els diferents dominis estructuráis tipus TIM 
ha estat motiu d'estudi des de la primera meitat de la década deis vuitanta. 
Muirhead (1983) ja va indicar que la presencia d'aquest plegament en diversos 
enzims —aparentment no relacionats peí que fa a l'estructura primaria— podia 
ser fruit d'un procés evolutiu bé convergent (seqüéncies no relacionades que 
convergeixen en un plegament tridimensional comú) o bé divergent (evolució 
de les seqüéncies a partir d'un avantpassat comú). Posteriorment, a partir de 
l'observació de la posició deis introns en el gen que codifica l'enzim 
piruvatkinasa, Lonberg i Gilbert (1985) van proposar que els barrils TIM 
podrien haver-se format mitjan§ant combinado d'exons. Segons les 
observacions que van realitzar en aquest gen, els seus introns no es disposen a 
l'atzar sino que divideixen la seqüéncia codificant en peces que contenen 
elements discrets de l'estructura secundaria. Mes concretament, cadascun deis 
sis exons contribueix a l'estmctura del barril amb una o dues repeticions de la 
unitat hélice a - tira p. Sobre aquesta base, Lonberg i Gilbert (1985) van 
suggerir que els introns no están superposats interrompent una seqüéncia 
codificant que existia amb anterioritat sino que son producte de l'evolució del 
primer gen de la piruvatkinasa. 

La gran quantitat de seqüéncies i estructures de barrils TIM obtingudes des de 
llavors han permés donar arguments a favor i en contra d'aquestes hipótesis 
evolutives. A continuado es recuUen quines son les evidencies experimentáis 
mes importants que donen suport a una o a altre teoría evolutiva. 
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IV. 1. La hipótesi evolutiva convergent 

Lesk et al.(1989) van analitzar Tempaquetament deis residus en el nucli del 
barril deis enzims triosafosfatisomerasa, rubisco i glicolatoxidasa (vegeu la 
secció 1.3.1.2. d'aquesta introducció). Els resultáis van demostrar que la 
manera com s'organitzen els residus intems de la lámina p és diferent en la 
glicolatoxidasa de la que es troba en els altres dos enzims. Aquests resultats 
feien suggerir ais autors (Lesk et al., 1989) que no totes les proteines amb 
aquest tipus de plegament han d'estar necessáriament relacionades 
evolutivament, sino que constitueixen un bon exemple de solució comuna ais 
problemes relacionats amb la creació d'un barril tancat (el plegament TIM 
seria molt mes estable que el que presentaven inicialment). 

IV.2. La hipótesi evolutiva divergent. 

Lesk et al. (1989) havien interpretat que les diferencies en l'empaquetament 
deis residus intems del domini (p/a)8 era l'argument principal a favor d'una 
evolució convergent cap a aquest tipus de bastida estable. Raine et al. (1994), 
pero, van demostrar mitjan9ant la utilització d'alineacions estructuráis deis 
barrils de les flavooxidases/deshidrogenases que determinades alteracions 
genétiques molt simples podrien ser responsables d'aquests dos tipus 
d'empaquetaments diferenciats (triosafosfatisomerasa i rubisco, d'una banda, 
i glicolatoxidasa, de l'altra) i , en conseqüéncia, van concloure que els dos 
tipus de nuclis que es troben en els dominis amb estructura de barril TIM 
poden provenir perfectament d'un avantpassat comú (evolució divergent). 
Segons els mateixos autors (Raine et al., 1994), seria innecessária una 
explicació basada en una evolució convergent a l'hora de descriure aquest 
fenomen. Aquesta opinió ha estat recentment contestada per Janecek i 
Bateman (1996), els quals consideren que aquest factor, per si sol, no 
aclareix la qüestió de l'evolució deis barrils (p/a)8. 

IV.3, Característiques comunes a diferents dominis amb plegament (p/ajg. 
Evidencies d'una evolució divergent 

IV.3.L Llocs d'unió afosfats. 

Una característica comuna a molts deis barrils (p/a)8 és la presencia de 
llocs d'unió a grups fosfat en la part C-terminal del seu barril. Aquest 
motiu va ser descrit inicialment per Wilmanns et al. (1991) en tres 
enzims amb estructura de barril TIM que es troben situats en tres pases 
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succesives de la ruta metabolica de la biosíntesi del trlptófan. Els 
enzims son el fosforribosil antranilat isomerasa, rindol-glicerol 
fosfatsintasa i el triptofansintasa (subunitat a). Els Uocs d'unió a grups 
fosfats es troben en posicions equivalents en les tres estructures i 
comprenen els residus del Uag que uneix la P7 amb l'hélice a-j a mes de 
la part N-terminal d'una héUce 8' addicional. Wilmanns et al. (1991) 
també van assenyalar la presencia de llocs d'unió a grups fosfat en 
d'altres sis enzims d'idéntic plegament pero que no es troben relacionats 
funcionalment amb els que participen en la biosíntesi del triptofan. 
Aquests enzims son la triosafosfatisomerasa, la rubisco, el 
glicolatoxidasa, el flavocitocrom b2, la trimetilamina deshidrogenasa i 
la fructosa bisfosfat aldolasa. Mes recentment, Bork et al. (1995) han 
detectat llocs d'unió a grups fosfat en un gran nombre de barrils TIM 
mitjangant la cerca del corresponent motiu. En la majoria de casos en 
que es va detectar aquest motiu, no es coneixia la corresponent 
estructura terciaria. No obstant aixo, els métodes de predicció 
d'estructura secundaria van revelar una alternanga entre tires p i hélices 
a que estarla d'acord amb la topología típica deis barrils (p/a)8. El 
posicionament del motiu en les estructures secundarles predites era 
també coherent amb la seva localització en les estructures terciarles 
(entre la tíra py i l'hélice 8). 

IV.3.2. Barrils depenents de flavinmononucledtids (FMN). 

Les estructures terciarles de les proteines glicolatoxidasa, flavocitocrom 
b2 i trimetilamina deshidrogenasa (Lindqvist et al., 1991) —a mes del 
lloc d'unió a fosfat (vegeu la secció IV.3.1. d'aquesta introducció)— 
també presenten altres semblances. Per exemple, son depenents de 
flavinmononucleótids (FMN), presenten un plegament de barril (p/a)8, 
el grup FMN s'uneix a ells de forma similar i el seu lloc d'unió está 
situat en les tres estructures en l'extrem C-terminal del barril. En el cas 
deis enzims glicolatoxidasa i flavocitocrom b2 —amb una homologia en 
les seqüéncies deis dominis TIM del 37%— la similitud entre les seves 
estructures sobrepassa el propi barril i s'exten cap fora del domini (p/a)8. 

IV.3.3. Les "homologies amagades" d'Stefan Janecek. 

En els darrers anys, el professor eslovac Stefan Janecek ha encaminat 
els seus esforgos a buscar característiques comunes de proteines amb 
plegament de barril TIM, i de manera especial de glicosilhidrolases. 
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Entre les seves aportacions mes destacades, cal remarcar la detecció de 
glicines i prolines situades en els llagos que hi ha al voltant de les tires 
p2 i p4 (Janecek, 1995; Janecek, 1996) en 17 estructures diferents. En el 
cas de la a-amilasa, aquests residus se sitúen al voltant de la tira p2 
mentre que en el cas de la glicolatoxidasa son al voltant de la p4. La 
subunitat a de l'enzim triptofansintasa té les seves tires p2 i p4 similars a 
la p2 de la a-amilasa i a la p4 de la glicolatoxidasa. Aquest tipus 
d'homologies han estat batejades per Janecek com "homologies 
amagades" (Janecek, 1996) i la seva presencia estarla en consonancia 
amb el fet que podría haver-hi hagut una Uarga historia evolutiva de tots 
els barrils (p/a)8. E l mateix autor també ha descrit la presencia d'un 
residu d'ácid glutámic prop de l'extrem C-terminal de la tira p5 (Janecek 
i Balaz, 1995). Aquest residu va ser trobat en 12 barríls TIM diferents 
que corresponen a 3 famílies estructuráis diferents i juga un paper molt 
important en la funcionalitat d'aquests enzims. 

IV.3.4. L'evolució divergent global deis barrils TIM segons Farber i 
Petsko. 

Una altra via d'estudi de l'evolució deis barrils TIM que ha obtingut 
molt de ressó ha estat la seguida per Farber i Petsko (1990). Aquests 
autors van tractar d'estudiar les relacions evolutives que hi havia entre 
els enzims amb estructura de barril TIM coneguts fins les hores (17 
concretament). Per tal de realitzar-ho van classificar les diferents 
estructures en quatre famílies i dins d'aquestes, i únicament quan fos 
necessari, en sotsfamílies. Aqüestes famílies es van constituir a partir de 
ránalisi de les estructures cristaMitzades. Mes concretament, les 
característiques estructuráis analitzades van ser: la longitud de les 
hélices i les tires p que constitueixen el barríl, el nombre i la localització 
de dominis, d'hélices o de tires p extres i la localització de l'eix major de 
l'elipse del barril. Aquests autors van constatar així mateix una bona 
correlació entre les famílies (basades únicament en les característiques 
estructuráis abans esmentades) i o bé la participado del seus membres 
en vies metaboliques comunes o bé en la dependéncies de cofactors 
comuns. A nivell d'homologia entre les seqüéncies, aquests autors no 
van observar cap homologia entre enzims que pertanyessin a diferents 
famílies. La príncipal conclusió a la qual van arribar va ser que totes 
aquelles 17 estructures provenien d'un mateix avantpassat mitjangant 
divergencia evolutiva. Els arguments proposats per tal d'explicar 
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aquesta evolució es basaven principalment en el fet que totes les 
estractures tenien activitat enzimática i que la localització del centre 
actiu a l'extrem C-terminal del barril (en els llagos que connecten les 
tires p i les hélices a) era comú a tots elles. A partir de la línia marcada 
per aquest treball, es van desenvolupat els estudis posteriorment 
realitzats per Farber (1993) i Reardon i Farber (1995). En aquests 
treballs es va procedir a fer una actualització de l'estudi realitzat per 
Farber i Petsko (1990) incorporant-hi aquells barrils que s'havien 
descobert amb posterioritat a aquest estudi inicial. Com a resultat 
d'aquesta actualització, i seguint la mateixa metodología que en el 
treball original, es van incorporar dues noves famflies a les quatre que ja 
s'havien descrit préviament. 

IV.3.5. L'evolució de la superfamñia de les glicosilhidrolases. 

Les glicosilhidrolases amb estructura de barril TIM, i especialment 
aquelles involucrades en la degradado del mido, també han estat 
estudiades extensament des del punt de vista evolutiu. Ates que les 
grans diferencies peí que fa a l'estructura primaria entre aquests enzims 
fan inviable un estudi evolutiu que empri la totalitat de la seqüéncia, 
molts treballs s'han centrat en la identificado deis residus involucrats en 
la catálisi. La distribució de les glicosilhidrolases amb plegament de 
barril TIM en les families d'Henrissat s'ha vist a la secció II.4.3. 
d'aquesta introducció. 

Henrissat et al. (1995) van analitzar la presencia de motius comuns en 
les regions que envolten els residus catalítics coneguts d'algunes O-
glicosilhidrolases. El mateix estudi va demostrar que aquests motius 
també es troben en d'altres 150 seqüéncies de glicosilhidrolases. Aquest 
grup de seqüéncies, molt heterogeni, está distribuít en 8 families 
diferents (Henrissat, 1991; Henrissat i Bairoch, 1993) i actúen sobre una 
gran varietat de substrats. Dues families mantenen una estructura en 
forma de barril TIM i s'ha suggerit que les altres 6 families també poden 
compartir aquest plegament en el seu domini catalític. Així dones, les 
glicosilhidrolases íMustren la manera en qué els esdeveniments 
evolutius han menat a obtenir una diversificació d'especificitat de 
substrat amplia, amb una disposició deis residus catalítics idéntica a 
partir possiblement del mateix ancestre (ancestor en anglés) amb 
característiques estmcturals tipus TIM. 
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La secció IV. d'aquesta introducció reflecteix la controversia que existeix a 
l'entorn de l'evolució deis barrils TIM. Normalment, els estudis evolutius han 
partit d'un calidoscopi d'estructures i seqüéncies que pertanyen a diferents 
proteínes i han intentat arribar a teories evolutives globalitzadores (Farber i 
Petsko, 1990; Janecek, 1994; Janecek, 1995). Aquest tipus d'estudis pero, 
presenten inconvenients metodologics importants. E l principal rau en la gran 
diversitat que —en funció de l'origen del ser viu— presenten les seqüéncies 
d'una mateixa proteína. En aquest cas, és coherent agrupar les seqüéncies en 
famílies si Túnica font d'informació que es considera és la proporcionada per les 
estructures cristaMitzades (Farber i Petsko, 1990)?. Sembla evident que la 
resposta és que no. Per tant, sembla necessari desenvolupar una metodología 
que permeti incorporar en els estudis evolutius deis barrils TIM la informado 
que proporcionen les seqüéncies de proteínes —encara— no cristaMitzades. 

La proposta metodológica que es presenta en aquesta tesi es basa en la 
necessitat de fer un estudi evolutiu molt acurat — i individualitzat— de 
cadascuna de les proteínes que presenten un plegament de barril TIM. Aquest 
estudi ha de marcar-se com a objectiu la detecció d'aquelles característiques que 
—suposadament— han de teñir en comú i que han d'estar relacionades amb 
l'activitat enzimática i l'estabilitat estructural. A l'hora de desenvolupar aquesta 
metodología cal escollir com a model una proteína amb plegament de barril 
(p/a)8. La proteína que s'ha escollit com a model és la p-amílasa. Les raons de la 
seva elecció cal buscar-Íes en que es coneíx la seva estructura —tant en forma 
llíure com formant complexos amb diferents substrats i un inhibidor— amb una 
ressolució molt elevada (entre 1.9 i 2.2 Á; Mikami et al., 1993; Mikami et al., 
1994) i també es coneixen un bon nombre de seqüéncies (tant d'ADN com de 
proteína). A mes, el nivell d'homologia entre les seves seqüéncies —entre el 99 
i el 28%— és l'idoni per a fer un estudi evolutiu d'aquestes característiques. 

La part inicial de la tesi —la que correspon a l'article Pujadas et al. (1996)— fa 
referencia a Fanálisi evolutiva de la p-amilasa. En aquest treball es desenvolupa 
un métode que permet identificar de manera objectiva quins son els segments de 
la seqüéncia que presenten un grau menor d'evolució. Aquests segments son els 
responsables del manteniment de l'estructura terciaria i de l'activitat enzimática. 
A mes d'un análisí a nivell de seqüéncia, l'article també analítza quines 
repercusions ha tingut l'evolució en l'estructura. L'análisi estructural de la p-
amilasa ha permés identificar un canvi conformacional —associat a la formació 
del complex enzim-substrat o enzim-inhibidor— que afecta a la tira pg. El canvi 
conformacional involucra al segment 34ipxC343 j associat un canvi de 
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rotámers per la Thr342 i la Cys343. L'análisi de la transició conformacional 
constitueix la segona parí de la tesi i correspon a l'article Pujadas i Palau (1997). 
El darrer capítol de la tesi descríu les biblioteques de rotámers depenents de 
l'estructura secundaria, la seva validació i la metodología emprada a l'hora 
d'obtenir-les. Els canvis de rotámer que afecten a la Thr342 i la Cys343 s'han 
avaluat amb la biblioteca corresponent a les tires p. El text d'aquest capítol 
també está en anglés perqué properament formará part d'una página Web 
especialitzada en rotámers (http:argo.urv.es/~pujadas). 
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PEOTEINS; Structure, Function, and Genética 25:456-472 (1996) 

Evolution of p-Amylase: Patterns of Variation and 
Conservation in Subfamily Sequences in Relation to 
Parsimony Mechanisms 
Gerard Pigadas, Flora M. Ramírez, Ricard Valero, and Jaume Palau 
Unitat de Biotecnología Computacional, Departament de Bioquímica i Biotecnologia, Universitat Rovira i Virgili, 
Tarragona 43005, Catalonia, Spain 

ABSTRACT Soybean and sweet potato 
P-amylases are structured as a/p b a r r é i s and the 
same kind of folding may account for all known 
P-amylases. We provide a comprehensive anal-
ysis of both protein and D N A (coding r e g i ó n ) 
sequences of p-amylases. The aim of the study is 
to contribute to the knowledge of the evolution-
ary molecular relationships among all known 
P-amylases. Oiur approach combines the identi-
fication of the putative eightf o íd structural core 
formed by p-strands with a complete multi-
alignment analysis of all known sequences. 
Comparing putative p-amylase (a/p)8 cores from 
plants and microorganisms, two differentiated 
versions of residues at the packing sites, and a 
unique set of eight i d e n t í c a l residues at the 
C-terminal catalytical site are observed, indicat-
ing early evolutionary divergence and absence 
of l o c a Ü z e d three-dhnensional evolution, re-
spectively. A new analyticai approach has been 
developed in order to work out conserved motifs 
for p-amylases, mostly related with the enzyme 
activity. This approach appears useful as a new 
routine to find sets of motifs (each set being 
known as a fingerprint) in protein families. We 
d e m ó n s t r a t e that the evolutionary mechanism 
for p-amylases is a combination of parsimonious 
divergence at three distinguishable rates in re­
lation to the functional signatures, the barrel 
scaffold, and a-helix-containing loops. 
0 1996WUey-LÍ88,Inc. 

Keywords: protein d a t á b a s e , D N A d a t á b a s e , 
P R O S I T E , fingerprints, PRINTS, 
ot/p-barrel, protein evolution 

I N T R O D U C T I O N 

P-Amylase (EC 3.2.1.2) (1,4-a-D-glucan maltohy-
drolase) is an exo-actíng carbohydrolase which hy-
drolyzes the (l,4)-a-D-glucosidic linkages of starch, 
glycogen, and maltooligosaccharides.^ The enzyme 
liberates stepwise maltose units with p-anomeric 
configuration fix)m the non-reducing end of the 
polysaccharide chain, producing p-maltose and 
P-limit dextrin as the final products. It is found in 
variouB higher plants^-^ and in some gram-positive 

spore-forming bacteria.* This enzyme has a high 
biotechnological interest."-* 

At present, several cDNA, genomic D N A and pro­
tein P-amylase sequences are known from the fol-
lowing biological species: a) in plants: Arabidopsis 
thaliana (mouse-ear cress),^ Glycine max (soy-
bean),®-^^ Hordeum vúlgare (barley),̂ ''- '̂* Ipomoea 
batatas (sweet potato),"'-^^ Oryza sativa (rice) 
(Chen, unpublished data), Secak cereále (rye),̂ *-'* 
Zea mays (maize)^"; b) in microorganisms: Bacil-
lus cereus,^^ Bacillus circulans,^^ Bacillus poly-
myxa,^^~^^ and Clostridium thermosulfurogenes.^^ 
A number of studies have shown that p-amylase 
of mature kernels is found in múlt iple iso-
fgj^g 10,13,17.18,19,23,25.27-46 

Stnictures of the Glycine max p-amylase, either 
free or complexed with substrate or iiüiibitor have 
been recently resolved at a high quality resolution 
(from 1.9 A to 2.2 A)* -̂'*'' and deposited in the 
Brookhaven Protein Data Bank (BPDB)*« coded as 
IBYA, IBYB, IBYC, IBYD, and IBTC. According 
to Mikami et al.,*^ the protein consists of a core with 
an (0/3)3 supersecondary structure, plus a smaller 
globular región formed by long loops (L3, L4, and 
L5) extending from p-strands p 3, p 4, and p 5. Be-
tween the two regions there is a cleft that opens into 
a pocket whose f loor contains the postulated cata-
lytic center near the carboxyl group of Glu 
Igg 47,49-51 Recently, the central role of loop L3 in 
catalysis has been demonstrated.*' A diñerence in 
the conformation of a segment of loop 3 (residues 
96-103) distinguishes unliganded soybean P-amy­
lase (SBA) from SBA/maltose-H, SBA/maltose-L, 
and SBA/maltal, which have saccharides bound at 
the active site (this conformational change is not 
observed when the inhibítor a-cyclodextrin binds to 
the enzyme). When saccharides bind to the active 
site, loop 3 adopts a closed conformation and forms 
part of a structural cover over parts of the ligands 
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and reaction center that otherwist would be exposed 
to solvent. 

More recently, the three-dimensional stracture of 
the tetrameric p-amylase from sweet potato has 
been detennined by molecular replacement methods 
uaing the monoméric stracture of soybean as the 
starting model (with a current R-value of 20.3% and 
a resolution range of 8-2.3 Á).®^ 

In this article, we present a compiitational study 
that provides insight into the evolutionary relation-
ship among the difTerent p-amylases (19 sequences, 
either from different biological sources, or from iso-
forms of a given species). The analysis is based on 
the sequenc© segments that comprise the (aip)g 
cores and the íntercalated loops (as defined by the 
three-dimensional stmcture worked out for Glycine 
max p-amylase). We develop a multi-alignment 
strategy that considers protein and DNA sequences 
in paraOel and we combine this approach with a 
topological study of the Jayered residues present in 
the putativo (etJ§)s cores for the different molecular 
species of the whole protein sample. In additíon to 
the results for p-amylase reported in this article, our 
work sheds some light on the evolutionary inconsis-
tencies reported for proteins with an a/p barre! 
three-dimensional stracture.®^"** 

M A T E R I A L S A N D M E T H O D S 

Protein and DNA sequences and three-dimen­
sional data were imported from on-line releases 
available in current databases, using the Netscape 
navigator appHcation v l . l 2 N installed in a Macin­
tosh personal computer and connected t» WWW 
servers via the Internet network. AII available 
p-amylase sequences were taken from the foHow-
ing databases: Swiss-Prot*' (http://expasy.hcuge. 
ch/sprot/sprot-top.html), PIR" (http://www.gdb.org/ 
Dan/proteins/pir.html), NRL-3D»» {http://www.gdb. 
org/Dan/proteins/nrlSd.html), E M B L Nucleotide 
Data Base*° (http://www.ebi.ac.uk/queries/querie8. 
html), and GenBank"^ (http://www2.ncbi.nlm.nih. 
gov/genbank/query form.html). Protein sequences 
and translated ORF from DNA sequences were 
tested for 100% identity and redundant entries or 
sequence fragmenta (not covering the entire seg­
ment object of our study) were removed from the 
sample. As a result of the selection, a working da­
tábase was set «p , consisting of 19 non-identical 
P-amylase protein sequences which correspond to 18 
p-amylase translatable-ORF nucleic acid sequences 
<up to now, the D N A sequence for the A M Y B _ I -
POBA p-amylase variant has not been worked out). 
We validated our amino acid sequence datábase sub-
set by comparison with a p-amylase collection of 
sequences (17 entries) imported from the on-line 
OWL datábase®^ of non-redundant protein se­
quences (worked out from a server installed at the 
Johns Hopkins University, Baltimore, MD) (http:// 
vrww.gdb.org/Dan/proteins/owl.html). Only minor 
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differences were found, but they were relevant 
enough to be considered for our purposes: BLYBA 
(from Hordeum vulgare), S74932 (from Ipomoea 
batatas), and SOYBETAA (from Glycine max) were 
taken as differentiated isoforms with respect to 
other variants of the same species; A M Y B _ S E C C E 
present in the OWL databank was not taken by us 
since it Í8 a fragment sequence that should be ex-
cluded under the criteria chosen in this article. The 
GenBank code was preferred for labeling the se-
lected entries (exceptions had to be made for S74932 
from E M B L databank and A M Y B _ I P 0 B A from 
Swiss-Prot databank, since equivalent entries were 
not found within GenBank). Taxonomical criteria 
were used to group the different molecular species: 
a) prokaryota, bacillaceae: BaciUus cereus, BaciUus 
circulans, BaciUus polymyxa, Clostrídium thermo-
sulfurogenes; b) eukariota, planta: Arabidopsis tha-
liana, Glycine max, Ipomoea batatas, Hordeum vul­
gare, Oryza sativa. Sécale cereale, and Zea mays. If 
any, isoforms from the same source {BaciUus pofy' 
myxa, Glycine max, Ipomoea batatas, Hordeum mi­
gare, and Oiyza sativa) were also considered. The 
structural Information needed was taken from X-ray 
difiraction data*®-*" for soybean p-amylase (BPDB 
entries: IBYA, IBYB, IBYC, IBYD, and IBTC; res­
olution: 2.2 A , 1.9 Á, 2.2 Á , 2.2 A , and 2.0 Á, respec-
tively; R-factor: 0.169, 0.149, 0.149, 0.145, 0.177, 
respectively). Sequences corresponding to IBYA, 
IBYB, IBYC, IBYD, IBTC, and G M A M Y B are 
identical. 

Múltiple sequence alignments were carried out for 
each subset (protein and D N A sequences) of the 
working datábase by appiying the Clustal algo-
rithm*^ and using the conunercial program MEGA-
LIGN V 3.02 from the Lasergene software package 
(1995, DNASTAR, Inc., London, UK) running in a 
Power Macintosh 6100/60. AU sequences to be 
aligned were previously shortened giving rise to in-
formationally homologous segments (fomed by 
amino acid residues or nucleotides) corresponding 
to the complete a/p barrel and the internal loops. 
The amino acid segment of reference was that for 
G M A M Y B (from residue 13 to residuo 425); the 
starting and ending points for all other segments of 
the datábase were easily obtained by local align­
ments against G M A M Y B . Joined "sequences" of 
variable lengths (54 residues for p-strands, 74 resi­
dues for conserved motifs, and the remaining resi­
dues for the a-helix-containing loops) were built 
from the corresponding multi-aligned distal seg» 
menta. Phylogenetic trees and SI (similarity index) 
from these "sequences" were worked out by appiying 
available M E G A L I G N subroutines, that calcúlate 
the SI parameter between two sequences (i and j) 
based on the method of Wilbur and Lipman®* with 
valúes for a gap penalty, K-tuple, number of top di-
agonals and window size of 3, 1, 5, and 5, respec­
tively. The SI is calculated as the number ofexactly 
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matching residues in this alignment minus a "gap 
penalty" for every gap that was introduced. The re-
sult then is expressed as a percentage of the shorter 
sequence length. Múltiple alignment parameters 
(fixed and f loating gap penalties) had both a valué of 
10. The protein weight matrix was P A M 250. 

Consensus sequences in a PROSITE syntax^^ 
from a multi-alignment of the whole set of p-amy-
lase molecular species were worked out following a 
novel procedure that takes into account the amíno 
acid alphabets proposed by Karlin et al.^^ and the 
following criteria: a) the minimal length of a seg-
ment is bíx residues; b) for the whole sample, any 
position within a given segment must display a co-
herent structural character (either internal and/or 
ambivalent, or external and/or ambivalent); c) if b) 
is fulfilled, no more than two characters of the eight-
letter chemical alphabet should be allowed for each 
position in the whole sample. 

The previously described consensus sequences 
have been searched in the on-line releases of PROS­
I T E ^ (http://expasy.hcuge.ch/sprot/prosite.htnil) 
and PRINTS databases^^-®^ (http://wvirw.biochem. 
ucl.ac.uk/~attwood/PRINTS/PRINTS.html). 

Operating in a workstation HP Apollo 9000/400 
PVRX, sets of four C A atoms of the respective altér­
nate barrel-forming p-strands, located in roughly 
the same plañe perpendicular to the barrel axis, 
were identified for SBA (IBYA structure). Two in-
dependent procedures were used that imply visual-
ization and distance calculations, respectively. The 
commercíal program used for visual identification 
was K G N G R A F (Motecc-90 package, IBM Corpora­
tion). Only backbone and side chain atoms from al­
térnate strands, with C A atoms facing the interior 
of the barrel, were considered in order to visualize 
the different planes. Rotation of altérnate strands 
around the axis of the barrel helped in the charac-
terization of residues forming the different parallel 
CA-layers (hereafter named layers). As a confírma-
tory procedure, calculations using distances be-
tween C A atoms from residues at the interior of the 
barrel were performed using the program DIST-
C A L C (written in F O R T R A N 77), on the following 
basis: a) the four C A atoms forming a layer must be 
the closest ones within the whole set of residues; b) 
each residue &om altérnate strands participates 
only in one layer; and o) all layers must be displayed 
in a parallel distribution, being perpendicular to the 
barrel axis. By minimizing the summation valúes of 
C A - C A distances from all four-residue combina-
tions, the layered residues were worked out in a pre­
cise manner. Both procedures have been positively 
tested for the ot/p barrel proteins used by Lesk et 
al.«» 

Hydropathy valúes attributable to layered resi­
dues within the barrel were determined, using the 
Kyte and Doolittle hydropathic scale,'" for all 
P-amylase molecular species under the assumption 

that residuos multi-aligned with the eight p-strands 
from the crystallized SBA,"'̂ ''*''' form in all cases the 
hyperboloid characteristic of an ot/p barrel protein. 
The summation for each layer of the four hydropa­
thy valúes resulted in global valúes measuring the 
hydropathy through the barrel axis. These va lúes 
were plotted along the layer level of the hyperboloid. 

R E S U L T S 
Protein and D N A Phylogenetic Analysis 
Distinguishes, Within the Two Subgroups of 
Plant and Microbial P-Amylases, a Number of 
Protein Motifs 

Nineteen protein-sequence segments of p-amylase 
were multi-aligned and the results were compiled as 
shown in Figure 1 and in Table I. Fig. 1 displays a 
mxütialignment of all p-amylase segments compris-
ing residues that align with the segment from resi­
due 13 to residue 425 of the crystallized p-amylase 
(GMAMYB) from Glycine max.*^-*'' 

Taking advantage of the structural and chemical 
alphabets reported by Karlin et al.,®® and following 
criteria described in Materials and Methods, we de­
scribe a concept of structvu-ally similar segments 
which defíne a set of conserved protein motifs pre-
sents in all p-amylase sequences of the different spe­
cies. A motif is defined as an almost invariable con­
sensus sequence (being representativo of the whole 
set of segments aligned at a given site of a protein 
sequence multi-alignment) written in PROSITE 
syntax,®^ which is formed by six or more consecutive 
residues accomplishing the two following rules: a) 
Using the structural alphabet described in the re-
view of Karlin et al.«« (external: R, K , H , D, E , N, Q; 
internal: L , V, I, F, M , and ambivalent: A, C, G , P, S, 
T, W, Y), drastic structural changos (i.e., substitu-
tions of an internal residue by an external one, or 
vice versa) are forbidden for the extensión of the 
motif. b) If a) is accomplished, no more than two 
changos, throughout the eight-letter chemical al­
phabet (acidic: D, E ; aliphatic: A , G, I, L , V; amide: 
N , Q; aromatic: F, W, Y; basic: K , R, H ; hydroxyl: S, 
T; imino: P; sulfur C, M , also described in Karhn et 
al.,®® are admitted. The ensemble of protein motifs 
for a given protein (in our case P-amylase) forms a 
fingerprint, a definition borrowed from PRINTS da­
tábase.®''-®^ Only eight subsequences showing high 
local múltiple similarity (accounting for 74 residues, 
which correspond to approximately 18% of the whole 
multi-aligned segment) were found. They are indi-
cated in the first and the last rows of Figure 1. The 
fact that the eight segments bundle themselves at 
the C-terminal end of the p-barrel scaffold (where 
the core of enzyme activity is located) is remarkable 
(see Table I and Fig. 2). 

Table I shows the eight motifs in a PROSITE syn-
tax®^ for the whole set of proteins and for the two 
evolutionary groups: microorganisms and plants. 
Figure 2 shows their three-dimensional arrange-
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T A B L E I. Consensus Sequences for p-Amylases in a PROSITE Syntax (Specific Consensus for Dlfferent 
Evolutionary Groups Is Sliown)* 

Location Whole sample Microorganisms Plants 

Inp/L 
interzones 

P4/L4 

P5/L5 

P6/L6 

37/L7 
P8/L8 

InlVp/H 
interzones 

L'l/p2/H3 

In L regions 
U 

InlVH 
interzones 

L3/H5 

[DK]-I-[EY]-[ILV]-[GS]-
[CGL]-G-[AP]-[AS]-G-E-
[LMl-R-Y-P-S-Y 

[IL]-[AG]-[AI]-K-[IV]-[AS]-
G-[ILV]-H-W 

[ILMV]-[NT]-F-T-[AC]-
[ALl-E-M 

[AN]-[CG]-E-N-A-L 
G-[FLV]-T-[LY]-L-R-

IILVY]-[NQS]-[DN] 

[DY]-[AG]-[IV]-[MT]-
[ITV]-D-tFlV]-W-W-G 

C-G-G-N-V-G-D 

[IV]-P-[IL]-P-[QS]-W-[ILV] 

O K-I-Y-[IL]-S-G-G-P-
[ASJ-G-E-L-R-Y-P-S-
Y 

O I-G-A-K-I-[AS]-G-
[ILVl-H-W 

0 [LMV]-T-F-T-[AC]-L-
E - M 

20 N-G-E-N-A-L 
1 G-F-T-L-L-R-[ILY]-

[NQS]-[DN] 

O Y-[AG]-I-T-[TV]-D-
[FIVl-W-W-G 

O C-G-G-N-V-G-D 

O D-I-E-V-G-[CL]-G-[AP]- O 
A-G-E-[LM]-R-Y-P-S-Y 

O [IL]-A-[AI]-K-[IV]-S-G-I- O 
H-W 

O tILMV]-N-F-T-C- O 
[ALl-E-M 

12 A-[CG]-E-N-A-L 8 
O G-[FLV]-T-Y-L-R- O 

tLV]-S-[DN] 

O D-G-[IV]-M-[IV]-D-
V-W-W-G 

O C-G-G-N-V-G-D 

O [IV]-P-[IL]-P-S-W-[LV] O I-P-I-P-Q-W-IIV] O 

*The valúes to tlie right of the signatures, generally O, denote tlie number of sequences found for non-p-amylase entries at the merged 
LASERGENE protein databank as indicated in the Resulta section. Residues shown in boldface have been described to be relevant 
for the structure maintenance, active site, or subatrate/inhibitor binding site (see also Table IID. 

ment. Several features become apparent: a) most of 
the subsequences start at the end of p strands and 
continué through the following loop (p4/L4, p5/L5, 
P6/L6, P7/L7, PS/LS); b) the loops L ' l and L3 are 
involved in the other three subsequences (L'l/p2/ 
H3, L3, and L3/H5); c) with the exception of L3/H5, 
all other subsequences are involved in structural 
maintenance, active site, or substrate/inhibitor bind­
ing site; d) the two reported PROSITE signatures for 
P-amylases (PS0Q506, PS00679 in the PROSITE Da­
tabank re léase 13.0, the on-line current reléase), as 
defined by Bairoch,®^ are related, although not fully 
coincident, with L3 and P4/L4; e) with the exception 
of the short subsequence p7/L7, none shows full 
identity with a merged datábase (178.250 entries in 
May-1995 reléase , DNASTAR, Inc., London, UK) , 
based on Swiss-Prot (reléase 31), NBRF-PIR, (re­
léase 44) and GenBank translated datábase (reléase 
88); O in the case of the p8/L8 signature, a nine-
residue segment of an unrelated Saccharomyces cer­
evisiae hypothetical protein fortuitously fulfils the 
global signature but not the stringent enes for 
P-amylases from plants or from microorganisms; g) 
there is no p-amylase entry in the current on-line 
PRINTS datábase; h) Figure 2 reveáis an L3 confor­
mational change when a given substrate is located 
at the active site in comparíson with other L3 con-
formations (for the free enzyme or for the enzyme-
inhibitor complex). 

From all the above considerations, it becomes ap­

parent that the procedure worked out by us in order 
to identify structural similarities reveáis , in the 
case of p-amylases, new protein motif subsequences 
that are linked to structiu-al and/or ftinctional re­
gions of the molecule which forms a fingerprint. We 
suggest that our procedure could be applied as a gen­
eral method to identify fingerprints to be incorpo-
rated in databases like PRINTS. The advantage of 
our procedure is that provides an objective way to 
define the variability and extensión of each protein 
motif. In this sense, we believe that the new proce­
dure will afford new insights with respect to ob­
served structural signatiures within the exponen-
tially-growing coUection of sequenced proteins and 
DNA-sequence-derived proteins (either recognizable 
or hypothetical proteins). We also remark that in the 
futuro, as more and more protein sequences will be 
added to the databases, a taxonomic fingerprint da­
tábase, following similar patterns to those displayed 
in Table I, might be of interest for structural protein 
Science. 

In a next step of our work, we attempted to recon-
struct evolutionary trees by using D N A and protein 
sequences from P-amylases. Following a unified way 
to understand evolution at two levéis (natural selec-
tion of molecular phenotypic charactera and random 
drift of selectively neutral mutants),''^ we analyzed 
the tree topology taking into account that in p-amy­
lase sequences substitution rates (SR) vary over nu-
cleotide sites. According to the SR, we classified 
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sequences belonging to each class, in order to avoid 
sampling errors when considering local sites.''^ 
To this purpose, we made junctions of distal 
subsequences (giving rise to 74 joined residues for 
the fingerprint, 54 for the eight barrel-forming 
P-strands, and 291-318 for the rest of the mole­
cule). 

We performed four multi-alignments using the 
whole sequence (in A) and the three different joined 
sequences (in B, C, and D). In these alignments, one 
P-amylase sequence (encoded as SOYAMYLASE) 
was not considered since a short segment of it 
(QQESSDT, in p4/L4 of Fig. 1) shows a strong dis­
crepancy with respect to all other local subsequences 
placed at the homologous conserved site (see com-
ments below concerning possible frameshift errors). 
We obtained four phylogenetic trees (Fig. 3), as well 
as matrices of similarity indexes (SI). Instead of 
showing the matrices in full, we present the inter-
vals from minimal to maximal SI valúes when com­
parisons are made among microorganisms, among 
plants and between the whole two sets of microor­
ganisms and plants (Table II). 

As expected, p-amylases are distríbuted in two 
different evolutionary subgroups (those from plants 
and those from bacteria). Figure 3A displays a clear-
cut phylogenetic tree with a maximal evolutionary 
distance (in arbitrary units) of 37.4. The maximal 
va lué for evolutionary distances decreases to 16.8 
and 27.5, in B and C respectively. Table II shows, for 
the complete sequence (type A), the SI rangos from 
55 to 98% among bacteria p-amylases and from 64 to 
99% among plant p-amylases. Comparisons between 
sequences from microorganisms and sequences from 
plants yield SI valúes ranging from 28 to 36%. In 
general, high overall SI valúes denote comparisons 
among isoforms of the same species or among 
P-amylases from taxonomically related species. De-
Bpite the low SI va lúes in some cases, when se­
quences of one evolutionary subgroup are compared 
with sequences of the other subgroup, the nucleotide 
sequence pattern is recognizable for multi-align­
ment purposes. 

The particular behavior of the foiu- multi-align­
ments, as described and discussed above, indicates 
that the molecular evolution of p-amylases follows a 
parsimonious pattern of divergence, displaying a 
gradual evolutionary permissivity for distantly 
placed subsequences. The a-helix-containing loops 
shows the greatest permissivity, followed by the 
P-barrel scaffold (accounting for a structural level of 
evolutionary conservation) and, fínally, by protein 
motifs related with the enzyme activity (accounting 
for a functional level of evolutionary conservation). 
Multi-alignment of the 18 sequence segments of 
P-amylase at the D N A level (the D N A sequence cor­
responding to A M Y B IPOBA being unknown) (re­
sults not shown) corroborates the divergent evolu­
tion along the whole sequence. 

T A B L E U. Ranges of SbnUarity Index (SI) 
Among p-Amylases Derived From 

Multialignments of: A) the Whole Sequence; B) 
the Joined Signatures; C) the Joined p-Strands; 

and D) the Joined ai-Helix-Containing Loops 

Between 
Sequence Among Among microrganisms 
type microorganisms plants and plants 

A 55-98 64-99 28-36 
B 82-99 84-100 61-70 
C 74-100 70-100 39-50 
D 47-98 59-99 20-28 

The Combined D N A and Protein 
Multi-Aligiiments Reveal Discrepancies 
Among Short Subsequences of p-Amylases 

As pointed out above, a number of DNA sequence 
segments of p-amylase (18 sequences) were multi-
aligned and the results were compiled in a similar 
way to those of protein sequences (results not 
shown). Combined DNA and protein alignments fa-
cilitated local protein matching. Múltiple isoforms 
of p-amylase have been found from different sources 
by several authors (see introduction references). In 
general, sequence differences among isoforms, at the 
protein level, are merely due to non-silent nucle­
otide changos among codons that origínate amino 
acid residue changos (e.g., RICAMYBA and RY-
C A M Y B B isoforms from Oryza sativa). 

Careful observation of the D N A results indicates 
discrepancies in subsequences which, in principie, 
could be nothing but sequencing artifacts account­
ing for the reported 1% sequence error rate within 
the primary structure databases.'''''"' 

For example, the subsequence QQESSDT in p4/L4 
of S O Y A M Y L A S E (PAGELRY in p4/L4 of both 
G M A M Y B and S O Y B E T A A , the other known soy­
bean p-amylases) breaks a reported consensus pat­
tern (PROSITE reléase 13.0 and updates) related 
with the enzyme function (entry code: PS00679: G-x-
[AS1-G-E-[ILMV]-R-Y-P-S-Y, the Glu^g^ residue be­
ing characteristically involved in catalysis) (Fig. 
4A). The D N A multi-alignment corresponding to 
this short segment of S O Y A M Y L A S E sequence may 
suggest that the variation is due to a DNA-sequenc-
ing artifact (not detected by the authors and, possi-
bly, related with the presence of repeated cytosines 
at both sides of the "odd-translatable" D N A short 
segment). Although less plausible, the presence of 
this unexpected short segment as a result of a double 
frameshift mutation (FSM) cannot be disregarded 
because, in this case, a Glul85 residue is present, 
offering a cióse alternative to the active Glul86. 

In this systematic comparison of D N A and protein 
multi-alignments, we observed other local discrep­
ancies among the whole set of sequences. None of 
them apparently affects any critical zone of the mol-
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Rg. 3. Phylogenetic trees of p-amylases. A: For completo sequences as detined In Figure 1. 

B: For joined conserved motifs whlch conslitule the p-amylase fingerprint. C: For joined p-strands. 
D: For joined a-helIx-containing loops. Methods used to define segments in B, C, and D are 
descrlbod within the text. 

ecule. For example, variations are observable for ip­
omoea batatas p-amylase isoforms covering the 
amino acid residues from 255 to 263 located at a 
non-conservative región of L4/H9 and it yields the 
same amino acid subsequence in IPBSPBA and 
S74932 ( N G T L Q D G Y G Q V F L ) , and in IPBAMYB 
and A M Y B _ I P O B A ( N G T Y K T D M G K F F L ) {Fig. 
4B). Recently, Cheong et al.^^ attempt to resolve the 
observed discrepancy by elucidating the X-ray local 
structure without success in distinguishing by the 
density. In this case, the possibility for the existence 
of a compensated double frameshifting should also 
be considered. 

Two other discrepandes in long sequence seg­
ments observed by us, none of them affecting 
any critical zone of the molecule, were the foUow-
ing: a) N K I F A G L K V for Arabidopsis thaliana 
(ATHAMYB) in comparison with all the other se­
quences from planta (e.g., N K A F L G C K V , fot 
GMAMYB) (Fig. 40); and b) K L I S E L A I L P P for Bo-
cillus cereus (S54911) as compared with other se­
quences from microorganisms (e.g., NLTSMS-
QISPP, for BCAMYB) (Fig. 4D). In these two cases, 
it is more platMÍble that the observed discrepancies 
ref lect a compensated double F S M because for both 
sequence comparisons the DNA segmenta belong to 
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C T T G G C C - A G C A G G A G A G C T C A G A T R C C C C C T C T (SOYAMYLASE) 
C T T G O C C C A G C A G G A G A G C T C A G A T A - C C C C T C T (GMAMVB) 

181 Leu Gly Gln Gln 01U Ser ser Asp Pro Ser 191 ÍSOYAMyLASE) 
CTT GQC cm CAG Gm AGC TCA GAT ACC CCC TCT 

181 Leu Gly Pro Ala Gly olu Leu Arg Pro Ser 191 ÍOMMftTB) 
C n ' GGC ex» GCA GGA GAG CVC AGA TAC ccx: •iW 

B 
A A C G G G A C C 
A A C G G G A C C 
A A C O G G A C -

T T A C A A G A C 
T T A C A A G A C 
T T A C A A G A C 

G G A T A T G G G C 
G G A T A T G G G C 
G G A T A T G G G C 

A A G - T T T T C 
A A G - T T T T C 
A A G T T T T T C 

T T G (IPBSPBAS 
T T G {S74932) 
T T G (IPBAMYB) 

253 Asn Gly Ifer Leu Gln Asp Gly lyr Gly Gln Val Phe hm 265 <IPBSPBA) 
AAC GGG ACC TEA CAÁ OAC GGA TOT GGS CAÁ GTT TTC TIG 

253 Asn Gly Thr Leu Gln Asp Gly Tyr Gly Gln Val Phe Leu 2SS {S74932) 
AAC GGG ACC TÍA CAÁ GAC GGA TAT coa CAÁ GTT TTC Tío 

253 Asn Gly «ttir Tyr Lys Itar Asp «et Gly Lys Phe Phe Leu 2€S ÍIPBA>«B> 
AAC GGQ ACT TAC AAG ACG GAT ATG GGC AAG TTT TTC TTC 

c 
A R C A A G A T C T T T G C T O G A C T - T A A A G T T CATKAMVB) 
A A C A A A - G C T T T C C T G G G C T G T A A A G T C (GMAMYB) 

284 Asn Lys l i e Phe Ala Gly Leu Lys Val 292 ÍATHAMIÍB) 
AAC AAG ATC TIT GCT GGA CTT AAA GTT 

282 Asn Lys Ala Phe Leu Gly Cys Lys Val 290 <GMAMyB) 
AAC AAA GCT TTC CIG «30 TCT AAA OTC 

D 
A A A C T G A T A T C A G A G T T A G C A A T T T T A C C A C C A ÍS54911) 
A A C C T C - - A C C A G T A T G A G C C A G A T T A G T C C T C C A (BCAMYB) 

253 Lys Leu l ie ser Glu Leu Ala l ie Leu Pro Pro 263 (S549H) 
AAA CTC ATA TCA GAS TEA GCA ATT TTA OCA CCA 

252 Asn Leu Ite Ser Met Ser Gln l ie Ser Pro Pro' 262 (BCAMíB! 
AAC CTC ACC AGT ATO AGC CSG ATT AGT CCT CCA 

Fig. 4. Multlaligned p-amylase subsequences displaying pu­
tativa FSM. A and B refer to Isozyme FSM. C and D FSM Include 
sequences from different sources. FSM In p-amylaso affects 
plants {A, B, and C) and microrganlsms (D). Residues affected by 

an FSM are shown Insido a box. The AMYB_ IPOBA sequence is 
not Included In B since Its DNA sequence Is unknown. the FSM 
shown in A would move tha catalytical Glu ene posltion upstream 
with respect to the crystalllzed GMAMYB sequence. 

diflérent sources, they are flanked by relatively well 
aligned regions and the presence of compensated 
gaps improves the local similarity between se­
quences. 

Summarizing what is said in the above para-
graphs, the observed discrepancies could be due 
merely to sequencing errors. However, some of tbem 

could be the result of a frameshift mutation, i.e., a 
one-nucleotide deletion/insertion mechanism caus-
ing an alteration of the reading frame {as a source of 
amino acid residue variations in the translated pro­
tein sequence), foUowed by the presence of a second 
deletion/insertion mutation nearby, allowing a re-
covery of the expected open reading frame (ORP) of 
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the nucleotide sequence. In any case, mutational 
frameshiftings, as an evolutionary mechanism in 
P-amylases, remains an open question which de-
mands independent evidences other than sequence 
multi-alignment. 

Topological and Multi-AUgninent Studies 
Identify Two Differentiated Versions of 
Residues at the Packing Sites in the Interior 
of the « /p -Barre l Core 

It has been described for several o/p barrel pro­
teins that residues from the p-sheet that point to-
wards the interior of the barrel core fonn a set of 
parallel layers (perpendicular to the barrel axis). 
Residue interactions in this layers are essential for 
structural maintenance and for the packing of the 
hyperboloid scaflold."-'®'" Each layer is formed 
by four residues that belong to altérnate strands 
{one residue each strand). Up to now, studies on 
the packing of residues into the interior of the core 
have only been carried out for spinach glycolate ox­
idase (BPDB entry: IGOX), Rhodospirillum rubrum 
ribulose-1,5-bisphosphate carboxylase-oxygenase 
(BPDB entry: 5RUB), and chicken trióse phosphate 
isomerase {BPDB entry: ITIM).^^ 

We have now studied the layering of residues of 
the barrel in the case of soybean p-amylase (IBYA). 
Based on a procedure described in Materials and 
Methods that involves the shortest distances among 
sets of four CA atoms of the altérnate barrel-foria-
ing p-strands, six layers can be considered for 
p-amylase structure (see Fig. 5Á). Layers 3,4, and 5 
are well-packed allowing the formation of an (a/p)g 
core. Beyond these layers there are regions in which 
four CA-atoms appear in roughly the same plañe 
perpendicular to the barrel axis (layers 1, 2, and 6), 
but the attached residues are not packed together. 

The more relevant clustered contacts, displayed 
between hydrophilic residues, are: Glu(OE2)178 and 
A8n(ODl)340 at 2.1 A; Glu(OE2)178 and Lys(CE) 
295 at 2.8A; Lys(NZ)295 and Glu(OE2)380 at 2.7A; 
Asn(ODl)340 and Glu(OE2)380 at 3.0A; and 
Thr(OGl)417 and Gln(NE2)87 at 3.lA. Hydrophilic 
residues of the same packed layers (3, 4, and 5) do 
also interact with isolated water molecules at dis­
tances lesser than, or equal to, 3.0 A. We found sim­
ilar results (not shown) for the complexed p-amylase 
crystallized, indicating that the binding of sub-
strates or inhibitors to the enzyme does not affect its 
internal packing. 

The above results on packed layers are in agree-
ment with results of Lesk et al.®* which found three 
well-packed internal layers in different (a/p)g barrel 
proteins. The other three layers (1,2, and 6) may be 
merely considered as forming part of the overall to­
pology of a large hyperboloid, in concomitance with 
the fact that the eight parallel p-strands display a 
length from 5 to 8 residues. We carried out a multi-

465 

alignment study for the amino acid residues from all 
P-strand subsequences integrated in the layered hy­
perboloid, as compared with the results obtained in 
IBYA (GMAMYB in our code). Such an approach is 
similar to that used to obtain Information about the 
maintenance of catalytic sites within p-amylase se-
quences,"-"-̂ '̂ '''̂ '̂ *-* -̂"'''* but in our study we are 
dealing with the layered residue distribution. In the 
case of Ipomoea batata, our attribution of residues 
located at the interior ofthe hyperboloid (whether or 
not they participa te in the packing) coincide with 
those indicated in a recent article."^ 

Results shown in Figure 5B for p-amylases from 
plants indícate that layer 1 is highly variable at the 
four positions (Gln, Ser, and Pro, in strand 1; Lys, 
Tiir, in strand 3; Asn, Gln, Lys, in strand 5; Asn, 
Asp, His, Arg, Glu, in strand 7). Variations in layers 
2 and 3 are restricted to one position (Thr, Ser, lie, 
Cys, for strand6/layer2; Tyr, Asn, for strandl/lay-
er3). Layers 4 to 6 are identical in all cases, thus 
indicating that the corresponding layered residues 
may be important for the stability of the p-barrel 
and/or for the enzymatic functional role, since a 
number of them have been reported to have non-
carbon side-chain atoms located up to 3 A from sub­
strate."*' 

As Figure 50 shows, in the case of bacterial 
P-amylases, most residues from layers 1 to 3 un-
dergo evolutionary variations. Residues, mainly 
from layers 3 and 4, diverge dramatically in com-
parison with plant p-amylases (this is the case for 
residues in strand5/layer3, strandl/layer3, strand2/ 
layer4, and 8trand6/layer4 as highlighted in Figure 
5B,C), suggesting that different modes of interaction 
have been selected for the packing sites of the hy­
perboloid scaffold for the two types of p-amylases. 
However, by comparing Figure 5B and C, it is clear 
that all residues from layers 5 and 6 are identical for 
any p-amylase from plants or microorganisms, 
which reinforces the view that the eight residues 
forming these two layers are essential for p-amylase 
structure and/or functional role. The mutational 
analysis of the eight codons for these residues re­
veáis , within the whole set of D N A sequences, the 
presence of nearly all possible silent mutations giv-
ing rise, as a consequence, to only synonymous 
translations (results not shown). 

Variations i n Hydropathy V a l ú e s Inside the 
Hyperboloid Suggest a Mechanism for the 
Stabilization and Reinforcement of the 
P-Amy!ase Scaffold 

Following an idea described by Janecek"" for 
a-amylasea, we have developed a simple method to 
est ímate variations of hydropathy through the bar­
rel axis. The va lúes were taken from a standard hy-
dropathic scale as reported by Kyte and Doolittle,'"* 
and the procedure consists in adding the four resi-
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Strand 1 Strand 2 Strand 3 Strand 4 Strand 5 Strand 6 Strand 7 Strand 8 

Liyer 1 
Layer 2 
Layer 3 

Pro 13 

Tyr 15 
Gly 49 

Tlrr 85 

Gln 87 
Asp 176 

Ly» 291 

Ala 293 
ne 338 

Arg 376 

Ala 378 
Gly 415 

Layer 4 Met 51 Olu 178 Asn 340 Thr 417 
Layer 5 
Layer 6 

Met 17 
Asp 53 # 

He 89 
Gly 180 

Lys 295 # 
Thr 342 # 

Glu 380 # 
Leu 419 

B) 

Layer 1 
Strand 1 

Gln, Ser, Pro 
Strand 2 Strand 3 

Lys, Tlir 
Strand 4 Strand S 

Gln, Asn, Lys 
Strand 6 Strand 7 

Asp, Asn, His, 
Arg, Glu 

Strand 8 

Layer 2 Gly Asp • Thr, Ser, lie, 
Cys 

Strand 7 
Asp, Asn, His, 

Arg, Glu 
Gly 

Layer 3 Tyr, Am Gln Al.* 

Thr, Ser, lie, 
Cys 

Al. * 
Layer 4 Mef Glu Asn Thr 
Layer 5 
Layer « 

Met 
Asp # 

De 
Gly 

Lys # 
Thr» 

Glu # 
Leu 

Q 
Strand 1 Strand 2 Strand 3 Strand 4 Strand S Strand < Strand 7 Strand S 

Layer 1 
Layer 2 
Layer 3 

Gln, Lys 

Ser, Plie, Tyr 
Ala, Gly 

Lys 

Val, lie 
He* 

Arg.Pro 

Gly • 
Asp, Ala 

Arg, Val 

Asn * 
Gly 

Layer 4 Thr* Leu, He Thr» Thr 
Layer 5 
Layer ( 

Met 
Asp # 

De 
Gly 

Lys # 
Thr# 

Glu # 
Leu 

FIg. 5. CA-layered residuos located inside the p-barrel. Layer 
4 is situated at the central plañe of the hyperboloid. A: l̂ yered 
residues in the crystallized SBA. B: Putalive layered residues In 
the sample plants. C: Putath/e layered residuos In the sample 
microorganisms. *, Denotes residues consen/ed within an evolu­

tionary group but not belween groups. #, Denotes residuos with 
non-cart)on side-chain atoms located at distances less Ihan 3A 
from substraía in 1BYB. Glu 380 is involved in the catalytic ac-
tion."' 

due hydropathic valúes for each layer. The results 
are displayed in Figure 6 and the graphs represent 
the variation of hyilropathy through the layer level 
for P-amylases from microorganisms (Fig. 6A) and 
from plants (Fig. 6B) from the N to the C-terminal 
side of the barrel. Hydrophilicity is very high in 
layer 1, in all cases. There is a rise in hydropathy in 
layer 2, even reaching positivo valúes in the case of 
microorganisms. The clear-cut distinction between 
plants and microorganisms is represented by hy­
dropathy in layer 4, which again reinforces the view 
that evolution has separated the two subsets of 
P-amylases. Of special interest is the evidence of 
higher hydrophobic valué in layer 2 and 3 in the 
case oí Clostrídium thermosulfurogenes, in compar­
ison with the genus BaciUus. This fínding might be 
related to a higher stabilization of the hyperboloid 
scaíTold in the case of the thermophile bacteria. 

DISCUSSION 
The Two Phylogenetic Subgroups 
of p-Amylases 

The degree of homology of B. cereus p-amylase 
compared with other p-amylases from different mi­
croorganisms and plants has been studied else-
where^* and the results of these authors are consis-
tent with our fínding for the región that exeludes the 
extra raw-starch-binding domain present in a wide 
variety of microorganisms. 

Results displayed in Figures 1, 3, 5, and 6, and 
also in Tablee I and 11, clearly show that a divergent 
evolution took place that separated p-amylases from 
plant and microorganisms in two subgroups. At a 
more localized level, divergences highlighted in lay-
ers 3 and 4 (see Fig. 5B,C) reinforces the above in-
ference. The molécules evolved by divergence at 
different rates (Fig. 3), following a parsimonious 
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B) 

• ""G. max 
B A. thaliana 
A "1. batatas 

- K — H . vulgare/Z. mays 
X S. cércale 

— O . sativa 

Rg. 6. Hydropathy piots through the layers of the barrel. A: For different microorganisms. B: For different plants. 

mechanism of evolution. Such a parsimony pathway 
is corroborated by our results on p-amylase DNA 
multi-alignment (results not shown). The existence 
of eight conserved regions with stringent structural 
similarities (see Fig. 1 and Table I) that are related 
to functional and/or structm-al roles (see Table III 
and Fig. 2), and the identity of the eight residues in 
the critical layers 5 and 6 ofthe hyperboloid scaffold 
(Fig. 5), clearly point to a unique common ancestor 
for P-amylases. 

The ensemble of phylogenetic branched trees for 

the three sets of joined subsequences (Fig. 3B,C,D) is 
rather well preserved (in branch distribution and in 
relative branch lengths) in comparison with the tree 
shown in Figure 3A. This overall similarity would 
favor the view that there is a consistency in the tree 
topology whatever be the nucleotide site consid­
ered.'^ Nonetheless, some observed discrepancies 
precludes us to establish, for p-amylases, relation­
ships between evolutionary tree estimates at spe­
cific sites and true tree topologies.'̂ '*^-*'' 

Clostridium thermosulfurogenes p-amylase may 
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ylases do not cross all taxonomic boundaries. Since 
protein sequence data grow at a very fast rate, we 
strongly recommend the incorporation of ovir two 
proposals for the sake of increasing the number of 
signaturas. 

C O N C L U S I Ó N 

The level of structural and/or functional con-
straints in a protein is thought to be determined by 
functionally outstanding sites as those critical for 
maintaining a given folding class, or involved in the 
active center of the molecule, or interacting directly 
with other molecules.®^ Our present results are com-
pletely consistent with such general ideas of protein 
evolution. 

Farber^* pointed out that the eight-stranded ot/p-
barrel (TIM barrel) is by far the most common shape 
for an enzyme, roughly one out of 10 enzymes hav-
ing this domain. The title of Farber's article indi-
cates that this structure is fuU of evolutionary in-
consistencies and the author concludes that one 
cannot yet diíTerentiate among the three diíTerent 
evolutionary pathways proposed for this group of 
proteins. Janecek,'*® by comparing the A M Y super-
family with p-amylase reached no conclusión either, 
concerning the three possibilities (convergent evo­
lution, divergent evolution, and exon combination). 
Considering Farber's and Janecek's statements, we 
decided in this article to study only one of such pro­
tein structures: the p-amylase enzyme, taking into 
account the great variety of sequences worked out 
up to now írom many sources covering plants and 
microorganisms, tmd taking advantage of the fact 
that the structure has been elucidated in two cases. 

According to the neutral theory of molecular evo­
lution, the molecular evolutionary rate depends on 
mutation rate and on the degree of functional con-
straint against sequence variations.''^ Our results, 
showing different rates of parsimonious divergence, 
including some deletions and/or insertions, suggest 
that one should study the evolutionary pathway of 
the TIM barrel proteins one by one, before attempt-
ing to understand the evolution of the whole class of 
polypeptide folding. 

The great interest in using ct/p-barrel scaffold for 
biotechnological purposes also requires individual-
ized studies of each molecular species in order to 
vmderstand the structiu-al basis of the mechanism 
by which apparently unrelated sequences undergo 
the same type of folding. Our routine revealing the 
presence of a bundle of conserved motifs (fmger-
print) in p-amylases could become a useful tool that 
should be applicable to other systems. The observed 
conformational changes of the fingerprint, shown in 
Figure 2, results in a precise mechanism to adapl 
the substrato into the catalytical site. Whether such 
three-dimensional studies are extensible to a num­
ber of glycosyl hydrolases, also showing an (a/fi)g 
folding, is an issue that merits further attention. 
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Anatomy of a conformational transition of ̂ -strand 6 
in soybean ^-amylase caused by substrate (or inhibitor) 
binding to the catalytical site 
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Abstract 

A computational study of the five soybean j3-amylase X-ray structures reported so far revealed a peculiar conformational 
transition after substrate (or inhibitor) binding, which affects a segment of the ^-strand 6 (residues 341-343) in the 
(/8/a)g molecular scaffold. Backbone distortions that involve considerable changes in the 4> and angles were observed, 
as well as two sharp rotamer transitions for the Thr342 and Cyss^j side chains. These changes caused the outermost 
CA-layer (at the C-terminal side of the barrel), which is involved in the catalysis, to shrink. Our observations strongly 
suggest that the ''•'FTC'''^ residue conformations in the free enzyme are not optimal for protein stability. Furthermore, 
as a result of conformational transitions in the ligand-binding process, there is a negative enthalpy change for these 
residues (—27 and —34 kcal/mol, after substrate or inhibitor binding, respectively), These fíndings support the proposed 
"stability-function" hypothesis for proteins that recognize a ligand (Shoichet BK, Baase WA, Kuroki R, Matthews BW. 
1995. A relationship between protein stability and protein function. Proc NatlAcad Sci USA 92:452-456). They are also 
in good agreement with other experimental results in the literature that describe the role of the 341-343 segment in 
^-amylase activity. Site-directed mutagenesis focused on these residues could be useful for undertaking functional 
studies of j8-amylase. 

Keywords: backbone; beta-amylase; (^/a)g-barrel; conformational transition; glycosyl hydrolase; potential energy; 
rotamer library; side chain 

/8-Amylase (EC 3.2.1.2) is a glycosyl hydrolase that hydrolyzes 
the (l,4)-a-D-glucosid¡c linkages of a variety of substratos such as 
starch, glycogen, and maltooligosaccharides from the non-reducing 
end of their polysaccharide chain. The final producís of the enzy-
matic action are /3-maltose, with a /3-anomeric configuration, and 
a /3-limit dextrin. The enzyme is present in various higher plants 
(Thoma et al., 1971) and in some gram-positive spore-forming 
bacteria (Nanmori, 1988). In recent years, Glycine max enzyme 
structures, which are either free or form a complex with substrates 
or an inhibitor (Mikami et al., 1993, 1994), have been resolved at 
high-quality resolution and deposited in the Brookhaven Protein 
Data Bank (PDB) (Bcmstein et al., 1977). The resuUing structure 
was described as a core with a iP/a)g supersecondary stracture, 
and a smaller globular región formed by long loops (L3, L4, and 
L5) extending from ^-strands j83, /84, and ^5. A región of the L3 
(residues 96-103) changes its conformation when a substrate binds 
to the enzyme and covcrs the reaction center (Mikami et al., 1994). 

Reprint requests to: Jaume Palau, Unitat de Biotecnologia Computacio­
nal, Departament de Bioqufmica i Biotecnologia, Universitat Rovira i Vir­
gili, Plaja de la Imperial Tárraco, 1, Tarragona 43005, Catalonia, Spain; 
email: palaa@quimica.urv.es. 

This conformational change is not observed when a-cyclodextrin 
binds to the enzyme because the steric hindrance of the inhibitor 
molecule does not allow any conformational change of the L3 
segment (Mikami et al., 1994; Pujadas et al., 1996). 

In a recent paper (Pujadas et al., 1996), we reported that 
^-amylases can be characterized by a fingerprint formed by a set 
of eight distally conserved sequence motifs, which are grouped at 
the C-terminal end of the j8-barrel scaffold (where the core of 
enzyme activity is located). Five of these motifs start at the C-ending 
tails of yS-strands and continué through the next loop (/34¡IA, 
^5/L5, /36/L6, /37/L7, j88/L8), whereas the other three are made 
up of L'l/^2/H3, L3, and L3/H5 subsequences. The total length 
of the fingerprint is 74 residues, which is about 15% of the soybean 
^-amylase (SBA) sequence. In the same paper, we also described 
the geometry of the (^/a)g-barrel as being formed by six C A -
layers, each of which is defined by a set of four alpha carbón atoms 
(CA) of the respective altérnate barrel-forming /3-strands, These 
CA-atoms are located on roughly the same plañe, perpendicular to 
the barrel axis. It should be pointed out that the eight residues that 
form layers 5 and 6 (which are in the C-terminal part of the barrel) 
are fully conserved throughout evolution both in plants and in 
microorganisms. It is also interesting to note that some of these 
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residues (Aspss, Lys295, Thr342, and GIU380) are involved in inter-
actions with the substrate (Mikami et al., 1994). 

In the present paper, we describe a clear-cut transition of the 
C-terminal part of (3-strand six (̂ 6 hereafter) when the ligand 
(either the substrate or the inhibilor) binds to the enzyme. We 
would like to emphasize the importance of this fínding, because it 
shows three residues (Phe34|, Thr342, and Cys343) which appear to 
be involved, at least from a structural point of view, in the attach-
ment of substrates or inhibitors to the catalytical site. 

Results 

Conformational changes observed in a fió segment by 
comparison offree and complexed SBA structures 

By comparing the 3-D coordinates of the free enzyme (IBYA 
structure) with those of the enzyme-substrate compiexes (IBYB, 
IBYC, and IBYD), Mikami et al. (1994) observed a strong con­
formational change in loop 3 (residues 96-103). This change does 
not take place in the enzyme-inhibitor complex (IBTC), which the 
authors attributed to steric effects (Mikami et al., 1994). In a recent 
article (Pujadas et al., 1996), we demonstrated that loop 3 in 
)3-amylase displays two motifs, both of which are highiy conserved 
throughout the evolution and which form a part of a fingerprint. 
This fingeiprint is defmed as a set of conserved sequence pattems 
(Attwood & Beck, 1994). 

In the present paper, we describe that by carefully superposing 
the coordinates from the five reported SBA structures we were able 
to detect a second conformational transition, which affects both the 
enzyme-substrate and the enzyme-inhibitor compiexes in the same 
way when the ligand binds to the enzyme. The transition affects 
three /36 residues ('^'FTC^'*') and entaíls an overall change in the 
geometry of the C-terminal part of the barre! (caused by a dis-
placement of their main chain towards the interior of the barrel; see 
Kinemage 1). The side chains of these three residues also showed 
conformational changes, which are considerable in the case of 
Thr342 and Cys343 (Kinemage 2). The ^'''fTC-^''^ segment is part of 
the highiy conserved motif located in the /36/L6 interface that 
constitutes the ¿S-amylase fingerprint (Pujadas et. al., 1996). 

For the sake of clarity. Figure 1 shows the six CA-layers that 
make up the SBA hyperboloid scaffold, using the definitions re-

G. Pujadas and J. Palau 

ported elsewhere (Pujadas et al., 1996). Layers 3, 4, and 5 (dis-
played on a gray background in the figure) are made up of resi­
dues, the side chains of which are packed in the central región of 
the barrel (Pujadas et al., 1996). In addition, layers 5 and 6 (high-
lighted within a second rectangle in the figure) are made up of 
eight invariable residues, if alignments are made for all the 
/3-amyIase sequences reported up to now (Pujadas et al., 1996). 
Thr342, a residue involved in substrate contacts (Mikami et al., 
1994), belongs to layer 6, whereas Phe34i and Cys343 are located in 
the outer part of the barrel flanking Thr342. 

Analysis of the crystallographic qualíty of the segment 
affected by the conformational changes (^•"fTC^''^) 

To ensure the correctness of the crystallographic assignment in the 
segment affected by the conformational transition, the five com­
plete SBA structures were analyzcd with the Biotech routines 
(Vriend, 1990; Laskowski et al, 1993; Wodak et al., 1995). No 
significant mistakes were found when the quality of the s^'ftC'''-' 
structures were analyzed. All ''"FTC^''-' fragments have normal 
side-chain conformational parameters (unusual rotámers were not 
found when WHAT_IF was applied; Vriend, 1990), although in 
some structures the xi dihedral angle of Thr342 (IBYA, IBYC and 
IBYD) and Cys343 (IBYA) deviates by more than one standard 
deviation from the mean valué (three in the case of Thr342 in 
IBYA, two for Cys343, which is also in IBYA, and one for the 
rest). At the raain-chain level, WHAr_IF detected an unusual pair 
of 4>/il/ valúes for Thr342 in IBYA (a detailed explanation of this 
fínding will be given below). Within the 3'*'fTC^''' fragment, Bio­
tech routines also found that some of the interatoraic distances 
were shorter than normal. Of these distances, the most significant 
are: Phe34i andAsn34o(N-ND2in lBYD),Phe34i andThr342 (CG-N 
in IBYA), Phe34i and G\y„g (0-CA in IBYA and IBYD), Thr342 
and Cys343 (C-SG, 0-SG and CB-N in IBYA), Thr342 and HzO 505 
(CB-HOH, CA-HOH, C-HOH, O-HOH in 1BYD), Thr342 and H2O 
784 (CG2-H0H in IBYA), Cys,43 and Gly298 (SG-CA in IBYA), 
Cys343 and H2O 507 (SG-HOH in IBYB), Cys343 and H2O 744 
(SG-HOH in IBYB), Cys343 and SEO343 (SG-OBl and SG-SG in 
IBTC). All five structures showed other minor devialions from 
ideal valúes in main-chain bond lengths, bond angles, and atora 
volumes. From our quality analysis we conclude that the transition 

Strand 1 Strand 3 Strand 5 Strand 7 

Stand 2 Strand 4 Strand 6 Strand 8 

Fig. 1. CA-layered residues located inside the -̂barrel in the crystallized SBA. Layer 4 is on the central plañe of the hyperboloid. The 
layers inside the gray rectangle are responsible for the side-chain packing in the interior of the barrel (layers 3,4, and 5). Layers 5 and 
6 inside the second rectangle have residues with non-carbon side-chain atoms located at distances less than 3 Á from the substrate in 
IBYB (Asp 53, Lys 295, Thr 342, and Glu 380). Residues from the /3-aniylases, which are known at present and which are assigned 
by multialignment to form the putalive layers 5 and 6, are conserved in all sequences. 
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of the 3 4 i p j £ 3 « fragment should be considered to be a phenom-
enon that is associated with ligand-binding effects and, therefore, 
free of any experimental suspicion. 

Detailed analysis of the conformational transition associated 
to the ligand binding in PTC'*^ structure fragment 

As shown in Table 1, the distance between the opposite Aspss and 
Thr342 CA atoms decreases from 16.5 Á (the enzyme valué) to 
14.8 ± 0.0 A (the average valué for the complexes). It should be 
pointed out that all the opposite CA distances for layéis 1 to 5 are 
highly preserved when the ligand binds on. Similarly, the anglc of 
reference chosen for the pair of distance segments increases sig-
nificatively for layer 6: from 69.4° to 73.4 ± 0.6°. 

The Ramachandran angles of the four residues in /36 that pre­
cede residues 341-343 undergo no transition (Table 2) when the 
ligand binds on. In contrast, Figure 2 shows clear-cut transitions of 
the dihedral angles ^ and f for residues 341-343. As can be 
observed in Figure 2, Thrj42 undergocs a considerable transition, 
changing from a forced j8 position in the Ramachandran space (<̂ : 
— 143.4°; tlf. -160 .7° , for the free enzyme) to a position near the 
typical right-handed a-helix subspace (<̂ : -77.9 ± 4,6°; 19,2 ± 
6.9°, in complexes). The main-chain conformation of Cys,.», also 
changes quite considerably. The Cys343 angles in the left-handed 
a-helix subspace (4>: 52.8°; ^: 36.0°, for the free enzyme) change 
to more characteristic /8-chain valúes {4>: -148.5 ± 4.3°; \¡): 
114.6 ± 5.5°, for the complexes). Although notable changes in 
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backbone angles are also observed for Phe34i, the transition re-
mains within the ;3-strand subspace (^ moves from -103 .1° to 
-89.5 ± 3.2°; and # moves from 179.3° to 111.4 ± 4.0°), 

In general, dihedral angles for rotamers throughout /36 appear 
to be somewhat more permissivc than dihedral angles for back­
bone (Table 2). In the case of Phe34,, there is an observable change 
in X2 (going from 45.7° to61.9 ± 3.2°). In our /3-strand specialized 
rotamer library (Table 3), trans/90 for Phe represents 22.0% of 
all Phe rotamers, the mean valué for being -178.1 ± 9,5° and 
X^ being 75,1 ± 20.8°. Two points should be mentioned: (a) the 
Phe rotamer Xi angle for the free enzyme is a long way from the 
mean valué but within the Xi experimental distribution limits; 
the lower and upper limit valúes being 12.6 and 134,4°, respec­
tively (results nol shown); and, (b) in the presence of a ligand, the 
X2 angle increases to valúes of 61,9 ± 3,2°, thus approaching the 
mean valué in the library, The next two residues inlhe/3 chain, Tluvn 
and Cys343, have X\ valúes for the ísolated enzyme (-14,3° and 
28,9°, respectively) that are highly atypical in ¿S-strand structures. 
The valué for Thr342 falís on the limit of its g* experimental dis­
tribution (mean valué and standard deviation: -60.2 ± 9,6° 
(Table 3); range: from -105.9 to -13 ,8° (results not shown); fre-
quency in /3-strand structures: 54,4%), but Cys343 falls outsidc all 
the distributions (the nearest is the g~ conformation with lower and 
upper experimental limits of 51,3 and 77,0° (results not shown)) and 
is included inside the "Other" category (Table 3) with a frequency 
in ̂ -strands of 0,6%, After the ligand binds to the enzyme, the val­
úes dramatically change to78,3 ± 6.9° {g') and 178.4 ± 5.9° (f) 

Table 1. Distances (in A) between pairs of layers forming CA-atoms from opposite p-strands (first and second row 
for each layer) and angles formed between the corresponding distance segments (third row for each layer)' 

Ibya Ibtc Ibyb Ibyc Ibyd Average '' 

Layer I Pro 13-Lys 291 14.6 14.5 14.5 14.6 14.6 14.6 ± 0 . t 
Thr 85-Arg 376 Í8.7 18,5 18.5 18.5 18.5 18.5 ± 0.0 
Angle 76.2 75,9 75.6 76.3 76.8 76,1 ± 0.5 

Layer 2 Gly 49-Ite 338 16.9 16.9 167 16.8 167 16.8 ± 0,1 
Asp 176-Gly 415 11.0 10.8 10.9 10.8 10.8 10.8 ± 0.1 
Angle 94.0 92,6 93.1 93.1 94.1 93.2 ± 0.7 

Layer 3 Tyr Í5-AIa 293 !4.4 14.4 ' 14.4 14.3 143 14.3 + 0,1 
Oto 87-Ala 378 12.2 11.9 12.0 12.1 12.0 12.0 ± 0,1 
Angle 80.0 79.7 79.2 79,0 79.7 79,4 ± 0.4 

Layer 4 Met51~Asn 340 12.5 12.4 12.5 12.5 12.6 12.5 + 0.1 
Glu 178-Thr 417 11.9 11.9 11.9 11.9 IÍ.8 11,9 + 0,1 
Angle 98.1 98,5 99.1 99.0 992 98,9 ± 0,3 

Layer 5 Met 17-Lys 295 14,2 14.1 14,2 14.2 14.2 14,2 ± 0.0 
He 89-Giu 380 13.8 13.6 13.6 13.8 13.7 13.7 + 0.1 
Angle 92,7 92.0 92.2 92.0 92,0 92,1 +0.1 

Layer 6' Asp 53-Thr 342 16.5 14.8 148 - 14.9 14.9 14.8 ± 0,0 
Gly !80-Leu 419 16,9 16,8 17.0 169 17,1 16.9 ±0 .1 
Angle 69.4 72.7 73.2 73.6 741 73,4 ± 0.6 

*Ai! valúes are shown for the five /S-amylase structures available at present in PDB, 
•"The average valúes have been calculated from the complexed enzyme structures to facilítate comparison with the free enzyme 

structure. 
"'As seen from distance and angle data, the conformational change of part of j86 affects not only the C A - C A distances in layer 6 

but also the rclative position of their C A - C A pairs. 
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Table 2. Main- and side-chain dihedral angles (in degrees) of residues that form p-strand six^ 

Ibya Ibyb Ibyc Ibyd Ibtc Average'' 

Valúes for the main-chaín angles 

Ala 337 4> -96.1 -97.4 -97.6 -98.2 -102.3 -98.9 ± 2.3 
160.6 160.0 163,1 161.7 162.1 161.7 ± 1.3 

lie 338 -97.9 -97.3 -95.5 -98.9 -94.2 -96.5 ± 2.1 
139.2 141.0 139.5 140.3 140.6 140.4 ± 0.6 

Leu 339 -95.6 -97.1 -95.3 -99.0 -96.7 -97.0 + 1.5 
U0.6 107.0 108.6 110.6 108.7 108.7 ± 1.5 

Asn 340 -100.8 -95.3 -95.3 -94.9 -92.8 -94.6 ± 1.2 
# 107.9 104.2 104.8 105.9 107.6 105.6 ± 1.5 

Valúes for the side-chain dihedral angles 
lie 338 X\ -70.2 -63.4 -64.5 -66.6 -60.4 -63.7 ± 2.6 

X2 174.8 166.4 171.8 175.1 169.3 170.7 ± 3.7 

Leu 339 Xt -154.5 -166.6 -163.3 -172.7 , -163.5 -166.5 ± 4 . 4 
-176.7 168.6 166.7 165.9 156.2 164.3 + 5.6 

Asn 340 x> -178.0 173.5 178.7 175.7 -178.6 177.3 ± 3.5 
X2 -169.7 -176.7 -179.1 -179.4 -170.4 -176.4 + 4.2 

Phe 341 x< -161.1 -170.2 -167.8 -166.8 -169.1 -168.5 ± 1.5 
Xt 45.7 66.6 61.5 59.6 59.9 61.9 ± 3.2 

Thr 342 Xf -14.3 78.5 82.3 83.9 68.6 78.3 ± 6.9 
Cys 343 Xí 28.9 176.6 174.5 175.4 -172.8 178.4 ± 5.9 

"Valúes are indicated for the five /3-amylase structures available at present in PDB. 
""The average valúes have been calculated from the complexed enzyme structures to facilítate comparison with the free enzyme 

structure. Main-chain dihedral angles for residues from 341 to 343 are shown in Fig. 2. 

Table 3. Extract from the fi-strand rotamer library^ 

Rotamer label Residues in rotamer Mean valué (standard deviation) 

Residue Xi X2 Number % 1̂ X2 

Cys t 52 33.1 -176.9(10.7) 
78 49.7 -63.0(10.6) 

s~ 26 16.6 64.7 (7.2) 
Other 1 0.6 

His í 1 13 5.3 -177.9(7.7) -179.6(13.6) 
1 -90 38 15.4 -178.0(13.7) -102.1 (21.9) 
f 90 39 15.8 -179.9(10.7) 76.9(20.1) 

l 14 5.7 -66.8 (5.6) 169.8(13.5) 
g* -90 73 29.6 -64.1(11.5) -84.8 (23.4) 
8* 90 26 10.5 -65.3(11.5) 90.6 (22.1) 
g~ í 2 0.8 62.1 (1.1) -173.9(12.3) 
g' -90 23 9.3 59.7(11.0) -92.9(17.7) 
g~ 90 17 6.9 61.8(9.4) 87.7 (12.4) 
Other 2 0.8 

Phe í 90 119 22.0 -178.1 (9.5) 75.1 (20.8) 
8* 90 301 55.6 -65.6 (9.6) 94,4 (24.6) 
g~ 90 120 22.2 62.9 (9.2) 92.7 (9.1) 
Other 1 0.2 

Thr 1 90 12.3 -171.4(9.8) 
g* 398 54.4 -60.2 (9.6) 
g 237 32.4 60.7(10.1) 
Other 7 1.0 

"This table is an extract limited to Cys, Phe, Thr (the three residue types involved in main and side chain conformational transitions 
in ^-amylase), and His (involved in rotamer transitions in endoglucanase CelC). The full j8-strand specific rotamer libraiy showing 
rotamcrs for all amino acids is in the table in the Electronic Appendix. 
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p-Amylase transitions at the catalytical site 

i . 

l' •. ' S-ÍÍI1I5T1Í342 
jrCys343 

, , , , , , , , I 
-180 -135 -90 -45 O 45 90 135 180 

Fig. 2. Ramachandran plot of the 341-343 segment ofthe SBA sequence. 
Positions at the start oí the arrow (in white) indícate main-chain dihedral 
angies for the free enzyme structure (IBYA) (Phe 341: <̂  = -103.!°, f = 
179.3°; Thr 342: ^ = -143.4°, >li = -160.7°; Cys 343: <l> = 52.8°, # = 
36.0°), whereas the end points (In black) indícate the mean diliedral angles 
valúes for the complexed structures (IBYB, IBYC, IBYD, and IBTC) 
(Phe 341: 4> = -89.5° ± 3.2, >¡t = 111.4° ± 4,0; Thr 342: </. = -77.9° ± 
4.6, ^ = 19.2° ± 6.9; Cys 343: <i> = -148.5° ± 4.3, i/r = 114.6° ± 5.5). 

for Thr342 and Cys343 respectively. Their corresponding mean val­
úes in the library (Table 3) are 60.7 + 10.1° (32.4% in /3-strands) 
and -176.9 ± 10.7° (33.1% in^-strands).The a'i experimental dis­
tribution ranges for g~ and t in Thr and Cys are from 12.2 to 90.9" 
and from 159.4 to —142.6°, respectively (results not shown). 

Analysis of the interactions involving residues 34ipj£343 
in the free and ligand-bound enzymes 

For the free enzyme structure (IBYA), several interactions appear 
to be important: The -SH group of Cys343 and the main-chain 
carbonyl oxygen of Thr342 are located at a distance of 2,38 A, with 
a strong hydrogen bond between them (Donor-Hydrogen-Acceptor 
(DHA) angle: 175,3°); the aromatic ring of Phe34i adapts itself 
onto Cys343 SG and Thr342 O; Thr342 OGl and the water molecule 
HOHgjg form a strong hydrogen bond (distance: 2.48 Á; DHA 
angle: 124.3°); two additional hydrogen bonds, both of which have 
Phe34i and two ¿ST-strand residues, are detected between Phe34) N 
and Ala378 O (distance: 2.71 A; DHA angle: 166.9°) and between 
G1U380 N and Phe34, O (distance: 2.58 A; DHA angle: 130.0°). 

For the enzyme-ligand structures (IBYB, IBYC, IBYD, and 
IBTC), several remarks should be made: (a) the hydrogen bond 
between Cys343 SG and Thr342 O no longer exists; (b) in one case 
(IBYB), the Cys343 SG interacts with two water molecules, HOH507 
and HOH744, at 2.85 and 2.69 A respectively (however, for IBYC, 
IBYD and IBTC no Cys343 SG-interacting water molecule was 
detected); (c) for IBTC Cys343 SG is covalently bridged with 
SEO343 SO (2-mercaptoethanol) at 2.02 A; (d) the two above-
mentioned hydrogen bonds with Phe34i and two j87-strand residues 
are preserved in all cases, with some enlargement in donor-
acceptor dislances; (e) Thr342 O, N, and OGl are involved, either 
as donors or as acceptors, in hydrogen bonds formed with substrate 
atoms, or with water molecules, or with atoms belonging to the 
enzyme. All interactions described in this section are shown in 
Kinemage 3. 
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Energetics of the conformational transition 
ofthe ^'"FTC^''^ segment 

When the transition takes place from the free enzyme (IBYA) to 
the substrate-bound enzyme (IBYC), potential energy differences 
are negative and very similar for the three-residue segment and the 
whole (86 segment (-27 kcal/mol for ^'tipTC^'*' and -28 kcal/ 
mol for -"^AILNFTC^*^). When the transition takes place from 
IBYA (free enzyme) to IBTC (enzyme-inhibitor complex) the 
negative potential energy differences are somewhat higher (—34 
kcal/mol for ' ^ ' F T C " ' and -43 kcal/mol for »^AILNFTC^'). 
These higher valúes probably are due to small differences observed 
ín the main-chain and relamer dihedral angles. The model system 
chosen for the calculations is purposely simplified and the valúes 
for enthalpic variations should be taken as approximate (Kuntz 
et al., 1994). In any case, the structural transition observed for )36 
appears as an exothermic process, in concordance with the more 
relaxed conformation of the 34ifrrc343 segment when the ligand is 
attached to the enzyme. 

Searching for other examples of free and ligand-bound 
glycosyl hydrolases of a (p/a)g-barrel folding type 
that might show changes in the main- and side-chain 
dihedral angles of the barrel core 

We searched within the SCOP database for other glycosyl hydro­
lases with (/3/a)g-barrel folding that could show changes caused 
by a possible catalytic or ligand-binding mechanism in the main-
and side-chain dihedral angles of their -̂sheet barrel core. We 
needed to find structures for a given enzyme (from the same source) 
that had been crystallized with and without substtates (or inhibi­
tors). Two other enzymes fulfilled such conditions: the endoglu-
canase CelC (E.C. 3.2.1.4), which belongs to the beta-glycanase 
family, from Clostridium thermocellum, and the hevamine A (E.C. 
3.2.1.14/3.2.1.17), which belongs to the type II chitinase family, 
from Hevea brasiliensis. The PDB entries for their structure are 
ICEC, ICEN, and ICEO (Domínguez et al., 1995), and IHVM, 
IHVQ, and ILLO (Terwisscha-van-Scheltinga et al, 1995), re­
spectively. In the case of the endoglucanase CelC, the careful 
superposition of each one of the barrel core y3-strands from the 
three structures revealed no changes in the backbone conforma­
tion. With respect to the side chains, a clear rotamer transition 
occurs for Hisgi and HÍS90 (/3-strand 3) (Kinemage 4). The binding 
of cellohexaose to the enzyme makes HÍS90 change from f/90 to 
//-90 rotamer {Xt/X2 valúes for ICEC, ICEO, and ICEN are 
-173.1/67.0, -171.3/84.4, and - 1 5 3 . 7 / - 8 7 . 5 ° , respectively) and 
HÍS91 change from gV—90 to í /90 rotamer (Xt/Xi valúes for 
ICEC, ICEO, and ICEN are -73.2/-55.8, -79.6/-18.1, and 
178.6/11.3°, respectively). It has recently been reported (Domínguez 
et al., 1996) that HÍS90 is one of the seven amino acid residues (the 
others are Arg4r„ Asn^g, GlU|4o, Hisipg, Tyr2oo. and Glu2go) that 
are located cióse to the catalytic reaction center and strictly con­
served ín family 5 cellulases. Moreover, Hisgo participates in the 
catalytical process by makíng direct contact with the substrate and 
forming part of a network of hydrogen bonds. This network con­
tributes to the stability of the active site architecture and may 
influence the protonation state of the two catalytic residues 
(Domínguez et al., 1996). 

The same analyticai approach was applied to the hevamine A 
structures but neither backbone ñor side-chain conformational 
changes were detected in the barrel forming ^-strands. 
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DIscussion 

The ̂ ''ifTC^'*^ segment is shown to act as a "trap trigger" 
in the binding process of the ligand to the enzyme 

To our knowledge, this is the first report that describes consider­
able conformational changes in both the main and the side chains 
in the barrel -̂sheet core of a {j8/a)8-barrel glycosyl hydrolase 
after substrate (or inhibitor) binding to the enzyme. The confor­
mational transition involves only three residues (from 341 to 343 
in the crystallized SBA), Thr342 being a residue that is part of the 
C-terminal CA-layer of the barrel (Fig. 1; Pujadas et al., 1996). 
These three residues are conserved in most known /8-amylase se­
quences (21 ^-amylase protein sequences), the only exception be­
ing the sequence for Bacillus circulans /8-amylase (BCAMYB), 
which has an Ala instead of a Cys in the position equivalent to SBA 
CyS343. The conformational effect due to the binding on of the 
ligand is almost identical whether the molecule is a substrate or an 
inhibitor. This indicates that the transition is related to the attach-
ment mechanism of the enzyme. The región of the molecule where 
the phenomenon takes place (Fig. 1) is made up of two CA-layers 
(layers 5 and 6) consisting of eight residues that undergo no change 
throughout the evolution, either in plants or in microorganisms 
(Pujadas et al., 1996). These two layers are involved in the sub­
strate contacts (e.g., Thr342) and also, apparently, in the enzymatic 
activity (Mikami et al., 1994). Within^6, the neighbors Phe34i and 
Cys343 occupy an extemal position in the barrel. 

The transition caused by the binding of the ligand (clearly ob­
served in Fig. 3) drastically alters the backbone and side-chain 
dihedral angles in such a way that several atoms draw nearer to the 
ligand molecule; e.g., OGl of Thr342 is located at 2.8-2.9 Á from 
the 03 and 3.1-3.3 A from the 04 atoms of the glucose molecule 
that is labeled as GLC 498 in IBYB and IBYC or DOM 498 in 
IBYD (Kinemage 3). In this case, Thr342 foUows a tendency also 
observed in small polar residues located in disallowed or unusual 
Ramachandran conformations where backbone distortions are com-
pensated by hydrogen bond interactions involving functional side 
chains (Gunasekaran et al, 1996). Table 1 shows also a significa-
tive shortening of the CA distance in layer 6 between Aspa and 
Thr342 (from 16.5 Á to 14.8 + 0.0 A). 

G. Pujadas and J. Palau 

The net changes in ^ and t¡/ angles (Figs. 2, 3) for the three 
residues and their unrelaxed x valúes for the free enzyme (in 
comparison with the more "normal" valúes when the ligand is 
attached) provide strong evidence that the small segment formed 
by these three residues acts as a "trap trigger" to adapt the ligand 
to the active site. In the case of the substrate, loop 3 simultaneously 
approaches the actíve center, acting as a hinged lid (Mikami et al, 
1994). Therefore, the 3'»"FTC'''' segment in SBA should be an 
interesting target for studying enzyme activity based on site-
directed mutagenesis. 

Local steric strain of the free enzyme, present 
in the J-'ifTC^''^ backbone and their side chains, 
may facilítate the binding to ligands and catalysis 

In some proteins, a local strain in the polypeptide backbone has 
been identífied as being necessary for ligand binding and catalysis 
(Herzberg & Moult, 1991). This strain is reflected as a set of ^, i¡i 
valúes that act as outliers in conflictive regions of the Ramachan­
dran map (despite the fact that the analyzed structures showed very 
good quality parameters). It has been argued by Herzberg and 
Moult (1991) that this local strain may be needed for the precise 
distribution of the functional groups allowing the binding and/or 
the catalytical mechanism. 

We explain our observations of "rare transitions" for Thr342 and 
Cys343 in the Ramachandran map using Herzberg and Moult's 
(1991) proposal that there are few sterically strained features and 
these are overwhelmingly located in regions concemed with func-
tíon. In the case of Thr342, the transition from a forced canonical to 
a non-canonical /3-strand Ramachandran position after ligand bind­
ing (Fig. 2) brings this residue nearer to the substrate (Kinemage 
3). In the case of Cys343, the transition from a backbone strain in 
the free enzyme to a more relaxed ;8-strand position may be nec­
essary for the "trap trigger" action (Fig. 2). The Phe34i is the only 
residue of the -'''"FTC^*-' segment with no changes in the backbone 
steric strain or in the rotamer. Consequently, the changes in this 
residue may be due to an adaptation to the new conformational 
constraints imposed by 3*2-j-(-i343 gfjĝ  ligand binding. In any case, 
such an adaptation also contributes to the enthalpic variations. 

Fig. 3. A diagram of conformational change. (A) belongs to the IBYA (free enzyme) and (B) belongs to IBYB (enzyme complexed 
with maltosé). The conformational changes not only affect the main chain of yS-strand six (Fig. 2), but also some of the side chains 
(Table 2). The conformation of this strand in the complexed structures (IBYB, IBYC, IBYD, and IBTC) is equivalent. The pictures 
have been generated using the program MolView vi.4.1 (Smith, 1995). 
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p-Amylase transitions at the catalytical site 

Shoichet et al (1995) have proposed a "stability-function" hy-
pothesis, which states that a balance between the stability and the 
function of enzymes can be obtained so that they use their ordered 
structures to facilitate catalysis. In addition to their own results on 
the stability and activity of T4 lysozymes with substitutions in the 
substrate-binding site, somc of Shoichet's findings derive from 
earlier studies by Warshel et a!. (1988) and Meiering et al. (1992). 
In the case of ^-amylase, the enthalpic cost of the local confor­
mational transition that involves the 3iippc343 segment is nega-
tive, which is strong evidence that the aclive-site cleft that includes 
this segment is of a metastable nature. In contrast to the tendency 
of global folding, which minimizes the free energy of any enzyme, 
a local surplus of macromolecule instability may maximize the 
functional role of the active site. Other mechanisms involving 
conformational changes in the active site of proteins will probably 
be described in the future. In this respect, a recent paper by Skinner 
et al. (1997) provides insight into the change in binding affinity of 
the heparin pentasaccharide that accompanies a conformational 
change of intact antithrombin, the highest resolution structure of an 
active inhibitory seipin to date. 

A postulated catalytical role for the 3itfTC^'*¡ segment 

The molecular cloning and sequencing of B. circulans ^-amylase 
(Siggens, 1987) revealed the presence of Ala359 instead of Cysjs» 
(which is the equivalent of Cys343 in soybean). This is the only 
case reported in the bibliography or in sequence databases in which 
such a crucial change occurs in a living cell. The expression of the 
isolated gene in Escherichia coli NM522 revealed a high produc-
tion of the enzyme, which is probably located in the periplasmic 
space but not secreted into the culture supematant. The j8-amylase 
activity in cell lysates was analyzed using SDS-PAGE and then a 
blot was made onto a gel containing starch. However, enzymatic 
activity should be quantified and compared to other Cys- (not Ala-) 
containing ̂ -amylases from related microorganisms (e.g., Bacillus 
polymyxa) if the meaning of the spontaneous mutation in terms of 
catalysis is to be clarified. 

The mutation Cys'^^Ser, obtained by directed mutagenesis, re­
duces the native activity in SBA by two-thirds (Totsuka et al, 
1994) and the equivalent mutation (Cyŝ -̂'Ser) reduces the activity 
in B. polymyxa ^-amylase by five (Uozumi et al., 1991). These 
later authors considered that the thiol hydrogen of Cys323 mighl 
particípate in the formation of a hydrogen bond that, if absent, 
subtiy alters the enzyme structure and lowers the specific activity 
of the Cys'^'Ser B. polymyxa mutant. Nomura et a!. (1995) un-
derstood from these findings—applied to Bacillus cereus—that 
Cys33i Js indispensable for stabilizing Thraso, the OGl atom of 
which forms hydrogen bonds with hydroxyl groups 0-3 and 0-4 of 
glucose residues at subsite 3. In this interpretation, the existcnce in 
SBA of a local conformational change involving Cys343, in par­
ticular, and the segment '"'FFC'*' as a whole, would favor the 
spatial interplay of Thr and its environment within the active cleft. 
According to a proposed action mechanism, the water molecule 
HOHges. which is hydrogen bonded between Glusgo and Thr342, 
may attack the anomeric carbón, reverse the configuration, and 
produce ^-maltose (Totsuka & Fukazawa, 1996); in this respect, 
local conformational changes in the short segment where Thr342 is 
inserted may facilitate the way for a back-and-forth repetitive 
mechanism. 

The preferred side-chain conformations of cysteinyl residues in 
hélices are the ones that potentially form intrahelical hydrogen 
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bonds with carbonyl oxygens in the preceding tum of the helix 
(Gray & Matthews, 1984). Using the HBPLUS program (Mc­
Donald & Thomton, 1994), 46 hydrogen bonds (with Cys SG 
acting as a donor and the oxygen of the main chain as an acceptor) 
were found in more than 18,000 j8-strands from 1,700 highly re­
solved proteins present in the PDB; the great majority of distances 
ranged from 3.4 to 3.8 A (results not shown). These findings are in 
agreement with the equilibrium distance of 3.66 Á from donor to 
acceptor in a hydrogen bond between a sulfhydryl group and ox­
ygen (Gregoret et al., 1991). However, our search for interactions 
involving atoms of the segment 34ip-p(3343 reveáis that there is a 
short (2.38 A), very strong, low-barrier hydrogen bond between 
Cys343 SG and Thr342 O (the main-chain carbonyl oxygen) in the 
free enzyme. This is the first report of a low-barrier hydrogen bond 
involving a sulfhydryl group. It is interesting to note that the 
formation of such a bond can supply 10-20 kcal/mol (Cleland & 
Kreevoy, 1994). 

A second stabilizing element of the 34ipYQ343 sggment in the 
free enzyme is the Phe34i side chain, which is adjacent to the 
Cys343 SG and Thr342 O nucleophiles. These two nucleophiles 
perturb the ir electrón system of the aromatic ring. The nucleo-
philic effect of these two atoms is facilitated by the DHA angle that 
they form and which is almost planar (175.3°). Vigueta & Serrano 
(1995) have pointed out that there is a strong electrostatic inter-
actíon between the electronegative sulfur atom and the positively 
charged aromatic ring hydrogens. In our case, the exístence near 
the Phe34i ring of a second nucleophile, such as Thr342 O, should 
enhance the electrostatic effect. The formation of such an interact-
ing structure may supply additional energy to the * " F T C * " segment, 

The loss of ^-amylase activity in B. polymyxa for the mutated 
Cys^^'Ser enzyme variant (Uozumi et al., 1991)—and, to a lesser 
extent, of SBA activity (Totsuka et al., 1994)—may be bccause the 
hydrogen bond that is formed between Ser 0 0 and Thr O (Ser323 
OG and Thr322 O for B. polymyxa) has a different potential func­
tion, In order to understand the functioning of the active cleft of 
(8-amylase better, both single and double mutants should be formed 
by combining mutations such as Cys^'^Ser, Cys^'Thr, Tlir'-'^Ser, 
and Phe^ '̂T^r for SBA or in equivalent positions for the corre­
sponding sequences for other species, 

It can be concluded that the low-barrier hydrogen bond between 
Cys343 SG and Thr342 O is essenlial if the enzyme is to rcmain in 
its native and metastable form while waiting for the 34'FTC^'*' 
segment to adopt a more relaxed form when the substrate is bound 
to the enzyme, Generally speaking, this is the way our postulated 
"trap trigger" would function within the active cleft. 

Final remarles 

At present, the SBA is the only known crystallized E,C. 3.2,l,x 
enzyme (with 0/a)g-barrel folding) with considerable changes in 
both the main- and side-chain dihedral angles of the ̂ -sheet barrel 
core during ligand binding, Only two other glycosyl hydrolases 
(with the same folding) are known to be crystallized, from a single 
source, in the absence and in the presence of a ligand and they 
show either limited rotamer transitions (endoglucanase CelC) or 
no conformational variation (hevamine A) in their barrel core. 

In this work, we provide computational evidence for the SBA, 
which shows the metastable conformation of a short sequence 
segment in the active-site cleft for the free enzyme and a more 
relaxed confonuational arrangement of the same segment for the 
ligand-bound enzyme. In accordance with our results, we propose 
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an all-or-none-effect mechanism (the "trap trigger" mechanism) to 
adapt the ligand to the catalytical site. Glycosyl hydrolases with a 
TIM-barrel-iike catalytical domain might commonly use confor­
mational transitions similar to the ones we found in the strand 
of )3-amyIase to degrade polysaccharides. Whether such results can 
be extrapolated to other glycosyl hydrolases that share this folding 
is an issue that, in our opinión, merits further experimental atten-
tion. However, before such computational work can be done, more 
examples of both free and ligand-bound glycosyl hydrolases should 
be resolved by crystallographers. 

Our proposal that ̂ -amylase has a "trap trigger" mechanism that 
makes it easier for the ligand to adapt to the active sites supports 
the general hypothesis for enzymes postulated by Herzberg and 
Moult (1991) and by Shoichet et al. (1995). 

Materials and methods 

Three-dimensional data for SBA (Mikami et al., 1993; Mikami 
et al., 1994) were imported from the last on-line reléase of PDB 
(Bernstein et al., 1977) (http://www.pdb.bnl.gov/cgi-bin/browse) 
using the Netscape navigator application v3.0 Gold installed in a 
Macintosh personal computer and connected to the WWW server 
via the Internet. The PDB entries found were IBYA, IBYB, IBYC, 
IBYD, and IBTC; resolution: 2.2, 1.9, 2.2, 2.2, and 2.0 Á, respec­
tively; «-factor: 0.169, 0.149, 0.149, 0.145, and 0.177, respec­
tively. The enzyme was found to be free (IBYA) or to form a 
complex with substrates (IBYB, IBYC, IBYD) or an inhibitor 
(IBTC). The sequences for the five structures were identical. The 
current on-line versión of SCOP (http://scop.mrc-lmb.cam.ac.uk/ 
scop/) (Murzin et al., 1995) was used to search for other glycosyl 
hydrolases with a TIM-barrel-like structure that are crystallized in 
the absence and in the presence of ligands from a single source. 

Sets of coordinates that best fitted the five 3-D structures were 
obtained by using the ASSEMBLING program, written in FOR­
TRAN 77 (G. Pujadas & J. Palau, unpubl.) and were merged in one 
file so that the conformational changes and water movements be­
tween stmctures could be easily identified on the same computer 
screen. Backbone and side-chain traces, for the whole chain, were 
inspected for variations with the RasMol program (v2.6, Glaxo 
Research and Development, Greenford, Middiesex, United King-
dom) (Sayle & Milner-White, 1995), using a Silicon Graphics 
índigo^ XZ. The conformational changes were identified by com-
paring superposed stracture segments of about 50 residues from 
the whole set of homologous sequences. Relative distances that 
might reveal interactions in which atoms of the 3'»ipp(^343 segment 
particípate were also examined with RasMol. Interactions qualified 
as hydrogen bonds with acceptable geometries were determined 
with the HBPLUS program, v3.15 (McDonald & Thomton, 1994). 

The distances between the two pairs of opposite CA atoms in a 
layer and the angle between the two defining segments were mea-
sured for the six CA-layers that constitute the SBA (/3/a)8 scaffold 
by using the atom coordinates provided by the respective PDB 
files in an Excel v4.0 worksheet. The dihedral angles for both 
backbone and side chains were obtained from the measures func­
tion of MAGE v4.2 (Richardson & Richardson, 1992). The atoms 
used to calcúlate the different dihedral angles were the ones rec-
ommended by the lUPAC-IUB (lUPAC-IUB, 1970). 

In order to ensure that the conformational change in /36 was not 
an experimental artifact, the quality of the complete set of j8-amylase 
stractures, with special attention to the correctness of the ^'"FTC^''' 
segment, was tested with the "Biotech Validation Suite for Protein 
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Stractures" (http://biotech.embl-ebi.ac.uk:8400/). All the tools avail­
able in the Biotech analysis routines were used ("long check" 
option). The Biotech criteria compare the geometric characteristics 
(main-chain covalent bond lengths and bond angles, planarity of 
aromatic groups and sp̂  side-chain end-groups, main and side-
chain dihedral angles, non-bonded interactions, main-chain hydro­
gen bonds, etc.) of the query stractures with standard valúes derived 
from high quality and reliable stractures. The above analysis rou­
tines are part of Prochek v.3.0 (Laskowski et al., 1993), WHAT IF 
v4.99 (Vriend, 1990), and SurVol (Wodak et al, 1995), and are 
implemented in the Biotech WWW server. 

Rotamers were assigned by comparing the side-chain dihedral 
angles for Phe.-i4i, Thr342, and Cys343 in SBA, and Hisgo and HÍS91 
in endoglucanase CelC with our current )3-strand rotamer library 
(Table 3 for Cys, His, Phe and Thr and the Electronic Appendix 
Table for the complete set of amino acids). This library was de­
rived from a high quality, low sequence redundance set of 220 
protein subunits (resolution and /?-value less than or equal to 2.0 Á 
and 0.200; the average máximum homology allowed was 35%) to 
guarantee the correctness of the rotamer distribution and prevent 
sample overrepresentation. This set was obtained from the last 
1996 PDB_Select reléase (pdb_select.l996-Nov-ll) (Hobohm 
et al., 1992; Hobohm & Sander, 1994), downloaded via anony-
mous ftp from the EMBL server (ftp.embl-heidelberg.de/pub/ 
databases/pdb_select), and contained 10,335 residues (157 Cys, 
247 His, 541 Phe, and 732 Thr) in 1803 ;8-strands. In the case of 
Phe (and also Tyr (the Electronic Appendix Table)), the atom labels 
of the aromatic ring were corrected, if necessary, to comply with 
rale 2.3.2 of the lUPAC-lUB Commission (lUPAC-IUB, 1970). 
The nomenclature for Xi 's consistent with the one used by Janin 
et al. (1978), McGregor et al. (1987), and Blaber et al. (1994), who 
define trans (/), gauche" (g~), and gauche^ (g*) as dihedral 
angle distributions with mean valúes around 180", 60°, and -60° 
(or 300°), respectively (the nomenclature of g~ and g i s inter-
changed with respect to the definition of Ponder & Richards (1987)). 
The limits for the different conformations of the dihedral angles, 
which were used to sepárate coordinates into their rotamers, were 
obtained from the graphical distribution of their valúes without 
taking into account the secondary stracture of origin (results not 
shown). The Xi limits used were (a) Cys: í, 140/-130°; -100/ 
- 2 0 ° ; g- , 30/100°; (b) His: í, 150 / - I20° ; g+, - 1 1 0 / - 3 0 ° ; g', 
20/90°; (c) Phe: í, 150/-130°; g +, - 1 2 0 / - 3 0 ° ; g 3 0 / 1 0 0 ° ; and 
(d) Thr: /, 150/ -140°; g*, - 1 3 0 / - I 0 ° ; g", 10/100°. The X2 
limits for Phe are 0/180°, whereas for His the valúes are 150/ 
- 1 5 0 ° (í), - 1 5 0 / - 1 0 ° (-90), and 30/150° (-F90), respectively It 
should be pointed out that these limits were only used to distribute 
the coordinates into the different rotamers while the library was 
being built, but the Results and Discussion sections refer to ex­
perimental limit valúes found from analyzing all the specific ro­
tamer distributions in /3-strands. 

Potential energy calculations were performed with the GRO­
MOS package (van Gunsteren & Berendsen, 1987) using coordi­
nates taken from the X-ray stractures (IBYA, IBYC, and IBTC). 
A few water molécules located in the environment, as well as the 
substrate or inhibitor molécules, were not considered in our cal­
culations. The potential energy of the short segments of the pro­
teins (Si'FTC^''^ and " 'AILNFFC'^) was calculated by descent 
energy optimization (one step; NIS field; no SHAKE algorithm 
used). This potential energy accounts for the contributions of the 
vibrational frequencies from the stretching and bending modes of 
each valence bond and internal rotations, as well as for the con-
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tributions of noncovalent interactions from the secondary and ter-
tiary structure (Gómez et al., 1995). By measuring energy (or 
enthalpy) changes or using forcé field calculations, in principie, en­
ergy can be assigned to a given process (Mark & van Gunsteren, 
1994). The cost of the potential energy used to carry out the local 
conformational transition was estimated by subtracting the energies 
calculated for the enzyme-ligand compiexes from the energy of the 
free enzyme. Energy minimization techniques yield only an ap-
proximation of the enthalpy and more often give semiquantitative 
rankings with uncertainties of +5 kcal/mol (Kuntz et al., 1994). 
Since forcé field calculations were made using quite similar pep-
tides in the two series of protein segments chosen, the enthalpy val­
úes obtained are expected to be more reliable (Kuntz et al., 1994). 
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• El multialineament del conjunt de seqüéncies de les p-amilases permet 
distinguir —amb claretat— dos grups evolutius, el de les plantes i el deis 
microorganismes. Aquesta conclusió —obtinguda inicialment a partir deis 
percentatges d'homologia entre les seqüéncies i la disposició deis forats 
(gaps en angles) en el multialineament— es veurá ratificada a nivell estructural 
amb posterioritat. 

• El multialineament del conjunt de seqüéncies de les p-amilases permet 
distinguir vuit segments —de longitud igual o superior a sis residus— que 
presenten —segons els alfabets de Karlin— un nivell elevat de conservació tant 
de les característiques estructuráis com de les químiques. Les seqüéncies 
consens de molts d'aquests segments —també anomenades motius— son 
característiques de les p-amilases. El conjunt d'aquests vuit motius constitueixen 
l'empremta de seqüéncia —sequence fingerprints en angles— de la p-amilasa. 
Es suggereix la importancia de poder elaborar una base de dades de motius 
basada en consideracions taxonómiques. 

• L'ánalisi combinat del multialineament de les seqüéncies d'ADN i del de les 
proteines, revela la presencia de mutacions que alteren localment la pauta de 
lectura —frameshift mutation en anglés— de l 'ADN. Aqüestes mutacions 
arriben a afectar al Glu del centre actiu de la seqüéncia SOY A M Y L A S E que 
canvia la posició 185 per la 186. Com que aquest Glu es troba en el llag L4 
—per tant dins d'una estructura flexible— el canvi de posició manté encara 
l'activitat enzimática. 

• L'evolució de la seqüéncia de la p-amilasa es veu restringida per la necessitat 
de conservar les zones imprescindibles peí manteniment de l'estructura i 
l'activitat enzimática. En aqüestes zones el procés de divergencia evolutiva 
ocorre a una velocitat baixa. Els segments corresponents a les zones no critiques 
per a ¡'estructura o la funció —llagos de l'extrem C-terminal del barril i hélices 
a— evolucionen de forma parsimoniosa a una velocitat relativament elevada. 

• El barril de la p-amilasa está constituít per sis plans perpendiculars a l'eix del 
barril. Cadascun d'aquests plans passa —aproximadament— per quatre carbonis 
a de residus encarats cap a l'interior del barril i que pertanyen a tires p 
alternades. Entre aqüestes capes cal distinguir les que son d'interacció 
—^proporcionen els residus que interaccionen a dins del barril— i les que no ho 
son (que son fruit de la propia geometría del barril). Les capes d'interacció de la 
p-amilasa son la 3, la 4 i la 5 (on l'ordre creixent indica la direcció C-terminal 
del barril). 
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• Les dues darreres capes de carbonis a del barril de la p-amilasa están formades 
pels mateixos residus —tot i que no pels mateixos codons— amb independencia 
del ser viu de procedencia. 

• Alguns deis residus de les capes 2, 3 i 4 — i en posicions molt especifiques 
dins d'elles— son comuns per a totes les plantes i per a tots els 
microorganismes, pero no peí conjunt de p-amilases. Aquesta diferenciado 
entre plantes i microorganismes indicarla que la primera p-amilasa —l'enzim 
ancestre— va originar una molécula per a cadascun deis dos grups evolutius. 
Posteriorment els membres de cadascun deis dos grups han evolucionat a partir 
de la corresponent p-amilasa de segona generació. 

• La complexitat evolutiva que presenta la p-amilasa aconsella —com a requisit 
previ a qualsevol hipótesi globalitzant— estudiar l'evolució de cadascun deis 
barrils TIM per separat. 

• La conformado del tres darrers residus de la tira j36 de la p-amilasa de soja 
—segment 34ipxC343 ¿el motiu PgLó— és la mateixa si l'enzim es cristaMitza 
Iliure o en presencia de l'inhibidor a-ciclodextrina. Per la seva part, el segment 
presenta la mateixa conformado quan l'enzim es cristaMitza en presencia deis 
substrats maltosa o maltal. No obstant, la conformació del segment és diferent 
en l'enzim Iliure —o amb inhibidor— de la que presenta en els seus complexes 
amb la maltosa i el maltal. Aixó vol dir que l'unió del substrat provoca un canvi 
conformacional de la part C-terminal de la tira p6- Aquesta transido comporta 
canvis tant a nivell de cadena principal —posició en el diagrama de 
Ramachandran— com de la seva cadena lateral (canvi de rotamer de Thr342 i 
Cys343). L'análisi comparativa de les energies potenciáis, les poblacions 
rotámeriques i les posicions al diagrama de Ramachandran, suggereixen que la 
conformació corresponent al complex enzim-substrat és mes estable que la de 
l'enzim Iliure. Per tant, el mecanisme catalític de la p-amilasa, requereix — t̂ot i 
que ser imprescindible per l'activitat enzimática— que el segment 34ipxC343 
tingui una conformació metaestable per tal d'aconseguir un nivell óptim 
d'eficiéncia catalítica. 
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Deciphering the structural code for proteins: Four 
high-resolution rotamer librarles of amino acid 
residues in hélices, p-strands, turns and coils. 
Gerard Pujadas and Jaume Palau 

Unitat de Biotecnologia Computacional, Departament de Bioquímica i 
Biotecnologia, Universitat Rovira i Virgili, Plaga de la Imperial Tárraco, 1. 
Tarragona 43005, Catalonia (Spain). 

Address for correspondence: Jaume Palau, Unitat de Biotecnologia 
Computacional, Departament de Bioquímica i Biotecnologia, Universitat 
Rovira i Virgili, Plaga de la Imperial Tárraco, 1. Tarragona 43005, Catalonia 
(Spain), phone 34 (77) 55 95 65, fax 34 (77) 55 95 97, e-mail: 
palau@quimica.urv.es 

Short title: High-resolution rotamer librarles 

Subject classification: Proteins. Molecular structure. 

Footnotes: a) Programs and routines (unpublished) were written in FORTRAN 
77 and compiled and executed in an índigo^ X Z Silicon Graphics Workstation 
by the authors of this paper; b) rotamer libraries and comparisons of the results 
using the 1996 and 1994 samples may be obtained by e-mail as a set of 
FileMaker databases (pujadas@quimica.urv.es); c) references within the text for 
available unpublished rotamer libraries have a slash between the last author and 
the year. 

Abbreviations: Brookhaven Protein Data Bank (BPDB). 
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Summary 

In general, the quality of a rotamer library depends on the crystallographic 
quality of the structures used, the size of the sample and the homology threshold 
among these structures. Side-chain building in homology-based models, either 
for protein design or for folding simulations, largely depends on the quality of 
the rotamer library used. In our revisión of the bibliography we found that the 
rotamer librarles described to date had not been validated, that is to say, whether 
librarles are significantly affected by updating protein samples or whether the 
data reported by different authors are equivalent or not. Moreover, for structural 
analysis, modelling and design purposes it also seems to be advisable to have 
reliable high-resolution librarles available for each element of the secondary 
structure (helix, p-strand, turn and coil). The purpose of the present work is to 
fulfil these two requirements. We demónstrate that some nonsecondary-
structure dependent rotamer librarles (which we define as averaged rotamer 
librarles) are already stable as far as sample updates are concerned whereas 
other rotamer libraries included in the bibliography should not be used. We also 
demónstrate that published rotamer libraries derived from particular secondary-
structure elements are incomplete and uncertain. Consequently, we processed 
four new, refined libraries specific for the different secondary structures. We 
validated three of these libraries (for hélices, p-strands and coils). The valúes in 
our turn library are not yet stable; however, our more recent library for tums 
should be useful for modelling purposes, Finally, we study how rotamers in 
helical, p-strand and coil libraries are affected by the "syn-pentane" effect. 

Keywords: rotamer library; side-chain conformation; secondary structure; coil; 
syn-pentane effect. 
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Introduction 
The study of side-chain conformation in naturally occurring amino acids and the 
factors that govern this conformation has been an important subject of study 
since the middle 60's (Ramachandran & Lakshminarayanan, 1966; 
Ramachandran et al., 1966) and it gave rise to a series of papers published 
during the 60's and 70's mainly by scientists from the Centre of Advanced Study 
in Biophysics of the University of Madras (India). The lack of crystallised 
protein structures led to the first studies being made on amino acid containing 
compounds or short peptides as models (Ramachandran & Lakshminarayanan, 
1966; Ramachandran et al., 1966; Sasisekharan & Ponnuswamy, 1970; 
Ponnuswamy & Sasisekharan, 1970a,b). The first studies which made use of the 
protein crystal structures available were made by Chandrasekaran & 
Ramachandran (1970) and Lipkind & Popov (1971). These authors studied the 
distribution of the dihedral angle valúes for the side-chain conformations of 
amino acid residues in myoglobin and tosy 1-a-chymotrypsin (both studies) and 
lysozyme (Chandrasekaran & Ramachandran study only). Chandrasekaran & 
Ramachandran (1970) found that the conformations in proteins were, in general, 
similar to those observed in previous studies in simple amino acid and peptide 
structures (exceptions being the conformation of %2 for Asp and Asn and Xs for 
Glu and Gln). In this respect, they found that, as previously shown for amino 
acids and peptides (Ramachandran & Lakshminarayanan, 1966), the Xj"̂  atom is 
located around 60,180 or -60° with respect to the dihedral angle which it forms 
with Ni, C i " and Ci^ (%i angle). They also demonstrated a good correlation 
between the experimental side-chain conformations in proteins and their 
theoretical distribution [obtained from a ((^,\|í)~plot (contact map) based on an 
extreme limit contact criteria for each Xi or X1/X2 valué depending on the side-
chain length]. The authors also showed that the dihedral angles of 60, 180 and 
-60° mentioned above are not exclusive to Xi and are always found in side-chain 
atoms bonded to a previous atom with a tetrahedral coordination. Lipkind and 
Popov's results show that there is good agreement between the conformations 
found for residues in proteins and the geometry of the optimum forms for their 
corresponding methylamides of N-acetyl-peptides. 

At the same time, the mutual influence between the side-chain and backbone 
conformations was also studied (Leach et al., 1966; Kotelchuck & Scheraga, 
1968; Ponnuswamy & Sasisekharan, 1970a,b; Lipkind & Popov, 1971; 
Sasisekharan & Ponnuswamy, 1971). The results found by Ponnuswamy & 
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Sasisekharan (1970a,b) suggested that the preferred backbone confonnations in 
the N - and the C-terminal positions of a polypeptide chain partially depend on 
the presence and nature of side-group atoms at the beta and gamma positions 
(and vice versa) and not beyond. Sasisekharan & Ponnuswamy (1971) found for 
Phe, Tyr and Trp a correlation between the orientations of the two peptide 
planes and the planar group of the aromatic side-chain. Their results indicated 
that while the gamma atoms have definite and characteristic effects on the 
backbone rotational angles (|) and \\f, the delta atoms and beyond have no effect 
on their preferred valúes. Lipkind & Popov (1971) also detected correlations 
between backbone and side-chain conformations in protein structures (similar to 
the correlations previously found for isolated dipeptides). For these authors, this 
demonstrates the important role that short-range interactions between backbone 
and side-chains play in the formation of the secondary structure of the protein. 
To sum up, these works revealed the existence of a mutual dependence between 
backbone and side-chain conformations. 

Janin et al. (1978), using 19 crystallised protein structures at a resolution of 
2.5Á or better, analysed the conformation of amino acid side-chains in proteins. 
They found that the correlation between main and side-chain conformations was 
only slight and they put this down to the fact that the side-chain was perturbed 
by steric hindrance caused by the secondary structure (and in the case of Ser and 
Thr, through side-chain to main-chain hydrogen bonds). Other "classical" 
studies of the conformations of the different side-chains were made at the end of 
the 70's (Bhat et al., 1979) and the first half ofthe 80's (Benedetti et al., 1983; 
James & Sielecki, 1983; Gray & Matthews, 1984). 

To our knowledge, the term "rotamer" was first used in protein science as a 
synonym for amino acid "side-chain conformer" by Lipkind & Popov (1971), 
and was popularised by Ponder & Richards (1987) who associated the term with 
a set of residues for all amino acid types whose Xi dihedral angles had the same 
side-chain spatial arrangement. In an attempt to formúlate an algorithm which 
could supply a list of internal residue sequences compatible with a known core 
structure, Ponder & Richards (1987) defined the concept of "rotamer library". 
This consisted of a large table containing all the rotamers found for each residue 
and their characteristics (number of residues inside the rotamer, percentage of 
amino acid residues in the rotamer and mean and standard deviation for the 
different %¡ dihedral angles used to distribute residues in the corresponding 
rotamers). The characteristics of subsequent rotamer libraries (McGregor et al., 
1987; Tuffery et al., 1991; Dunbrack, 1993; Dunbrack & Karplus, 1993; 
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Schrauber et al., 1993; Blaber et al., 1994; Dunbrack/1996 and Dunbrack/1997) 
in general have the same scheme. Ponder & Richards (1987) showed that 17 of 
the 20 amino acids (omitting Met which was very rare in their sample and Lys 
and Arg due to their great flexibility and poorly determined state) could be 
represented adequately by 67 side-chain rotamers if only Xi and j/i were used 
(and X3 for certain cases in Gln). In the same year, McGregor et al. (1987) and 
Píela et al. (1987) confirmed the mutual conformational constraints imposed by 
the backbone and the side-chain. 

McGregor et al. (1987) analysed the relationship between side-chain 
conformation and secondary stracture in globular proteins in a sample made up 
of 61 high-resolution (< 2.0Á) protein stmctures. Their main conclusions were: 
a) for most a-helical side-chains, there is no g" conformation in the %\ dihedral 
angle distribution, and this is compensated for by a shift towards the t 
conformation (in comparison with non-a/non-(3 stractures); b) in short polar 
side-chains inside a-helices there is a % i preference for g^ which forms 
hydrogen bonds with the main-chain; c) the backbone affects side-chain 
dihedral angles which are a long way from it (X2, Xs and Piela et al. (1987) 
focused their analysis on the conformational constraints that affect the side-
chains in a-helices. In agreement with results found by McGregor et al. (1987), 
they showed that the Xi-rotamer with a mean valué of around 60° (g') is nearly 
excluded from the a-helix by steric hindrance, whereas the relative populations 
of the other two rotamers, with mean valúes of around ±180 and -60° (t and g"̂  
respectively), are different from their global distribution, due to steric 
interactions and a reduction in hydrogen-bonding possibilities. 

While searching for algorithms to quickly optimise side-chain conformations 
which were to be placed in a polypeptide backbone, Tuffery et al. (1991) used 
dynamic cluster analysis to determine the number of rotamers accessible for 
each amino acid. These authors worked out an averaged rotamer library, 
because they did not take into account the influence of secondary stracture on 
side-chain conformations. 

The increase in the number of known X-ray protein stractures during the present 
decade has allowed more specific rotamer libraries to be developed. In an effort 
to determine amino acid propensities in a-helices within the context of a folded 
protein, Blaber et al. (1994) examined the side-chain conformation found in 100 
well-refmed protein stractures. This study divides residues into three categories: 
a) residues in a nonhelical conformation; b) internal residues in hélices (i.e. end 
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residues excluded); and c) internal residues within hélices with side-chains 
which are at least 50% exposed to solvent (called by the authors "surface 
helical" residues). The corresponding rotamer libraries were produced for the 
nonhelical, internal helical and global samples. Their results about the 
negligible number of Xi conformations found in a-helices which can sterically 
hinder the hydrogen bond between i-i-1 and i-3 residues, coincided with those of 
other authors (McGregor et al., 1987; Piela et a l , 1987). 

Dunbrack (1993) and Dunbrack & Karplus (1993) developed backbone-
dependent and backbone-independent rotamer libraries and used the former to 
constract protein side-chain conformations from the main-chain coordinates. 
Both studies demonstrated that the backbone-dependent rotamer library was 
considerably better at side-chain prediction than the backbone-independent 
library. They also made a conformational analysis of the backbone-dependent 
and backbone-independent rotamer preferences of amino acid side-chains based 
on the "butane" and "syn-pentane" effects found in hydrocarbons (Dunbrack, 
1993; Dunbrack & Karplus, 1994). To study the distribution of the different %\-
rotamers in the Ramachandran map, Dunbrack and Karplus divided it into a grid 
of 20 X 20° blocks and counted the number of residues in each one. Their results 
indicated that the %i-rotamer populations are unequally distributed in the 
Ramachandran map and that in some regions there is almost exclusively only 
one rotamer (although in other regions there may be more than one, well-
represented Xi-rotamer). Steric repulsions are the reason why certain 
conformers are scarce in certain parts of the sterically allowed Ramachandran 
regions. 

Schrauber et al. (1993) suggested that the concept of rotamer is too strict to 
define real distributions of side-chain conformations in proteins. They argued 
that the set of amino acid side-chain conformations in globular proteins could 
not be considered as normally distributed around some rotamer points because 
outliers occur systematically. The presence of these outliers could be explained 
by the different environmental factors that the amino acid encounters in real 
protein structures. Of all the factors that influence side-chain conformation, the 
most important are the backbone torsión angles of the residue itself, the 
secondary structure in which the residue is located and the tertiary contacts with 
other residues far away in the sequence due to packing requirements. Despite 
this discrepancy, the rotamer concept has become fully accepted and is 
commonly used by the structural biology community. 
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At present, most papers published about side-chain conformations focus on their 
prediction and use in protein modelling [see reviews by Vásquez (1995 & 1996) 
and Table 1], their thermodynamic role in the protein folding process (Pickett & 
Sternberg, 1993; Stemberg & Chickos, 1994; Doig & Sternberg, 1995; Doig, 
1996), the comparison of the statistical distribution of side-chain conformations 
in proteins with similar distributions calculated from the low conformational 
States obtained from potential functions (Nayeem & Scheraga, 1994), or the 
Bayesian statistical analysis of protein side-chain rotamer preferences 
(Dunbrack & Cohén, 1997). 

One of the main aims of the present paper is to demónstrate that rotamer 
librarles must be validated as the high-resolution crystallised proteins increase 
in the BPDB. To this end we simultaneously derived two sets of rotamer 
librarles using the same quality cut-off and routines. The only difference 
between the two sets is that one was prepared from the protein structures 
available in March 1994 and the other from those available in November 1996. 
Rotamer librarles from these sets will be called Pujadas-Palau/1994 and 
Pujadas-Palau/1996, respectively. The quality of all libraries reported so far 
were successively compared with ours and we also compared both our libraries 
with each other and all the other libraries among one another. A second aim is 
to obtain and validate four reliable libraries for residues present in hélices, p-
strands, reverse turns and coils. The effect of "syn-pentane" interactions in the 
secondary-structure dependent libraries will also be discussed. 
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Results and Discussion 

66 

Comparative analysis of published averaged rotamer libraries. Are they 
exchangeable? 

Most rotamer libraries available at present are averaged rotamer librarles 
(Ponder & Richards, 1987; McGregor et a l , 1987; Tuffery et al., 1991; 
Dunbrack, 1993; Dunbrack & Karplus, 1993; Blaber et al., 1994; 
Dunbrack/1996; and, more recently, Dunbrack/1997). These libraries have been 
derived from different numbers of polypeptide chains [19 for Ponder & 
Richards (1987); 61 for McGregor et al. (1987); 53 for Tuffery et al. (1991); 
132 for Dunbrack & Karplus (1993); 184 for Dunbrack (1993); 100 for Blaber 
et al. (1994); 393 for Dunbrack/1996; and 589 for Dunbrack/1997]. Despite this 
variation in sample size, two of the oldest libraries (Ponder & Richards, 1987; 
Tuffery et al., 1991) have been predominantly used in programs for modelling 
or for predicting protein side-chain conformations (see Table 1). This is 
surprising considering that the quality of a rotamer library should be related to 
the size of the sample and that the accuracy of side-chain prediction 1 argel y 
depends on the availability of an unbiased rotamer library (Kono & Doi, 1994). 

To establish a quality control, we compared the available averaged rotamer 
libraries and quantified the differences. Our %i-averaged libraries (AV/Pujadas-
Palau/1994 and AV/Pujadas-Palau/1996) were also included in these 
comparisons. The parameters we compared were the proportion of residues in 
the different conformations and their corresponding mean valué and standard 
deviation for the dihedral angle in %i-based libraries. The procedures used to 
derive mean valúes and standard deviations for %i from previously published 
data, as if Xi had been the only dihedral angle to be used to distribute residues 
into different rotamers (Xi-based libraries), are described in Materials and 
Methods. Cut-off intervals and the Relative Quality Factor (RQF), both used to 
construct Tables 2 and 3, are also described in Materials and Methods. 
Differences between valúes for the same parameter and Xi-rotamer in a given 
pair of libraries were plotted as histograms, and the valué subtracted is always 
the one from the oldest library. Figure 1 compares all the averaged rotamer 
libraries available up to November 1996, from published reports and from 
Internet (for Dr. R.L. Dunbrack, only the 1996 library is compared), with 
AV/Pujadas-Palau/1996. The remaining cross comparisons, that include 
AV/Pujadas-Palau/1994 and the oldest Dunbrack (1993), and Dunbrack & 
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Karplus (1993) libraries, are not shown in Figure 1 but their most significant 
results are highlighted in Tables 2 and 3 respectively. 

Results in Figure 1 and also in Table 2 and 3 show that not all averaged rotamer 
libraries are equivalent. In particular, large differences are found when libraries 
developed before 1993 are used in the comparison. The averaged libraries from 
Tuffery et al. (1991) and Ponder & Richards (1987) -widely used in side-chain 
modelling and prediction (see Table 1)- have considerable differences with all 
other libraries if comparisons are made using proportions (see Table 2), mean 
valúes (see Table 3a) or standard deviations (data only available for Ponder & 
Richards, see Table 3b) for Xi . McGregor et al. (1987) yielded slightly better 
results with respect to Xi proportions than Tuffery et al. (1991) and Ponder & 
Richards (1987) (see Figure 1 and Table 2). It was not possible to derive mean 
valúes for X i and their corresponding standard deviations from the averaged 
McGregor et al. (1987) library. We would like to point out the considerable 
differences of the Pheg+, g- proportions in the Tuffery et al. (1991) library in 
comparison with the rest of the libraries (see Figure 1 and Table 2). The lowest 
differences found are 39.6% for PhCg"̂  and 27.5% for Pheg- when comparisons 
are made with data from Dunbrack & Karplus (1993) and Ponder & Richards 
(1987), respectively. The Xi proportions for Phcg"*" in Tuffery's results are in all 
cases lower than in the rest of libraries whereas the opposite is true for Pheg". 
These differences may be due to Tuffery et al. (1991) misinterpreting the g"*" and 
g- nomenclature rules for Phe (lUPAC-IUB, 1970). 

Results in Figure 1 and Table 2 clearly show that X i proportions reported since 
1993 are almost constant, whichever author is considered. In this respect, only 
17 out of 765 (2.2%) comparisons are outside the ±5% interval (see Table 2). 
Discrepancies are distributed among Cyst, ĝ , Glnt, g"̂ , Glug"̂  and Trpg"̂ , g' and the 
highest differences found are -7.2% for Glnt [Pujadas-Palau/1996 vs. Blaber et 
al. (1994)], -7.0% for Trpg+ [Dunbrack/1996 vs. Pujadas-Palau/1994] and -8.5% 
for Trpg" [Pujadas-Palau/1996 vs. Dunbrack/1996] respectively. Non-random 
differences beyond the +5% interval for Glnt, and Trpg"̂ , g" are found in 
comparisons with Blaber et al. (1994) and Dunbrack/1996 libraries, 
respectively. These differences might be attributed to abnormal conformational 
distributions of the two residues within the samples used by both groups. In 
general, the RQFs for the 15 possible library pair comparisons have valúes 
below 2.0% (see Table 2). This indicates that the differences in the X i 
proportions, either for the whole set of Xi conformations (t, g^ and g") or for 
each one by itself, are in general low. The only exception to this general trend is 
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the comparison between g"̂  for AV/Pujadas-Palau/1996 and Dunbrack & 
Karplus (1993) which has a valué which is slightly higher than this cut-off limit. 

Comparisons between the library pairs developed since 1993 are also good as 
far as the mean %i valué is concerned. This is reflected in Table 3a where only 
11 out of 510 (2.2%) differences have valúes outside the ±5° interval (all of 
which correspond to conformations with a Ci^ atom in the g" position which, in 
general, are the least numerous in the sample; see Appendix Table 1). No 
differences are found in the %i standard deviation beyond the ±5° interval, 
whether comparisons are made between Blaber et al. (1994) and Dunbrack 
(1993), between our two A V libraries or between Dunbrack/96 and each of our 
two A V libraries (see Figure 1 and Table 3b). There are significant differences 
between Blaber et al. (1994) and Dunbrack (1993), and the rest [14 out of 306 
valúes (4.6%) are outside the ±10° interval]. The RQFs for the mean valué and 
the standard deviation for %i (see Table 3) are in a good agreement with the 
outlier results (i.e., in a comparison, the lower the RQF valúes are, the lower the 
outlier population is). It is worth pointing out that, in general, the 
Dunbrack/1996 standard deviations for %i are lower than the equivalent valúes 
in AV/Pujadas-Palau/1996 (see Figure 1). 

To sum up, if only parameters for Xi-based libraries are considered, the quality 
of our two averaged rotamer libraries is similar to the latest ones available, with 
a few discrepancies (see Tables 2 and 3). The low frequency of outliers found in 
these comparisons is complemented with low RQFs whether the different X i 
conformations are globally taken into account or not (see Tables 2 and 3). 

For the record in this paper, Dunbrack's latest updated Internet library 
(Dunbrack/1997, bbind97.Aug.lib file, column p(rl234)) was also tested for the 
stability of its Xi parameters. These parameters were compared with those of all 
other Xi-based libraries but the results were very similar to when the 
Dunbrack/1996 library was used (results not shown). In a recent study about the 
influence of backbone accuracy on conformation stability in the rotamer space 
(Tuffery et al., 1997) a new library (Tuffery/1997, http://duc.urbb.jussieu.fr 
/rotamer.html) was created. We have not made any tests on this library since the 
lack of Information about the number of residues in each rotamer prevented us 
from deriving the X i conformational parameters. 
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Validation of %i parameters in AV/Pujadas-PaIau/1996 x¡-based libraries 

Using the same procedure as for % i , we compared the X2, Xa and X4 parameters 
in our AV/Pujadas-Palau/1994 and AV/Pujadas-Palau/1996 Xi-based libraries 
(with " i " ranging from 2 to 4). The question arises whether we have already 
reached almost stable valúes for X2, Xs and X4 parameters or whether future 
protein sample updates may lead to a higher level of stabilization of the X2-, X3" 
and X4- rotamer libraries. As shown in Materials and Methods, Xi was analysed 
by obtaining Xi-based libraries exclusively from their corresponding Xi dihedral 
angle conformations, and then calculating their Xi parameters and comparing 
data obtained from the 1994 and 1996 samples. The results obtained from these 
comparisons showed that there are no outliers when the more restrictive interval 
(±5) was considered (see Figure 2). From these results, we can conclude that the 
X2, X3 and X4 parameters in the corresponding A V Xi-based libraries had a 
degree of conservation that was similar to the one for Xi in the A V Xi-library. 
Therefore, our results demónstrate that the AV/Pujadas-Palau/1996 library has 
reached stable valúes for the Xi proportion, mean valué and standard deviation, 
if these parameters are analysed from AV Xi-libraries. 

Published secondary-structure dependent rotamer libraries lack of enough 
quality 

Some authors have developed rotamer libraries from secondary-structure 
elements of globular proteins with several purposes: a) to analyse any existing 
relationship with the main-chain structure (McGregor et al., 1987); b) to 
determine possible deviations from rotameric Xi valúes (Schrauber et al., 1993); 
c) to estímate variations in the side-chain entropy of an a-helix within the 
context of a folded protein (Blaber et al., 1994); and d) to analyse the Ncap 
rotamer preferences in a- and 3io- hélices (Doig et al., 1997). McGregor et al. 
(1987) observed preferred side-chain conformations inside a-helices, p-strands 
and non-a/non-p regions and Blaber et al. (1994) corroborated previous results 
in a-helices (Gray & Matthews, 1984; McGregor et al., 1987). The most 
important characteristic observed in a-helical rotámers was an almost complete 
absence of residues with a Ci"̂  atom in the g" position. For validation purposes, 
we developed Xi-rotamer libraries (N4-C4 for hélices and N3-C3 for p-strands) 
for the same structural elements which had previously been studied by 
McGregor et al. (1987) and Blaber et al. (1994) (see definitions in Materials and 
Methods). We did not valídate the results found by Schrauber et al. (1993) or 
Doig et al. (1997). In the Schrauber et al. (1993) library, proportions for the 
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different rotamers were given only for residues which have X i and, if necessary, 
%2 dihedral angle valúes within a ±20° interval around the corresponding 
canonical valué. In the Doig et al. (1997) library, the number of residues in 
Ncap positions is not large enough to be stable with respect to sample updates. 
The comparative analysis was made in a similar way as for the averaged 
rotamer libraries and so is also based on %\ parameters (which have been shown 
to be suitable for cross comparisons when using data from different authors). 

The helical parameters from McGregor et al. (1987) and Blaber et al. (1994) are 
significantly different, in particular for X i proportions (results not shown). 
Figure 3a shows the validation of X i parameters for the older helical libraries in 
comparison with the N4-C4/Pujadas-Palau/1996. From results in the figure, it 
appears that the Blaber et al. (1994) library is a long way from reaching stable 
X i parameters and, therefore, we recommend that it is not used. The "a-helix 
centre" library by McGregor et al. (1987) is very similar to N4-C4/Pujadas-
Palau/1996, as far as the X i proportions are concerned. From McGregor's 
results, we were not able to derive individual mean and standard deviation 
valúes of %\ for most residues (in this case there is a grey background) and so 
we could not properly validate these parameters. However, in the few cases that 
it was possible, considerable variation was observed. By comparing N4-
C4/Pujadas-Palau/1994 and N4-C4/Pujadas-Palau/1996 (Figure 3a), we 
concluded that the proportions, mean valúes and standard deviations of our 
newest Xi-library are well validated, apart from a few outliers for the g' 
conformation. This conformation is poorly represented in hélices, as noted by 
McGregor et al. (1987), since there are steric clashes between the Ci^ atom and 
the main-chain hydrogen bond which consists of N-Hi+i as donor and Oi.3 as 
acceptor. We also noted (results not shown) that helical residues with a Ci'>' atom 
in the g' position are concentrated in the Ncap, NI and N2 residues, and these 
have not been taken into account when building these helical libraries. 
Therefore, we conclude that stable valúes are reached for X i parameters in the 
N4-C4/Pujadas-Palau/1996 rotamer library. 

Similar comparisons for p-strands are shown in Figure 3b. The McGregor et al. 
(1987) "p-sheet centre" library and the N3-C3/Pujadas-Palau/1994 were 
compared with N3-C3/Pujadas-Palau/1996. In the first case, the comparison 
reveáis large discrepancies, as well as a lack of Information for most residues 
(in this case there is a grey background). Unlike the results shown in Figure 3a 
for hélices, our two p-strand libraries do not reach stable valúes for X i 
proportions. However, stability is reached for mean valúes and standard 
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deviations for Xi> with a few exceptions (the most significant being the g" 
conformation). 

Summarizing the results in Figure 3, we conclude that the helix and p-strand 
libraries developed by McGregor et al. (1987) and Blaber et al. (1994) are not of 
sufficient quality and should not be used as specific secondary-structure 
libraries in side-chain modelling or analysis. 

Secondary-structure dependent rotamer libraries. Are they necessary? 

In recent years, some authors have pointed out that rotamer libraries should be 
used which reflect the influence of the environment on the side-chain 
conformational preferences. "Environmental" factors have been included in 
rotamer libraries by using different approaches and side-chain conformational 
prediction improved considerably. On the basis of earlier results about the 
mutual influence between the side-chain and backbone conformations (see the 
Introductory remarks), Dunbrack (1993) and Dunbrack & Karplus (1994) 
analysed the relation between main-chain and side-chain conformation on the 
basis of well-known steric repulsions observed in hydrocarbons. These studies 
allowed these authors to develop a backbone-dependent rotamer library where 
the Ramachandran map is divided into a grid of 20 x 20° <t>r¥ blocks and side-
chain conformational parameters are given for each one (Dunbrack, 1993; 
Dunbrack & Karplus, 1993). This means that their backbone-dependent rotamer 
library is not properly a secondary-structure dependent library, since # and W 
angles for residues in coil and turn structures are found to be overlapped in 
typical áreas for right handed a-helices and p-strands in the Ramachandran map. 
Chinea et al. (1995) proposed using position-specific rather than generalized 
rotamers in order to improve the quality of side-chain positioning when building 
models by homology. According to these authors, this may help to make 
modelling methods more robust. More recently, Ogata & Umeyama (1997) have 
incorporated Information about the structural environment for the side-chains as 
vectors. These vectors have been obtained from a principal component analysis 
of X-ray structures and represent the variance of the main-chain atom positions 
around side-chains. A l l three approaches described in this paragraph are 
therefore related to main-chain conformation [although in a different manner to 
the approaches used by McGregor et al. (1987), Blaber et al. (1994) and the 
present paper, which are more closely related to secondary structures]. 

At present, the development of specific rotamer libraries for hélices, p-strands, 
turns and coils is useful for correlating conformational propensiües with 
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secondary stracture. These libraries can have several different uses: a) side-
chain conformational errors can be determined more accurately by analysing the 
presence of infrequent rotamers or large deviations of their %¡ dihedral angles 
from the canonical valúes; b) the effect of the binding process on the 
enzyme/substrate or enzyme/inhibitor surface can be studied and the 
conformational changes associated to catalysis evaluated and analysed (Pujadas 
& Palau, 1997); c) possible interactions in mutant proteins can be evaluated by 
molecular modelling; etc. In general, most of the side-chain modelling or 
prediction methods shown in Table 1 could be easily adapted to make use of 
these highly specific libraries. 

Whether Xi conformational parameters (proportions, mean valúes and standard 
deviations) inside the different types of secondary stracture are stable and 
reliable and whether these parameters are different from the ones in the 
averaged library, are both issues that need careful attention. 

Setting up of three sets of secondary-structure dependent Xi-rotamer 
libraries. 

Because data from previous reports (McGregor et a l , 1987; Blaber et al., 1994) 
are scarce and, in general, do not appear to be of sufficient quality (see the third 
section of Results and Discussion), we worked out Xi-based X-libraries (where 
"X" stands for "H", "B" or "C" in helix, p-strand and coil libraries, respectively). 
In order to valídate results from these libraries, we developed two sets of 
rotamer secondary-structure dependent libraries (X/Pujadas-Palau/1994 and 
X/Pujadas-Palau/1996) which were made up of the above mentioned Xrbased 
libraries which were then used to valídate the corresponding Xi parameters. The 
1996 set of libraries contains present-day data (November 1996) whereas the 
1994 set is taken as a reference for validating stability. As in previous 
comparisons (see Figure 2), the valué subtracted corresponds to the 1994 
library. Only a portion of protein chain stractures are common to both samples 
and therefore the two rotamer library sets are expected to maintain a high degree 
of independence (see Table 4). 

The various Xi parameters (proportions, mean valué and standard deviation, with 
" i " ranging from 1 to 4) in hélices, p-strands and coils were compared for both 
Xi-based sets and the results are shown in Figure 4. If the results in this Figure 
are compared with the ones in Figure 2 (which shows valúes for the comparison 
of the Xi-based averaged libraries), difference valúes, in general, are higher in 
Figure 4. The fact that the samples for the three types of secondary stracture are 
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much smaller than the global sample, explains why stability has apparently not 
yet fully been reached for the three structural rotamer libraries, 

Even so, differences in helix, p-strand and coil Xi-libraries are, in general, low 
for the percentages [for example, the biggest differences found are for the Xi 
valúes of Cyst, in hélices (-11.4 and 10.6% for t and g"̂  respectively)]. In this 
sense, only a few differences were found beyond the ±5% interval (26 out of 
276 comparisons, which is 9.4%). The outliers found are the following: a) Cyst, 
g"̂ , Hist, g ,̂ Serg"̂  and Tyrt, g"*" in hélices, GlUg^, Glut, Hist, and Trpt, g in p-
strands and Cysg"̂ , g' and Mett, ĝ  in coils for Xi ; b) His.90 and Mett, g in coils for 
X2 and c) Mett in hélices, Argt, g and Metg"*", g" in p-strands and Metg' in coils for 
X3. Therefore these results are better than the ones obtained when comparing the 
Xi proportions in Ponder & Richards (1987), Tuffery et al. (1991) [which are 
the two libraries most frequently used in side-chain modelling and prediction 
(see Table 1)] and McGregor et al. (1987) with AV/Pujadas-Palau/1996. The 
valúes outside the ±5% interval in these vahdations are 29.4, 17.6 and 23.5%, 
respectively (see Table 2). 

Differences for the mean Xi valúes are also low. The outliers are the following: 
a) Argg- (5.8°) and Metg" (13.8°) in hélices for Xi ; b) LeUg+ (8.5°) in hélices, 
Metg- (-8.3°) and Trp.90 (-7.5°) in p-strands and Ilcg" (-9.8°) in coils for X2; c) 
Argg- (-5.1°) in coils for Xs and d) LySg"̂  (5.7°) in p-strands for X4- It is worth 
mentioning that the Xi dihedral angle deviations which occur inside hélices are 
associated with underrepresented Xi-rotamers. For example, the proportions of 
all Xi-rotamers in hélices for Argg' and Metg" are 4.1 and 2.8% respectively 
whereas the proportion of X2-rotamers in hélices for Leug^ is 1.7%. The rest of 
Xi dihedral angle deviations found in coils, and specially in p-strands, belong to 
quantitatively important Xi-rotamers (Metg" and Trp.90 for X2 in p-strands, Argg^ 
for X3 in coils and LySg"̂  for X4 in p-strands represents a 8.9, 28.6, 22.3 and 
17.8% of their Xi-rotamers, respectively). In all cases, the above proportions 
refer to the 1996 sample. The standard deviations of mean Xi valúes in the 1994 
and 1996 libraries (Figure 4) show a high stability. Only five outliers for the ±5° 
interval were found: Glug' for Xi in hélices (-7.6°), LySg^ for Xi in p-strands 
(5.4°), Glng- for Xi in coils (-6.0°), Metg" for X2 in hélices (6.4°), Leug+ for X2 in 
coils (5.7°). 

Summarizing the Information shown in Figure 4, we can conclude that our 
particular Xi-libraries for hélices, p-strands and coils (accounting for Xi 
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proportions, mean valúes and standard deviations) have reached a great level of 
stability. 

The question arises whether there are advantages in using structurally specific 
rotamer libraries instead of using global ones, such as AV/Pujadas-Palau/1996 
or Dunbrack/1997. According to Dunbrack & Karplus (1994) the main-chain 
dihedral angles O and ¥ influence the side-chain conformation largely by 
means of syn-pentane interactions of y atoms with C'i-i and Nj-H—O (€>) on the 
one hand and Oj and Ni+i (T) on the other. This indicates that the most 
characteristic discrepancies between averaged and secondary-structure 
dependent libraries are expected to be found for the Xi parameters. In 
accordance with this idea and using Xi-based libraries, we compared the 
parameters found in AV/Pujadas-Palau/1996 and X/Pujadas-Palau/1996 (where 
"X" stands for "H", "B" or "C") and the results are shown in Figure 5. The valué 
subtracted was the one from the averaged library. Considerable discrepancies 
were found for proportions and also for the other two parameters (mainly in 
hélices). In this respect, the most noteworthy differences in the mean valué and 
standard deviation for belices are found for the g conformation (and also for the 
Thrt mean valué). These discrepancies in hélices are probably related with the 
presence of the main-chain hydrogen bond with N-Hi+i as donor and Oi-3 as 
acceptor. This hydrogen bond produces steric clashes with Ci^ atoms in g" 
conformation (as is also the case for Thrt) which need to deviate from the 
canonical +60° dihedral angle valué in order to minimize the repulsions. In most 
cases, the presence of this type of steric interaction forces the helix to bend 
(unpublished observation). The modérate discrepancies for the mean valué and 
the standard deviation in p-strands are probably due to the intramolecular 
hydrogen bonds connecting the p-sheets. It should be pointed out that the coil 
residues in Figure 5 have mean X i valúes that are slightly higher than in 
averaged libraries. 

We conclude that the use of secondary-structure dependent rotamer libraries is 
fully justified in the case of hélices, p-strands and coils because, at least, X r 
rotameric parameters can be described as stable valúes (see Figure 4) which are 
different from equivalent valúes in a validated averaged Xi-rotamer library (see 
Figure 5). 
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The %i-tura rotamer libraries 

By using the same procedure as in the section above, %i-turn libraries were made 
for 1994 and 1996 samples and the stability of the %i parameters was analyzed. 
By comparing both sets of %i-libraries (T/Pujadas-Palau/1994 and T/Pujadas-
Palau/1996), it was observed that there are considerable differences between the 
parameters of some residues (see Figure 6a). The valúes beyond the ±10 interval 
are: a) for the proportions: Hisg"*" and Metg"̂  for Xi» His.90,90, Het, Leut, Metg"*̂  
and Trp.90 for X2 and Metg"̂ , g" for Xa; b) for the mean valúes: PhCg' for X i , Metg" 
for X2, Argg- and Mett, for Xs and Lysg"̂  for X4; c) for the standard deviation: 
Phcg- and Thrg"̂  for X i , Metg" for X2 and Mett, g"̂  for X3- One explanation for the 
high variations may be the low number of tum residues in both protein samples 
(1261 and 843, respectively if Ala, Gly and Pro residues are not considered). 
Another explanation could be the fact that there are different rotameric 
parameters at each position in the turn or that there are a variety of tum types 
within the sample. However, any analysis at the present time which divides the 
samples according to the positions or to the tum type would make statistical 
treatment impossible. In this sense, our 1996 tum library set has not yet been 
fully validated. However, as Figure 6b demonstrates, it is advisable to use the 
T/Pujadas-Palau/1996 Xi-library for modelling purposes, instead of 
AV/Pujadas-Palau/1996 Xi parameters, if a tum has been predicted for a given 
segment of the protein sequence. 

Rotamer libraries built up by combining dihedral angle conformations 
from Xi to X4 (full rotamers) and their validation 

Rotamer libraries can also be obtained by taking all successive dihedral angles 
that define the side-chain conformation as a single entity (i.e. Xi for Asn, Asp, 
Cys, Phe, Ser, Thr, Tyr and Val; from Xi to X2 for Gln, Glu, His, lie. Leu and 
Trp; from Xi to Xs for Arg and Met and from X i to X4 for Lys). It should be 
noted that some Xi dihedral angle distributions do not show well separated peaks 
[Asn and Asp (X2), Gln and Glu (Xs) and Arg (X4)] and have not been 
considered in order to define the full side-chain conformations of these amino 
acids. The resulting rotamers may be considered as "full rotamers" in contrast 
with the "Xi-rotamers" used up to now. In this way, we prepared two library sets 
for helical, p-strand, coil and averaged 1994 and 1996 samples. The results for 
the 1996 sample are presented in the Appendix (in the Appendix tables, Lys 
rotamers have been obtained using only dihedral angles from Xi to Xs). We used 
a similar analytical procedure for validation as in previous sets of Xi-libraries, 
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the only difference being that the stability of the mean and standard deviation 
valúes was tested for all %¡ dihedral angles used to define the corresponding 
rotamer. We only compared results from rotamers that were present in both the 
1996 and 1994 equivalent libraries. The most outstanding features of these 
comparisons are discussed in the paragraphs below. 

Although samples have now been split into smaller parts than when the Xi-based 
libraries were derived, only a small number of rotamers had differences in their 
proportions outside the ±5% interval (and no outliers are beyond the ±10% 
interval if rotamers defined by more than one Xi dihedral angle are considered). 
The outliers, classified according to the absolute valúes of the differences in the 
proportions, are: a) in the averaged sample: Cyst (-5.2%); b) in hehces: Cyst (-
11.4%), Cysg-*- (10.6%), Tyrg+ (-6.4%), Serg+ (5.9%), GlUg+t (-5.7%), Tyrt 
(5.3%), and Argg+tt (5.1%); c) in p-strands: Gln» (-7.8%), Metg+tg" (6.2%), Glug+t 
(5.9%), HiSg+90 (-5.8%) and Hist90 (5.7%); d) in coils: Cysg" (7.9%), CySg+ (-
6.7%), Metg+gV (6.4%), Trpg+o (-5.9%), Trpg+90 (5.7%), Glng't (-5.3%) and 
HiSg+90 (5.1%). 

Other characteristics that deserve some comment as far as the mean valúes are 
concemed are: a) an appreciable number of rotamers show differences that are 
outside the ±5° interval, for at least one mean Xi valué, (74 out of 198 total 
rotamers in the averaged sample, 72 out of 170 in hélices, 66 out of 158 in p-
strands and 79 out of 172 in coils); b) deviations found in hélices are not 
apparently related to the steric hindrance caused by the main-chain hydrogen 
bond between N-Hi+i and Oi-3 [only a third of the 39 outliers found for Xi are 
rotamers with a Cj'̂  atom in g' position]; c) only a few of the outliers for the 
±10° interval are quantitatively important [Trpto (5.4%) in the global sample; 
Metttg"" (4.9%) in hélices; Trpto (6.6%) and LySg+ttg" (5.2%) in p-strands; and 
Trpto (5.7%) and Metg'tg"̂  (5.3%) in coils; the number in parentheses indicates 
the proportion in the corresponding 1996 library]; d) an appreciable number of 
rotamers had stable mean valúes for all their Xi dihedral angles (all deviations 
within the ±5° interval) and most of these rotamers contain more than 5% of the 
residues for the corresponding amino acid in the 1996 samples (73 out of 198 
total rotamers in the global sample, 58 out of 170 in hélices, 71 out of 158 in p-
strands and 74 out of 172 in coils). As far as the standard deviation of the 
rotamer dihedral angles are concemed the differences are, in general, larger than 
those for proportions and mean valúes. Moreover, some of the outliers for the 
±5° interval are in quantitatively important rotamers: a) Mettg"g' (5.8%) for the 
averaged sample; b) Hist-90 (15.4%) for hélices; c) Hist-90 (15.6%), Metg+tg' and 
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Metttg+ (11.9%), G l ü g V (11.6%) and Trpt9o (10.2%) for p-strands; and d) 

M e t g V (18.6%), Glutt (13.5%), Metg^gV (12.4%) for coils. 

Disregarding turns, it can be concluded that the 1996 full rotamer libraries have 
reached a stability which is similar to that of Xi-based libraries. Therefore, the 
1996 specialised libraries (for hélices, p-strands and coils) should be suitable 
-better than older libraries- for modelling and for predicting side-chains in 
particular secondary structures. 

The "syn-pentane" effect in helical, p-strand and coil rotamer libraries 

Dunbrack (1993) and Dunbrack & Karplus (1994) demonstrated that the mutual 
dependence between main-chain and side-chain conformations may be 
satisfactorily described by well-known steric repulsions observed in 
hydrocarbons: the "butane" and the "syn-pentane" effects. They argued that the 
"syn-pentane" effect is not only restricted to the O/Xi and W x i dependence but 
that it may also extend along the whole side-chain and, therefore, strongly 
determine which (Xi, Xí+i 1 dihedral angle combinations are, or are not, allowed. 

The "syn-pentane" effect occurs only when there are two consecutive dihedral 
angles in gauche conformation, one of which is g"*" and the other g"; so we 
investigated the quantitative importance in hélices, p-strands and coils for the 

Xi, Xz} combinations which may cause this type of steric repulsión. It is worth 
pointing out that Dunbrack & Karplus (1994), and more recently Dunbrack & 
Cohén (1997), have studied the occurrence of (Xi, Xi+il pairs affected by "syn-
pentane" in their corresponding averaged libraries. The dihedral angle pairs 
which we have studied are coincident with the ones used in these papers. In the 
following results, the dihedral angle conformations are expressed as a function 
of Xi and X2 so that they can be more easily identífied in the full rotamer 
libraries (see Appendix tables). The (xi, X2} combinations are the following: a) 
|g-, g+l, {g+, g-}, {t, g+}, {g-, g-} for Arg, Gln, G l u , l i e . L e u (Q^i), L y s and 
Met; b) {g", t}, {g+, g+}, {t, t}, {g", g+} for Leu (Q^^) should be pointed out 
that there are "syn-pentane" interactions produced by {xi, X2} pairs other than 
{g", g"̂ } or {g"̂ , g"} when atoms which are not used in the defmition of Xi or X2 
(such as C'i and Cĵ )̂ particípate in the steric repulsions. For the {X2, Xs) pairs 
for Arg, Met and Lys, and (Xa, Xa} for Lys (not studied in this paper), the 
combinations are fg', g"*"} and {g^, g'}. 

In the following results, we have quantified the importance of these (Xi, X2} 
pairs as the proportion of residues with the same Xi conformation that belong to 
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a Specific %% conformation. Therefore, these proportions are correlated with the 
conditional probability p(X2l%i) and are analogous to the concept of conditional 
backbone-independent rotamer developed by Dunbrack & Cohén (1997). The 
valúes in parentheses and after the percentages, indícate the number of residues 
for the {%!, X2} pair. The most noteworthy characteristics are the following: a) 
{g", g"̂ } is only quantitatively important for Glu in hélices and coils [41.7% (30) 
and 37.6% (44) of Glu residues]; b) the proportions for {g\ g"} and {t,g^} are 
low [the máximum valúes found are 17.2% (90) for Leug"*"g' in p-strands and 
8.8% (17) for Lystg"̂  in coils]; c) {g", g'} is only relatively important for Leu in 
coils and p-strands [52.6 (10) and 51.7% (15), respectively] but it is less than 
15% for the rest (with a máximum number of 7 residues for lie in coils); d) the 
{g", g"̂ } pair does not appear in the Leu sample and the same is true of the Leu 
{g", t} pair in belices (see Appendix Table 1); e) the few Leu residues that have 
a g* conformation for Xi in p-strands and coils are distributed in the {g", t} and 
{g', g"} pairs (14 and 15 residues, for p-strands; and 6 and 10 residues for coils, 
respectively); f) when Xi for Leu is in the g"̂  conformation, then the {g^, g"̂ } is 
very rare (18 out of 1,006 residues in belices, 16 out of 524 in p-strands and 13 
out of 766 in coils); g) if Xi for Leu is in the t conformation, then the preferred 
conformation for X2 is g" which is the only one in which "syn-pentane" 
interactions do not occur (if X2 is g"*", the atoms responsible for the "syn-
pentane" effect are C'¡ and Cj^^ whereas if the conformation is t, then the effect 
is produced by the interaction of C'i with C¡^^). This is confirmed by our 
experimental results which showed that the range of proportions for Leu {t,t}, 
{t,g+} and {t,g-} are 11.8-8.3, 2.5-0.6 and 90.6-84.2% respectively (the 
percentages being taken from data in belices, p-strands and coils). In conclusión, 
the {xi, X2} pairs which are expected to be influenced by the "syn-pentane" 
effect are not quantitatively important whatever their secondary-structure origin 
(see Appendix Table 1). 

If we compare our results for the (Xi, X2} pairs affected by the "syn-pentane" 
effect with Dunbrack & Karplus' (1994), Dunbrack & Cohen's (1997) and 
Dunbrack/1997's (bbind97.Aug.condlib file obtained from Dunbrack's website, 
see the corresponding Materials and Methods section) the most significant 
conclusions are: a) the range of proportions for rotámers affected by this type of 
steric interaction in belices, p-strands and coils (from 4.7 to 2.6% for Arg, 10.0 
to 7.2% for Gln, 18.1 to 3.5% for Glu, 3.6 to 1.3% for lie, 19.9 to 12.1% for 
Leu, 6.3 to 3.6% for Lys and 7.3 to 2.3% for Met) are in good agreement with 
the results described by Dunbrack & Karplus (5% for Arg, 9% for Gln, 13% for 
Glu, 5% for lie, 18% for Leu, 7% for Lys and 6% for Met) and Dunbrack/1997 
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(4.6% for Arg, 8.3% for Gln, 12.7% for Glu, 4.1% for lie, 17.0% for Leu, 6.2% 
for Lys and 4.5% for Met); b) the low number of g" Xi-rotamers for Leu in 
hélices (0.2%), p-strands (2.9%) and coils (1.9%) is also consistent with the 
results obtained by Dunbrack & Karplus (1994) and Dunbrack/1997, who found 
that only less than 2% of rotamers for Leu have their % i angle within the 
+60±60° interval; c) deviations from the canonical dihedral angle valúes are 
found in hélices, p-strands and coils (hélices: from -41.2 to 44.5° and from -47.6 
to 47.6°; p-strands: from -34.1 to 17.3° and from -39.3 to 32.8°; coils: from 
-40.3 to 45.4° and from -31.0 to 39.8°, for Xi and X2 ranges respectively) 
although in a wider range than the 10-30° interval described by Dunbrack & 
Karplus (1994) or the range obtained from Dunbrack/1997 data (from -32.6 to 
24.5° and from -35.9 to 33.3°, for Xi and Xa ranges); d) for Phe and Tyr, our 
results when Xi has a t or a g" conformation for hélices, p-strands and coils are 
similar to those obtained for Phe by Dunbrack & Karplus (1994), 
Dunbrack/1997 and Dunbrack & Cohén (1997) in their averaged libraries (the 
mean X2 valúes for Phe and Tyr when Xi has a t conformation are: 76.4 and 
77.6° for hélices, 75.1 and 72.9° for p-strands, 73.7 and 74.3° for coils; the 
mean X2 valúes for Phe and Tyr when Xi has a g' conformation are: 85.0 and 
84.6° for hélices, 92.7 and 91.0° for p-strands, 89.0 and 89.4° for coils); e) when 
the Xi dihedral angle for Phe and Tyr is in the g* conformation, our results show 
a strong discrepancy between mean X2 valúes for hélices and coils (106.4 and 
113.2° in hélices, and 103.3 and 103.1° in coils for Phe and Tyr respectively) 
and for p-strands (94.4 and 93.7° for Phe and Tyr respectively). With respect to 
this last point, it is worth mentioning that valúes from the Dunbrack & Karplus 
(1994), Dunbrack/1997 or Dunbrack & Cohén (1997) averaged libraries for Phe 
(99,97.9 and 100°, respectively) are between our mean X2 valúes for hélices and 
coils on the one hand and for p-strands on the other (and therefore have the 
expected behaviour for an averaged sample), The same is trae for Tyr if 
Dunbrack/1997 data are used. We have not found any plausible interpretation 
for this discrepancy because X2 is not apparently affected by main-chain 
conformation. 

In conclusión the results presented above, for both percentages and for mean 
dihedral angle valúes, are in general only slightly affected by the secondary-
structure origin of the sample. So few discrepancies may be due to sample size 
limitations and therefore we conclude that, as previously demonstrated for 
averaged libraries (Dunbrack & Karplus, 1994), the "syn-pentane" fx i , X2} 
interactions are not only independent of the backbone dihedral angles but also 
of the secondary-structure environment. Other points of interest such as the 
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comparison of the X2,X3 and X4 distributions in hélices, p-strands and coils 
(which are expected to be nearly equal if the "syn-pentane" interaction is the 
long-range forcé that drives the side-chain conformation) or the analysis of the 
experimental results in our different rotamer libraries for {X2, Xs} and {Xs, X4} 
pairs affected by the "syn-pentane" effect and their comparison with 
Dunbrack/1997 píXztXs) and p(X3l%4) data will be the subject of further 
experimental attention in our research group. 

Final remarks 

In this paper we demónstrate that widely-used, averaged rotamer libraries 
(McGregor et al., 1987; Ponder & Richards, 1987; Tuffery et al., 1991) have 
clear inconsistencies in some of their Xi parameters. Such dissimilarities have 
been overeóme by the averaged libraries developed since 1993, which in most 
cases show comparable valúes for equivalent Xi parameters. This is a good 
example of knowledge-based research which yields high quality libraries with 
stable parameters, if the sample size is large enough. By increasing the sample 
size the parameters do not change anymore. 

To our knowledge, incomplete libraries for residues located in helical and p-
strand regions have only been reported by McGregor et al. (1987), Schrauber et 
al. (1993) and Blaber et al. (1994). The scarcity of results and the lack of 
validation for McGregor and Blaber libraries fully justify the development of 
new secondary-structure dependent libraries (adding turn and coil libraries), by 
increasing the protein sample, using new refined programs and algorithms and 
studying the full secondary-structure length. With the exception of the turn 
library, our secondary structure libraries for full rotamers have stable Xi 
parameters, as does our averaged library. It should be noted that the Xi 
parameters for the specific libraries clearly diverge from the averaged one, 
which shows that the latter is a linear combination of the secondary-structure 
dependent libraries. 

The increasing number of structures deposited in the BPDB will lead to more 
specific studies. One example is the analysis of the influence of the helical 
main-chain hydrogen bond on rotamers and the subsequent development of 
different helical libraries as a function of this influence (Ncap, N1-N2, N3, 
internal helical, C3-C1 and Ccap libraries). In this line of research, Doig et al. 
(1997) recently studied the N-termini side-chain rotamer preferences in hélices; 
they reported strong energetic and structural preferences for the N-termini 
rotamers which are very different from the results for positions within helix 
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interiors. Unpublished results in our group for Ncap, N1-N2, N3, internal 
helical, C3-C1 and Ccap helical segments also suggest strong and differentiated 
rotamer preferences (Pujadas & Palau, in preparation). 

Finally we would like to point out the importance of quantitative validation 
before accepting knowledge-based results. Studies and conclusions which are 
not validated in this way, although important and necessary from a qualitative 
point of view, must be considered carefuUy because they may be conditioned by 
sample limitations and therefore vary in future sample updates. At present, we 
recommend our specialised full rotamer libraries for prediction and modelling 
purposes. 

Materials and Methods 
Selecting the initial unrefíned sample 

The latest 1996 reléase of the PDB_Select (pdb_select. 1996-Nov-11 file) 
(Hobohm et al., 1992; Hobohm & Sander, 1994) was used as a source to prepare 
a working sub-bank of subunit structures. The file was taken from the E M B L 
ftp anonymous server via Internet (ftp address: ftp.embl-heidelberg.de; directory 
location: /pub/databases/pdb_select). To ensure the statistical representativity of 
the results obtained from current analytical approaches, the máximum 
homology cut-off allowed between structures, in the PDB_Select file, was 35% 
(which provides 842 subunits). From this set, only structures with X-ray 

o 

diffraction high quality parameters (resolution < 2.0A and R-factor < 0.200) 
were considered. Subunits lacking side-chain coordinates were also removed 
from the sample (2 subunits). In this way, the first working sample to be 
purified was a set of 314 protein subunits belonging to 304 different BPDB 
files. 
Refíning the initial sample 

The presence of 35 subunits in the working sub-bank with nondefined 
secondary-structure limits was revealed using our L S S L routine (Look for 
Secondary Structure Limits). In these cases, the limits were obtained by using 
the DSSP algorithm (Kabsch & Sander, 1983) applied to the corresponding 
BPDB files. The Information for the secondary-structure limits was taken from 
each DSSP file using our JR_BPDB_DSSP routine (Join Related BPDB and 
DSSP files) and incorporated into the corresponding BPDB document with a 
style that matched the Brookhaven format. Therefore, after the application of 
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the JR_BPDB_DSSP routine, all 314 subunits afforded Information about 
secondary-structure limits in a common format and were ready for use in the 
programs that foUow. 

The coordinates of the working subunit sample were carefully examined with 
our REF_COORD routine (REFine COORDinates) in order to prevent the 
presence of "irregularities". More specifically, the coordinates eliminated due to 
"irregularities" belong to: a) nonstandard protein amino acids; b) residues which 
lack at least one of their atoms; c) residues with more atoms than the standard 
number (due in most cases to chemical modifications); d) residues with all their 
atoms but not ordered in the standard mode; e) heteroatom coordinates (water, 
substrates, inhibitors, cofactors, etc.). Once the coordinates had been "purified", 
our routine SEP_COORD_ST (SEParate COORDinates from STructures) was 
used to distribute the coordinates of belices, p-strands, turns and coils into 
sepárate files according to the secondary-structure type each one belongs to. 
Secondary structures labelled HELIX in the BPDB files were pooled together; 
therefore, no distinction was made concerning the type of the helix (a or 3io). 
The same criterion was applied for structures labelled TURN in the BPDB. 
Before being accepted, the secondary structures were subjected to an exhaustive 
quality control by the self SEP_COORD_ST routine. Secondary structures 
with the following errors were rejected: a) incomplete secondary structures (due 
either to the lack of coordinates for at least one of their residues or to the lack of 
coordinates in the preceding or following residues which are necessary if the <E> 
and T dihedral angles for the first and last residue of the secondary structure, 
respectively are to be calculated); b) secondary structures superimposed on 
other secondary structures of the same or different type; c) p-strands and belices 
which are less than three and five residues long respectively; d) turns which are 
not four residues long. Once the quality test had been made, the number of 
subunits which provided at least one secondary structure to the sample 
coordínate files was 262 (see Table 4). This was the definitive datábase used in 
our study. Of these, 222, 218,105 and 258 subunits contribute at least with one 
helix, one p-strand, one turn or one coil, respectively. The characteristics of the 
study sample are: a) number of secondary structures: 1,262 hélices, 1,769 p-
strands, 450 turns and 2,959 coils; b) range in length of secondary structures 
other than turns: 5-48 residues for belices, 3-22 for p-strands, 2-44 for coils, 
and c) total number of sample residues: 43,698. The residue distribution in each 
secondary structure is shown in Table 5. 
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When necessary, the coordinates were corrected to comply with rule 2.3.2 of the 
lUPAC-IUB Commission (lUPAC-IUB, 1970) which concerns the atomic 
labels of the symmetric aromatic rings (Phe and Tyr). Corrections were made 
with the C S A R L program (Correct Symmetric Aromatic Ring Labels). A 
number of 884 Phe [48.3% of all Phe residues, of which 283 were in heUces 
(43.2%), 262 in p-strands (48.0%), 28 in turns (58.3%) and 311 in coils 
(53.6%)] and 821 Tyr [48.8% of all Tyr residues, of which 253 were in hélices 
(47.0%), 238 in p-strands (43.3%?), 35 in turns (66.0%) and 295 in coils 
(54.3%)] respectively, were corrected (the proportions in brackets indícate the 
percentages of Phe or Tyr residues that were corrected for each secondary 
structure). Val and Leu residues, which are known to be susceptible to non 
standard labelling of the y and 5 carbons, respectively, were found to be 
correctly labelled in all cases (results not shown) and therefore no correction 
was made. 

The corrected coordinates for residues were deposited in different files 
according to their amino acid and secondary-structure origin. This split process 
was done with the SRC_SSF (Split Residue Coordinates from Secondary 
Structure Files) routine. As a result, eighty sets of coordinates (20 for each 
secondary structure, 4 for each amino acid) were obtained. Twenty merged 
documents were prepared by pooling the four coordínate files from the same 
amino acid, using the POOL_RES (POOL RESidues) routine. The pooled files 
are useful for comparing results obtained from residues that belong to specific 
secondary structures with those obtained from a global nonsecondary-structure 
dependent sample. 

Building the rotamer libraries 

From the previously pooled coordínate files, we used the program 
C A L _ D H _ A N (CALculate DiHedral ANgles) to draw graphs showing the 
distribution of the valúes for the %[ dihedral angles needed to assign residues to 
the different rotamers. The routine calculates the Xi valúes by following the 
lUPAC-IUB rules ( lUPAC-IUB, 1970). Limits for the different Xi 
conformations were established for each residue by visually inspecting the 
graphical distribution of their valúes, without considering the secondary 
structure of origin (results not shown). In order to simplify our conformational 
analysis of the different side-chains, we gave the concept of "rotamer" a flexible 
definition based on the Xi dihedral angles which are used to distribute residues 
into the different rotamers: a) when the full set of dihedral angles which make 
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up the side-chain conformation of each amino acid (from %\ to X4 when 
necessary) are used, then the rotamers are considered to be "full rotamers"; and 
b) when only one of the %\ dihedral angles is used (thus making it easier to study 
the conformation of each %\ angle, independently from the rest of Xi), then the 
rotamers are considered to be "Xi-rotamers". For some residues (Asn, Asp, Cys, 
Phe, Ser, Thr, Tyr and Val), X i - and full rotamer definitions coincide. In 
addition, %% data for Asn and Asp and Xs data for Gln and Glu were not used to 
build rotamers because their dihedral angle distributions do not have well 
separated peaks. 

Residue coordinates were distributed among their corresponding rotamers by 
applying the program DTB_RES_ROT (DisTriBute RESidues in their 
ROTamers). The algorithm this program uses has a two step procedure. In the 
fírst step, the complete set of coordinates for a residue is extracted and all the Xi 
dihedral angles which have previously been selected as defining either the %\- or 
the full rotamer concept are calculated. In the second step, the coordinates are 
assigned to a rotamer by checking which Xí conformation each Xi dihedral angle 
in the current rotamer concept definition belongs to. The D T B _ R E S _ R O T 
routine was applied to the coordínate files obtained by the SRC_SSF and 
POOL_RES programs (with the exception of the files containing Ala, Gly and 
Pro), As a result of these processes, we obtained a collection of documents 
which contained the full set of coordinates from residues that belong to the same 
secondary structure, amino acid and rotamer (or only the same amino acid and 
rotamer if pooled files were used). These documents constituted our rotamer 
data bank. The corresponding rotamer data bank was calculated for each 
rotamer definition needed. 

The different rotamer data banks were used as a source of statistical Information 
which was extracted with the program S T A T _ R O T (STATistics of 
ROTamers). The program calculates several characteristics for each rotamer of 
the different amino acids: a) the total number of residues and the percentage this 
represents of the whole set of residues from the same amino acid (whatever its 
stmctural origin may be); b) the number and proportion of residues within each 
secondary structure; c) how residues in the rotamer are distributed among 
hélices, p-strands, tums and coils; d) the mean valué, standard deviation, and the 
mínimum and máximum experimental valúes for the whole set of dihedral 
angles used to define the rotamer concept for the corresponding amino acid in 
the rotamer data bank (these dihedral angle parameters are given for the global, 
helical, p-strand, turn and coil residues in the rotamer). A l l the resulting data 
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were exported to a Macintosh datábase file (FileMaker Pro v2.1; Claris 
Corporation) for ease of handling. 

Comparison between pairs of rotamer libraries 

One technical object of our work was to compare all possible pairs of rotamer 
libraries presently available in order to determine differences between them and, 
therefore, the relative quality of one and the other. The libraries used for 
comparisons were obtained from the bibliography (McGregor et al., 1987; 
Ponder & Richards, 1987; Tuffery et al., 1991; Dunbrack, 1993; Dunbrack & 
Karplus, 1993; Blaber et al., 1994) and from Internet (Dunbrack/1996 and 
Dunbrack/1997; http://www.cmpharm.ucsf.edu/~dunbrack/; bbind96.Jan.rawlib 
and bbind97.Aug.lib files, respectively). They were all compared with our 
present results (Pujadas-Palau/1996). Comparisons, when possible, were made 
only for the %i dihedral angle parameters (proportions, mean valué and standard 
deviations) derived from data found in the original references mentioned above. 
This derivation was carried out by joining, in each case, rotamer residues with 
the same %i dihedral angle conformation. 

Current statistical sampling expressions were used to calcúlate the mean valúes 
and standard deviations for Xi after pooling. The equations, shown below, 
transform the Xi statistical parameters reported for rotamers whose Xi 
conformation is the same but whose whole side-chain conformation is different, 
into Xi parameters for the pooled sample. These parameters can then be 
compared with the ones in our Xi libraries (those built from Xi-rotamers). 

N-í 

where (1) defines the mean valué for Xi and (2) its variance. In the case of 
equation (2), the valué for J^J ĵX? was found using the following expression: 

X:r4=^'(N-D + N,*xf C3) 

The notation used was: r: the number of initial rotamers which were to be 
pooled; N¡: the number of residues in the rotamer i ; N: the number of residues 
after pooling; x¡: mean Xi valué in rotamer i; xf. %\ valúes for each residue in 
rotamer /; s¡: standard deviation for the %\ valué in rotamer i . 
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When the number of residues in rotámers was not indicated by the authors, but 
compositional percentages were available (as in the case of Tuffery et al., 1991), 
the equation used instead of (1) was: 

- E L — 
J 

where is the percentage of residues in rotamer i for a given amino acid. 

C4) 

In order to compare helical and p-strands results from our present polypeptide 
sample (262 subunits) with previously published results (McGregor et al., 1987; 
Blaber et al., 1994), we created segmental helix and p-strand rotamer libraries 
by using criteria and definitions from these authors (and using the same working 
protocol and programs described above to obtain our present rotamer libraries). 
Although labeled with different ñames ["a-helix centre" by McGregor et al. 
(1987) and "internal helical" by Blaber et al. (1994)], the helical segments 
considered by both groups are equivalent. Only McGregor et al. (1987) 
developed a library for p-strand segments, labelled "P-sheet centre". In this way, 
we worked out Xi-rotamer libraries for p-strands and belices (which accounts 
for residues that are at least, three positions away from p-strand ends and four 
positions away from helix ends) and the %\ parameters were compared with 
equivalent data from McGregor et al. (1987) and Blaber et al. (1994) obtained 
using the above expressions (1-3). These libraries were named N3-C3 (p-
strands) and N4-C4 (belices) depending on the secondary-structure segment 
from which they were derived. 

In all cases, comparisons between pairs of libraries were made by subtracting 
parameter valúes (proportion, mean Xi valué and standard deviation) for the 
same rotamer in one library from its equivalent ones in another. The difference 
valúes were always obtained by subtracting the oldest from the newest data. To 
evalúate the similarity of a pair of rotamer libraries we have chosen two 
different measures. The first of these is the number of differences that are 
beyond an arbitrary cut-off interval. It provides specific Information about 
which conformations have the least similar valúes of the two libraries 
compared. The arbitrary intervals chosen were ±5, ±10 and ±15 for different 
deviation levéis. The second measure is the average of the absolute valúes for 
the differences. This may be calculated globally from the whole set of %\ 
conformations (t, g"*" and g) or for each one by itself. We called this parameter 
the "Relative QuaHty Factor" (RQF). Both measures were shown to be very 
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useful when determining the relative similarity between a pair of libraries 
because they give complementary information. In this respect, the former 
enumerates the ouüiers, if any, whereas the latter quantifies the overall 
similarity between a pair libraries. 

Variabillty of the rotamer library as a function of updating the protein 
working set 

The dependence of the rotamer library results on updating the protein working 
set was investigated by comparing the present results with the ones obtained 
using a nearly three year oíd PDB_Select file (pdb_select. 1994-mar). The 
quality criteria, parameters and programs used to obtain both sets of rotamer 
libraries (1994 and 1996) were exactly the same. The subunits of entries that are 
obsolete in the current BPDB reléase were replaced by the new entries to avoid 
possible conformational mistakes which have now been corrected ( l A B K by 
2ABK, l A Y H by 2AYH, lEND by 2END, IGLT by 2GLT and ISIM by 
2SIM). The number of subunits in the 1994 sample which provided at least one 
secondary structure to the sample coordínate files was 134 (see Table 4). Of 
these, 109 contribute with at least one helix, 108 with at least one p-strand, 69 
with at least one tum and 133 with at least one coil. The characteristics of the 
sample are: a) number of secondary stmctures: 574 hélices, 778 p-strands, 298 
tums and 1,331 coils; b) the length ranges from: 5-33 residues for hélices, 3-15 
for p-strands and 2-36 for coils (the length of all tums is, as previously noted, 4 
residues) and c) total number of sample residues: 19,454 (6,719 in hélices, 
4,642 in p-strands, 1,192 in tums and 6,901 in coils; see Table 5). There are 81 
identical stracture subunits used in both libraries (see Table 4). Of the rest: a) 28 
are subunit codes which have been replaced in the 1996 PDB_Select file by 
equivalent entries (same enzyme from the same or different source) with usually 
better structural quality; and b) 154 are subunits in the 1996 sample with no 
equivalent partner in the 1994 sample (whereas the opposite is true for 25 
subunits in the 1994 sample). A comparison between the residue distribution 
and the secondary-structure distribution (see Table 5), and the number of 
secondary stmctures of each type in the two rotamer library sets shows that the 
1996 sample is approximately twice as big as the 1994 sample. It is also worth 
mentioning that the máximum difference between the percentages of each 
amino acid within the different secondary structures and within the global 
sample, when comparing results from 1996 and 1994, is as low as 1.1% (for Ser 
in tums, see Table 5). A l l rotamer libraries (AV, H, B, T, C, N3-C3 and N4-C4) 
in the 1994 and 1996 sets were worked out in the same way, which enabled 
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comparisons to be used for validation. The methodology used to evalúate the 
differences between our 1996 and 1994 library sets was the same as the one 
described in the previous section but, in this case, the comparisons were 
extended to the different %i- and full rotamer libraries. 
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Figure 1. Comparisons between tlie x^ parameters (proportion, mean valué and standard deviation) in tiie 
AV/Pujadas-Palau/1996 library and tfie averaged rotamer libraries available up to November 1996, from published 
reports and from Internet (for Dr. R .L. Dunbrack, only tiie 1996 library is compared). All data used in these 
comparisons are from xi-based rotamer libraries. The ñame of tlie library compared with our data is shown in the left 
hand margin of each row. The valúes shown were obtained by subtracting data found in any particular library from 
equivalent valúes in AV/Pujadas-Palau/1996. The white, grey and black columns indícate differences for t, g+ and g-
%1 conformations respectively. A grey background in the plots indicates that there is no equivalent data in the library 
that is compared with our results. 
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Figure 2. From top to bottom, comparisons between the Xi parameters (proportion, mean valué and standard 

deviation) in the AV/Pujadas-Paiau/1996 and the AV/Pujadas-Palau/1994 Xi-based rotamer libraries. The valúes 

shown are the differences between 1996 and 1994 equivalent data (the valué subtracted is the one from the 

1994 library). In general, the white, grey and black columns indícate differences fort, g+ and g" Xi conformations 

respectively. Exceptions are X2 for His and Trp (these columns account for t, -90 and 90 and -90, O and 90 

conformations, respectively), and xa for Phe and Tyr (the difference for their only conformation is highlighted in 

grey). Some x¡ parameter valúes have not been compared, and are therefore not shown in the corresponding 

plot, because their Xi dihedral angle distributions do not have well separated peaks [Asn and Asp (xa), Gln and 

Glu (X3) and Arg (x4)]. 
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a) 
%i Proportions Mean ^1 valué %i Standard deviation 
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Rgure 3. Comparison between the xi parameters (proportion, mean valué and standard deviation) found in helical N4-C4 (a) and p-stranded N3-C3 (b) 

rotamer libraries, and the xi parameters found in Pujadas-Palau/1996 equivalent libraries. The N3-G3 segments correspond to residues that are, at least, 

three positions away from p-strand ends while N4-C4 segments are, at least, four positions away from helix ends. All the data used in these comparisons 

were taken from xi-based rotamer libraries. The ñame of the library compared with the Pujadas-Palau/1996 results is shown in the left hand margin of each 

row. The valúes shown are the differences between the data In Pujadas-Palau/1996 libraries and the equivalent data in the other librarles (the valué 

subtracted is the one from the oidest library), The white, grey and black columns indícate differences for t, g+ and xi conformations respectively. The 

McGregor library allows the mean xi valué and the standard deviation to be calculated for Asn, His, lie, Leu, Trp and Val only. Despite this limitation, 

comparisons for these residues are shown as a reference. A grey background in some plots indicates that there is no data for the corresponding rotamer in 

at least one of the libraries used in the comparison. The data in this figure taken from the bibliography are from the a-helix centre and p-sheet centre libraries 

(McGregor et al., 1987) and the internal helical library (Blaber et al., 1994). These librarles coincide wifh the N4-C4 and N3-C3 definitions for hélices and p-

strands, respectively. 
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Figure 4. From top to bottom, comparisons between the %\ parameters (proportion, mean valué and standard 
deviation) in the x¡-based X/Pujadas-Paiau 1996 and 1994 libraries (where "X" stands for "H", "B" or "C" in helix, p-
strand and coil libraries respectively). The figure shows differences between 1996 and 1994 equivalent data (the 
valué subtracted is the one from the 1994 library). In general, the white, grey and black columns indícate differences 
for t, g+ and g- x¡ conformations respectively. Exceptions are %z for His and Trp (these columns account for t, -90 
and 90 and -90, O and 90 conformations, respectively), and %2 for Phe and Tyr (the difference for their only 
conformation is highiighted in grey). Some %\ parameter valúes have not been compared, and are therefore not 
shown ín the corresponding plot, because their %i dihedral angle distributions do not have well separated peaks [Asn 
and Asp (X2), Gln and Glu (xa) and Arg (x4)]. Equivalent comparisons for turns are shown in Figure 6a. 
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Figure 5. Comparison between tiie xi parameters (proportion, mean valué and standard deviation) in X/Pujadas-

Palau/1996 (where "X" stands for "H", "B" or "C" in helix, p-strand and coil libraries respectively) and AV/Pujadas-

Palau/1996. The parameters were obtained from xi-based libraries. The figure shows differences between 1-1/1996, 

B/1996 or C/1996 and AV/1996 xi parameters for the same rotamer (the valué subtracted is the one from the AV 

library). The white, grey and black columns indícate differences for t, g+ and g- xi conformations respectively. 

Equivalent comparisons for turns are shown in Figure 6b. 
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b) 
Xi Proportions Mean % i valué % i Standard deviation 
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Rgure 6. Results for turns. a) Equivalent to Figure 4. From top to bottom, comparisons between the xi parameters (proportion, mean valué and standard 

deviation) in the xi-based T/Pujadas-Palau 1996 and 1994 libraries. The figure shows differences between 1996 and 1994 equivalent data {the valué 

subtracted is the one from the 1994 library). Some x¡ parameter valúes have not been compared, and are therefore not shown in the corresponding pfot, 

because their xi dihedral angle distributions do not have well separated peaks [Asn and Asp (xa), Gln and Glu (xa) and Arg (x4)]. A grey background in 

some plots indicates that there is no equivalent data in the 1994 library. b) Equivalent to Figure 5. Comparison between tlie xi parameters (proportion, 

mean valué and standard deviation) in T/Puiadas-PaiatJ/1996 and AV/Puladas-Palau/1996. The parameters were obtained from Xf-based libraries. The 

figure shows differences between T/1996 and AV/1996 xi parameters for the same rotamer (the valué subtracted is the one from the AV library). In 

general, the white, grey and black columns indícate differences for t, g+ and g- xi conformations respectively. Exceptions are X2 íor His and Trp (these 

coiumns account for t, -90 and 90 and -90, O and 90 conformations, respectively), and xa <or Phe and Tyr (the difference for their only conformation is 

highiighted in grey). 
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jaWe 3. Comparison of mean %i valúes and their standard deviations from all known averaged rotamer libraries which were developed before 1997. 

a) Blaber Tuffery Ponder a) 
Pujadas-Palau/1996 Dunbrack/1996 Pujadas-Palau/1994 et al. (1994) Dunbrack (1993) et al. (1991) & Pujadas-Palau/1996 

Richards (1987) 

lie g- Arg g-; lie t Arg g-; Asn 1 

Pujadas-Palau/1996 Thr t Leu g-: M0t g - Gln g-; Glu g-

Val 9+ Thrt; Val g- Leu Sf - ; Lys g-
Mett 

0.7 Arg g-: Gln g- Arg g-; Asn t 
1.4 His g-; lie t Gln g-; Glu g-

Dunbrack/1996 1.4 Leu g- lie g- Lys g-; illet g • His g-: Leu g • 
Thr l: Val g- Lys g-; Met t 

1.2 Ser g+; Val g-

0.6 O.B Arg g-: Glu g- Arg g-; Asn t 
o.« 1.S His g-; Thr t Leu g- H¡s g-i lis t Gln g-; Glu g-

Pujadas-Palau/1994 1.1 1.9 Val a+, g- Leu g-; Lys g- Hls g-: Leu g+. g-
Met g - ; Thr t Lys g-; Met t 

0.8 1.5 Val g-

1.6 1.4 1.6 Arg 9-; Gln g- Arg g-: Asn í 
Blaber 1.1 1.B 1.2 Olu g-; Ite t Gln g-; Glu g-

et al. (1994) 1.8 2.1 1.9 Í.BU g- Leu g-; Lys g- Leu s - ; Lys g-
Mat g-; Thr t Met % Thr t 

1.5 1.7 1.6 Val g+, g - Val g+, g-

1.5 1.3 1.4 1.0 Arg g-; Gln g- Arg g-; Asn t 
0.8 1.3 0.9 0.9 Glu g-; lie t Gln g-i Qlu g-

Dunbrack (1993) 2.0 1.5 2.1 1.6 Lys g-; Afef g - Leu g+, 3 - : Lys g -

Thr t; Val g- Met t; Thr t 
1.4 1.4 1.5 1 • Val g-

2.5 2.5 2,5 2.9 2.6 
Tuffery 1.2 1.4 1.3 1.7 1.2 Asn t; Leu g+, 5-

et al. (1991) 4.3 5.0 4.9 4.5 4.4 Met t; Ser g+ 
Thr t 

2.7 2.9 2.9 3.0 2.7 

2.0 2.1 2.3 3.1 2.8 3.0 
Ponder 1.9 1.7 1.9 2.0 2.1 1.9 

& 4.7 5.5 5.3 5.4 5.1 2.6 
Richards (1987) 

2.8 3.1 3.1 3.5 3.3 2.5 i 

b) 
Pujadas-Palau/1996 Dunbrack/1996 Pujadas-PaIau/1994 

Blaber 
et al. (1994) Dunbrack (1993) 

Ponder 
& 

Richards (1987) 

Pujadas-Palau/1996 

His g-i IIB t 
Lys g-: Met t 
Ser t; Thr t 

Val g-

Gln g-: lie l. §-
Lys g-; Met t 
Ser t; Thr t 
Val g+, g . 

Arg g-: Asn g-
Glu g-; His g-

Leu g+. g-; Ser t 

Arg t; Qlu t, g- Arg 1; Gln t, g- Arg g-: Asn g-
• • lle 1; Lys t, g+, g- Glu t, g+. g-; lia t, g- Glu o+. 8-1 His g-

Dunbrack/W96 • • Met I; Ser t Leu t; Lys t, g+, g- Leu g-; Lys f, g+ 
Thr l; Val 9 - Met t; Ser t Ser 1; Thr t 

i.-i Thr f. Val g+, g-
" r. 1.5 Arg g-; Asn g-
U.Ü 2.Í His g-: lie t Qln t; lie t, g- Gln g-; Glu g-

Pujadas-Palau/1994 0.6 1.2 Lys g-; Ser t Lys g-; Ser t His g-: Leu g+, g-

0.6 1.6 
Thr t; Val g- Thr 1; Val g+, 9 - Sert 

3.4 4.3 3.2 Asn g-; Giu g-
Blaber 0.9 2.1 0.8 lle t. g-; Leu t, g+ 

et al. (1994) 2.9 3.3 2.9 Lys g-; Met t 
Tht t; Trp t 

2.4 3.2 2.3 Val g-

3.7 4.7 3.4 0.9 .̂sT 'i- Asp t: Gln g-
1.5 3.3 1.3 1.3 G l u J - ; lie t, g-

Dunbrack (1993) 3.8 4.2 3.5 1.3 í:.. ; g+; Lys g-
t t; Thr t 

3.0 4.1 2.7 1.2 T-p 1. Val g+, g-

Ponder 
& 

Richards (1987) 

2.3 

1.7 

3.6 

2.5 

2.9 

2.0 

3.4 

2.7 

2.7 

2.0 

3.6 

2.7 

3.8 

2.0 

4.7 

3.5 

4.1 

2.9 

6.1 

4.3 

table shows the results of all possible cross comparisons of mean xi valúes (a) and their standard deviations (b) from all known averaged rotamer libraries which were developed 
ífore 1997. The librarles were obtained from bibliographic references, Internet and our own results. In all cases, the data used for comparisons come from Xi-based libraries. For 
'* pair of libraries, the data above the diagonal, if any, shows all conformations with differences in their Xi parameters beyond the ±5° interval. If differences are beyond +10° the 
"iformations are in bold and if they are beyond ±15° in bold italics. The amino acids are also in bold and bold italics to identify distant outliers more easily. Valúes below the 
'Sonal show the "Relative Quality Factor (RQF)" which is defined as the average of the absolute valúes of differences in the mean Xi valúes (a) and in their standard deviations (b). 
"Offl top to bottom, RQF valúes for the t, g*, g" and global (t, g*, g" pooled together) differences are shown for each pair of libraries. 
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Table 4 Codes of the subunits used for building the 1996 and 1994 rotamer library sets. 

(a) 
lABA IRDE ILTSA 
lAKB l E Z H ILTSC 

IBBHA IFBAA ILTSD 
IBBPA IGKY IMX: 
IBGH IGOF 
ices IGPIA l o i c 

ICEWI IGPB IPAZ 
ICMBA IHBQ IPDñ. 
ICPCA IHUW IPII 
ICSEI IISOA IPOC 
ICTF lusm IPOH 

IDSBA ILIS IREC 

ISBP 2CTC 2TGI 4BIMA 
ISNC 2mJA 3B5C 4DFRA 
ITRB 2END 3CHY 4ENL 

iri'BA 2ER7E 3CLA 4FGF 
2ABK 2FAL 3C0X 4FXN 
2KLP 2HPim 3DFR 4GCR 
2AYH 2MNR 3GRS 5P21 

2AZAA 2PIA 3RUBL 5TIMA 
2BBKH 2POR 3SDHA 8ABP 
2CCYA 2RSPA 3SGBI 8ACN 
2CDV 2SCPA 3TGL 9RNr 
2CPL 

(b) 

193L {2IHI.) 
lAAC (lAAJ) 

IBRIC (IBSAA) 
IBYB (IBTC) 

ICPCB (ICPCI.) 
ICSEE (ISOl) 
ICSH (2CTS) 

IFIPA (IFIAB) 

IFSC (IFAS) 
IGSA (2GLT) 

IJCV (ICOBA) 
1 U 7 (129L) 

IMLS (IMGN) 
IMLS (2SP0) 
IPTF (2HPR) 
IRBU (2RN2) 

IRTPl (IRRO) 
ISLTB (1SI.TA) 
ISRIB (IPTSA) 

ITOP (lOSA) 

ITYS {2TSCA) 
2ACQ (lADS) 
2CBA (ICAJ) 

2CWGA (9WGAA) 

2SII. (2SIM) 
7PTI (lAAPA) 

8TLNE (6TMME) 
9PAP (IPPN) 

(C) 
Non-equivalent subunits used in the 1996 sample 

153L IDIN IGLQA ILCT IPHG ITIB 2HMZA 
lABQA IDOI IGPR ILENB IPNE ITRKA 2HTS 
lAMP IDPE IGSEA ILKI IPNKA ITSP 2KAUA 
lARV IDSOA IHAN 1IMB3 IPNKB IDBI 2KAUB 

lATLA IDTS IHGXA IHJC IPRN lUBSA 2KAÜC 
IBAM IDUPA IHMT IMKAA IPTQ lOBSB 2NACA 

IBEMB IDYR IHOE IMLA IPTX IIJKZ 20LBA 
IBDO lECPA IHSLA IMMD IQUK IVID 20RA 
1BP2 lEDG IHVD IMML 1R69 IVSD 2PGD 

IBRSD lEDT IHXN IMOLA IRCI IWAPA 2PHY 
ÍCELA lENP IIIB IMSC IRBGX IWDCA 2PII 
ICEO ÍESL IIAE IMJCA IRIS IWHI 2PRD 
ICGO iFrVA IIGD INBAA IRVAA IXNB 2PRK 
ICHD IFKJ IIGS INFP ISACA IXYZA 3BCL 

ICHMA IFLP IILK INHKL ISAT 256BA 3PGA1 
ICLXA IFMB lISCA INHP ISLUA 2AK3A 3PrK 
ICNSA IFNC IJAPA INIF ISMD 2CY3 3S1CI 
ICNV IFRD IKPBA lOACA ISRA 2EBN 451C 
ICTJ IFÜA IKPTA IPBE ISVB 2EX2 4ICB 

ICYDA IGADO ILATA IPBN ITCA 2GDM 4Mr2 
IDAAA IGARA ILAÜE IPDO ITGXA 2GSTA BRDBA 
IDOT IGDOA ILCPA IPGS ITHV 2HBG 8FABB 

N o n - e q u í v a l e n t subunits used in the 1994 sample 

lALKA 
lAPME 
IBABB 
ICGT 

IDFNA 
IGDIO 
lOdPA 
IGOX 

IHIVA 
lOFV 

lOPBA 
IPQA 

IPPA 
IPPFE 
IRND 

ISHFA 

1SH6 
ITGSI 
ITRQA 

2MSBA 
3XL8 

3RUBS 

4XIS 
8DFR 

8RXHA 

The subunit ñame is formed by the corresponding BPDB four-Ietter code followed by the subunit label used in the BPDB file (if any). The 

codes in bold refer to chains which have no information about secondary-structure limits in the original BPDB files (in these cases, the 

information was taken from the corresponding DSSP entry). (a) Subunits common to 1996 and 1994 samples. (b) Subunits in the 1996 

sample that are equivalent to others used to develop the 1994 librarles (in brackets). In this case, the 1996 structure generally belongs to the 

same protein (but not necessarily to the same source) as the 1994 chain but usually has better structural quality. (c) Non-equivalent 

subunits for each sample. 
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í 

BiLlioteques 
de rotamers. 
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Apéndix. 100 

Appendix Table 1. Distribution of residues among rotámers for dependent and nondependent secondary-structure "full rotamer 
libraries". 

Residue Rotamer 
label ' 

Averaged Helix 

Arg t t t 203 10.2 89 10.5 43.8 
t t g+ 171 8.6 87 10 .2 50.9 
t c g- 172 8.6 112 13 .2 65.1 
t g+ t 8 0.4 5 0.6 62.5 
t g+ g+ 8 0.4 6 0 .7 75.0 
t g+ g- 1 0.1 1 0.1 100.0 
t g- t 65 3.3 43 5 .1 66.2 
t g- g+ 7 0.4 4 0 .5 57.1 
t g- g- 30 1.5 23 2 .7 76.7 
g+ t t 405 20.3 192 22, .6 47.4 
g+ t g+ 272 13.7 115 13, .5 42.3 
0+ t g- 199 10.0 71 8 .3 35.7 
0+ g-i- t 113 5.7 21 2 .5 18.6 
s+ g+ g+ 68 3.4 19 2 .2 27.9 
g+ g+ g- 18 0.9 5 0 .6 27.8 
g+ g- t 21 1.1 4 0 .5 19.1 
g+ g- g+ 5 0.3 3 0 ,4 60.0 
g+ g- g- 11 0.6 1 0 .1 9.1 
a- t t 88 4.4 16 1 .9 18.2 
g- t g+ 39 2.0 11 1 .3 28.2 
g- t g- 37 1.9 6 0 .7 16.2 
g- g+ t 2 0.1 1 0, ,1 50.0 
g- g+ g+ 2 0.1 - - -
g- g+ g- 1 0.1 - - -
g- g- t 6 0.3 1 0, .1 16.7 
Other 41 2.1 15 1, .8 36.6 

Asn t 602 28.6 104 18. ,5 17.3 
g+ 1149 54.5 422 75. ,2 36.7 
g- 341 16.2 33 5. ,9 9.7 
other 15 0.7 2 0, .4 13.3 

Asp t 816 30.5 133 17. ,0 16.3 
g+ 1352 50.5 594 75. 9 43.9 
g- 492 18.4 53 6. .8 10.8 
other 15 0.6 3 0. ,4 20.0 

Cys t 163 26.2 45 26, ,0 27.6 
g+ 349 56.0 119 68. ,8 34.1 
g- 108 17.3 8 4, .6 7.4 
Other 3 0.5 1 0. ,6 33.3 

Gln t t 279 18.0 129 18. 3 46.2 
t g+ 34 2.2 20 2. ,8 58.8 
t g- 147 9.5 94 13. ,4 64.0 
g+ t 630 40.7 313 44, 5 49.7 
g+ g+ 263 17.0 99 14. .1 37.6 
g+ g- 65 4.2 22 3. .1 33.9 
g- t 77 5.0 12 1. ,7 15.6 
g- g+ 21 1.4 5 0. ,7 23.8 
s- g- 13 0.8 3 0, ,4 23.1 
Other 19 1.2 7 1, ,0 36.8 

Glu t t 564 22.6 258 22. ,2 45.7 
t g+ 38 1.5 18 1, ,6 47.4 
t g- 194 7.8 103 8, ,9 53.1 
g+ t 861 34.5 394 34, .0 45.8 
g+ g+ 374 15.0 194 16. ,7 51.9 
g+ g- 186 7.5 98 8, 5 52.7 
g- t 154 6.2 40 3. 5 26.0 
g- g+ 76 3.0 30 2. 6 39.5 
g- a- 12 0.5 2 0. ,2 16.7 
Other 39 1.6 23 2. ,0 59.0 

His t t 30 3.1 9 3. 2 30.0 
t -90 127 13.1 44 15. ,4 34.7 
t 90 161 16.7 76 26. 6 47.2 
g+ t 49 5.1 17 5. .9 34.7 
g+ -90 271 28.0 74 25. 9 27.3 
g+ 90 175 18.1 50 17. 5 28.6 
g- t 2 0.2 - - _ 
g- -90 75 7.8 7 2. 5 9.3 
g- 90 63 6.5 5 1. .8 7.9 
Other 14 1.5 4 1. 4 28.fi 

Distribution' 

B-strand Tum Coil 

52 12 .8 25 .6 6 12, .5 3.0 56 8. .2 27.6 
48 11 .8 28 .1 - - - 36 5, .3 21.1 
29 7 .1 16 .9 2 4, .2 1.2 29 4, .2 16.9 
- - - - - - 3 0, .4 37.5 
1 0, .3 12 .5 - - - 1 0, .2 12.5 

6 1 .5 9 .2 2 4 .2 3.1 14 2, .0 21.5 
1 0 .3 14 .3 - - - 2 0, .3 28.6 
5 1 ,2 16 .7 1 2, ,1 3.3 1 0, ,2 3.3 

74 18, ,1 18 .3 7 14, ,6 1.7 132 19, 2 32.6 
39 9 .6 14 .3 7 14. .6 2.6 111 16, .2 40.8 
32 7 .8 16 .1 7 14, ,6 3.5 89 13, .0 44.7 
41 10, .1 36 .3 4 8, ,3 3.5 47 6, .9 41.6 
14 3 .4 20 .6 5 10, .4 7.4 30 4 .4 44.1 
2 0, .5 11 .1 1 2, .1 5.6 10 1, .5 55.6 
3 0 .7 14 .3 - - - 14 2, .0 66.7 
1 0 .3 20 .0 - - - 1 0, .2 20.0 
5 1 .2 45 .5 - - - 5 0, .7 45.5 

27 6 .6 30 .7 3 6, ,3 3.4 42 6, .1 47.7 
7 1 .7 18 .0 2 4, .2 5.1 19 2, .8 48.7 

15 3 .7 40 .5 - - - 16 2, .3 43.2 
- - - - - - 1 0, .2 50.0 
- - - - - - 2 0, .3 100.0 
- - - - - - 1 0 .2 100.0 
1 0 .3 16 .7 - - 4 0 .6 66.7 
5 1, .2 12 .2 1 2, .1 2.4 20 2 .9 48.8 

123 40. ,6 20, .4 35 26, ,5 5.8 340 30, ,6 56.5 
142 46, .9 12, .4 65 49. ,2 5.7 520 46, .8 45.3 
35 11, ,6 10, .3 29 22, .0 8.5 244 22, ,0 71.6 
3 1 .0 20 .0 3 2. .3 20.0 7 0, ,6 46.7 

160 44, .1 19 .6 58 32, .0 7.1 465 34, .5 57.0 
153 42, ,2 11 .3 74 40, ,9 5.5 531 39, ,4 39.3 
49 13, ,5 10 .0 49 27. ,1 10.0 341 25, ,3 69.3 
1 0, .3 6 .7 - - - 11 0, .8 73.3 

52 33, .1 31 .9 12 30, .0 7.4 54 21, .3 33.1 
78 49, .7 22 .4 18 45, .0 5.2 134 53, .0 38.4 
26 16, ,6 24 .1 10 25, ,0 9.3 64 25, ,3 59.3 
1 0, ,6 33 .3 - - - 1 0, ,4 33.3 

61 25, ,3 21, .9 2 3, ,8 0.7 87 15, ,8 31.2 
4 1, .7 11 .8 - - - 10 1, .8 29.4 

23 9, .5 15 .7 2 3, ,8 1.4 28 5, .1 19.1 
86 35, .7 13 .7 23 43, ,4 3.7 208 37, .8 33.0 
28 11, .6 10, .7 11 20. ,8 4.2 125 22, ,7 47.5 
7 2. ,9 10, .8 8 15, .1 12.3 28 5 .1 43.1 

22 9, ,1 28 .6 5 9, ,4 6.5 38 6, .9 49.4 
5 2, .1 23 .8 - - - 11 2, .0 52.4 
3 1 .2 23 .1 2 3 .8 15.4 5 0 .9 38.5 
2 0 .8 10 .5 - - - 10 1 .8 52.6 

184 40, .4 32 .6 16 17, ,0 2.8 106 13, .5 18.8 
5 1, ,1 13 .2 1 1, .1 2.6 14 1, .8 36.8 

32 7, ,0 16 .5 6 6, .4 3.1 53 6 .7 27.3 
149 32, .7 17 .3 32 34, .0 3.7 286 36 .3 33.2 
34 7 .5 9 .1 22 23 .4 5.9 124 15 .7 33.2 
5 1, ,1 2 .7 6 6, .4 3.2 77 9 .8 41.4 

37 8, .1 24 .0 10 10, ,6 6.5 67 8 .5 43.5 
2 0, .4 2 .6 - _ - 44 5 .6 57.9 
4 0, .9 33 .3 - - - 6 0 .8 50.0 
4 0, .9 10 .3 1 1 .1 2.6 11 1 .4 28.2 

13 5 ,4 43 .3 _ _ _ 8 2 .0 26.7 
38 15, .6 29 .9 2 5 .6 1.6 43 10 .7 33.9 
39 16, .1 24 .2 5 13 .9 3.1 41 10 .2 25.5 
14 5 .8 28 .6 1 2 .8 2.0 17 4 .2 34.7 
72 29, .6 26 .6 9 25 .0 3.3 116 28 .9 42.8 
26 10, .7 14 .9 5 13 .9 2.9 94 23 .4 53.7 
2 0, ,8 100 .0 - - _ _ _ _ 

22 9 .1 29 .3 6 16, .7 8.0 40 10 .0 53.3 
15 6, ,2 23 .8 6 16, .7 9.5 37 9 .2 58.7 
2 0, .8 14 .3 2 5 .6 14.3 6 1 .5 42.9 
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Apéndix 101 

Appendix Table 1. Continué (1). 

lie t t 164 e .7 27 3, .3 16, .5 79 8.1 48.2 2 7.1 1.2 56 9.1 34.2 
t a+ 3 0 .1 - - - 2 0.2 66.7 - - - 1 0,2 33,3 
t a- 64 2 .6 37 4 .5 57 .8 13 1.3 20.3 2 7.1 3.1 12 2,0 18,8 
g+ t 1425 58 .2 593 71, .9 41, .6 564 57.6 39.6 U 39.3 0.8 257 41,8 18,0 
a+ 0+ 386 15 .8 114 13, ,8 29 .5 154 15.7 39.9 2 7.1 0.5 116 18,9 30,1 
s+ g- 44 1 .8 3 1, ,0 18, ,2 21 2.1 47.7 1 3.6 2.3 14 2,3 31,8 
g- t 270 11 .0 25 3, ,0 9 .3 109 11.1 40.4 7 25.0 2.6 129 21,0 47,8 
g- B- 13 0 .5 3 0, .4 23, .1 3 0.3 23.1 • - - 7 1.1 53.9 
Other 79 3 .2 18 2, .2 22, .8 35 3.6 44.3 3 10.7 3.8 23 3.7 29,1 

Leu t t 130 3 .6 62 4, .0 47, .7 52 5.2 40.0 1 1.3 0.8 15 1,5 11.5 
t 0+ 20 0, .6 8 0. .5 40, ,0 11 1.1 55.0 - - - 1 0.1 S.O 
t 0- 1008 27, .9 460 29. .4 45, .6 372 37.1 36.9 13 17.3 1.3 163 16,7 16.2 
0+ t 1995 55, .1 87S 56. ,0 43, .9 416 41.5 20.9 52 69.3 2.6 652 66,7 32.7 
g+ g+ 49 1, .4 18 1. ,2 36, ,7 16 1.6 32.7 2 2.7 4.1 13 1,3 26.5 
0+ g- 287 7, .9 97 6. ,2 33, .8 90 9.0 31.4 5 6.7 1.7 95 9,7 33,1 
a- t 20 0. .6 - - - 14 1.4 70.0 - - - 6 0.6 30,0 
9- g- 29 0. .8 3 0. ,2 10, .3 15 1.5 51.7 1 1.3 3.5 10 1,0 34,5 
Other 81 2, .2 41 2. ,6 50, .6 16 1.6 19.8 1 1.3 1.2 23 2.4 28,4 

Lys t t t 448 17, .6 212 21. ,0 47, .3 118 24.4 26.3 11 9.7 2.5 107 11,4 23,9 Lys 
t t g+ 88 3, ,5 38 3. ,8 43, .2 28 5.8 31.8 2 1.8 2.3 20 2.1 22.7 
t t g- 105 4, .1 57 5. ,7 54, .3 26 5.4 24.8 _ - - 22 2,3 21,0 
t s+ t 42 1, .7 21 2, .1 50, .0 4 0.8 9.5 3 2.7 7.1 14 1,5 33.3 
t 3+ g+ U 0, .4 7 0. ,7 63, .6 1 0.2 9.1 _ - - 3 0,3 27.3 
t g+ g- 1 0, .0 1 0. .1 100, .0 - - - - - - - - -t B- t 93 3, .7 54 5. .4 58, .1 17 3.5 18.3 5 4.4 5.4 17 1,8 18.3 
t g- g+ 6 0, .2 4 0. .4 66, .7 2 0.4 33.3 - - _ - - -t g- g- 21 0, .8 10 1. ,0 47, .6 4 0.8 19.1 3 2.7 14.3 4 0.4 19,1 
g+ t t 762 29, .9 292 29. .0 38, .3 129 26.7 16.9 44 38.9 5.8 297 31,5 39,0 
g+ t g+ 142 5, .6 56 5. .6 39, .4 19 . 3.9 13.4 4 3.5 2.8 63 6,7 44,4 
g+ t 3- 154 6, .0 61 6. .1 39, .6 26 5.4 16.9 3 2.7 2.0 64 6.8 41,6 
g+ g+ t 258 10. .1 73 7. .2 28, .3 34 7.0 13.2 16 14.2 6.2 135 14,3 52.3 
0+ 0+ 52 2, .0 17 1. .7 32, ,7 9 1.9 17.3 3 2.7 5.8 23 2.4 44,2 
g+ 0+ B- 19 0. ,8 5 0. ,5 26, .3 4 0.8 21.1 - - - 10 1,1 52.6 
g+ fl- t 59 2, .3 22 2. ,2 37, .3 10 2.1 17.0 2 1.8 3.4 25 2,7 42.4 
0+ g- g+ 4 0. ,2 l 0. ,1 25, .0 1 0.2 25.0 _ - 2 0.2 50.0 
g+ g- g- 9 0, .4 _ - - 1 0.2 11.1 1 0.9 11.1 7 0,7 77.8 
B- t t 101 4. .0 14 1, .4 13 .9 22 4.6 21.8 4 3.5 4.0 61 6,5 60.4 
a- t g+ 24 0, .9 4 0. .4 16, .7 6 1.2 25.0 2 1.8 8.3 12 1,3 50.0 
g- t g- 20 0. .8 10 1. .0 50, ,0 5 1.0 25.0 1 0.9 5.0 4 0,4 20,0 
a- B+ t 3 0. .1 - - - _ - - _ - - 3 0,3 100.0 
g- 0- t 4 0. .2 2 0. .2 50, .0 - - - - - 2 0,2 50,0 
Other 122 4. .8 47 4. .7 38 .5 18 3.7 14.8 9 8.0 7.4 48 5,1 39.3 

Met t t t 32 3. .7 12 3. ,1 37. .S 11 4.7 34.4 _ _ 9 4,0 28.1 
t t g+ 56 6. .5 19 4. .9 33 .9 28 11.9 50.0 2 11.8 3.6 7 3,1 12.5 
t t g- 61 7. .0 26 6, .7 42 .6 26 11.1 42.6 1 5.9 1.6 8 3,5 13.1 
t s+ t 2 0. .2 - - - 2 0.9 100.0 _ - - - - -t g+ g+ 17 2. .0 5 1. .3 29 .4 11 4.7 64.7 _ - - 1 0.4 5.9 
t g- t 20 2. .3 8 2. ,1 40 .0 7 3.0 35.0 1 5.9 5.0 4 1.8 20.0 
t g- g+ 10 1, .2 7 1. ,8 70 .0 2 0.9 20.0 - - - 1 0.4 10.0 
t 0- g- SO 5, .8 27 7. .0 54 .0 7 3.0 14.0 1 5.9 2.0 15 6.6 30.0 
g+ t t 75 8. ,7 39 10. .1 52 .0 15 6.4 20.0 1 5.9 1.3 20 8.9 26,7 
g+ t g+ 97 11, .2 45 11. .6 46 .4 28 11.9 28.9 - - - 24 10.6 24.7 
g+ t g- 142 16. .4 68 17. .5 47 .9 28 11.9 19.7 4 23.5 2.8 42 18.6 29.6 
g+ g+ t 28 3, .2 16 4, .1 57 .1 4 1.7 14.3 1 5.9 3.6 7 3.1 25,0 
ff+ g+ 129 14. .9 75 19. .3 58 .1 24 10.2 18.6 2 11.8 1.6 28 12.4 21.7 
8+ g+ g- 36 4. .2 21 5, .4 58 .3 1 0.4 2.8 _ - - 14 6.2 38,9 
a+ g- t 1 0, .1 - - - 1 0.4 100.0 _ - - - -
0+ g- g+ 1 0. .1 1 0. .3 100 .0 - - - _ - - _ - -a+ g- g- 4 0, .5 - - - 1 0.4 25.0 - 3 1.3 75.0 
g- t t 19 2, .2 1 0, .3 S .3 9 3.8 47.4 1 5.9 5.3 8 3.5 42,1 
g- t g+ 30 3. .5 2 0. .5 6 .7 14 6.0 46.7 2 11.8 6.7 12 5.3 40.0 
g- t g- 23 2, .7 5 1, .3 21 .7 9 3.8 39.1 - _ - 9 4.0 39.1 
a- g+ t 2 0. .2 1 0. .3 SO .0 _ _ - _ _ - 1 0.4 50.0 
a- g+ g+ 4 0. .5 2 0, .5 50 .0 - - - - _ - 2 0,9 50.0 
g- g- t 2 0. .2 - - 2 0.9 100.0 - - - - _ -g- g- B+ 1 0, .1 - - - - - 1 5.9 100.0 
3- g- g- 2 0. .2 - - - - - - - - - 2 0,9 100.0 
Other 22 2, .5 8 2, .1 36 .4 5 2.1 22.7 - - - 9 4,0 40,9 

Phe t 90 623 34. .9 332 53, .6 53 .3 119 22.1 19.1 _ 15 31.3 2.4 157 27.1 25,2 
a+ 90 946 53. .0 269 43, .4 28 .4 299 55.6 31.6 27 56.3 2.9 351 60.5 37,1 
a- 90 212 11. .9 18 2 .9 8 .5 119 22.1 56.1 5 10.4 2.4 70 12.1 33.0 
other 5 0. .3 1 0, .2 20 .0 1 0.2 20.0 1 2.1 20.0 2 0,3 40.0 
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Appendix Table 1. Continué (2). 

Ser t 606 23.0 135 18.4 22.3 164 31.3 27.1 29 18.5 4.8 278 22.8 45.9 
g+ 816 31.0 337 45.9 41.3 153 29.2 18.8 30 19. 1 3.7 296 24.3 36.3 
g- 1195 45.4 261 35.5 21. 8 205 39.1 17.2 95 60.5 8.0 634 52.1 53.1 
other 17 0.7 2 0.3 11. 8 2 0.4 11.8 3 1.9 17.7 10 0.8 58.8 

Thr t 196 7.5 4 0.6 2. 0 86 11.8 43.9 7 6. 5 3.6 99 8.8 50.5 
g+ 1194 45.6 462 70.6 38. 7 398 54.7 33.3 28 25. 9 2.4 306 27.1 25.6 
g- 1209 46.2 185 28.3 15. 3 237 32.6 19.6 71 65.7 5.9 716 63.4 59.2 
Other 20 0.8 3 0.5 15. 0 7 1.0 35.0 2 1. 9 10.0 8 0.7 40.0 

Trp t -90 112 16.9 55 24.8 49. ,1 26 13.3 23.2 3 16. 7 2.7 28 12.3 25.0 Trp 
t 0 36 5.4 9 4.1 25. ,0 13 6.6 36.1 1 5. 6 2.8 13 5.7 36.1 
t 90 91 13.7 58 26.1 63. ,7 20 10.2 22.0 - - - 13 5.7 14.3 
s+ -90 29 4.4 2 0.9 6-.9 17 8.7 58.6 1 5. .6 3.5 9 4.0 31.0 
g+ 0 71 10.7 30 13.5 42. ,3 12 6.1 16.9 2 11. 1 2.8 27 11.9 38.0 
a+ 90 227 34.2 55 24.8 24. ,2 78 39.8 34.4 7 38. 9 3.1 87 38.3 38.3 
g- -90 47 7.1 9 4.1 19. ,2 13 6.6 27.7 - - - 25 11.0 53.2 
g- 0 5 0.8 - - - - - - - - - 5 2.2 100.0 
g- 90 41 6.2 3 1.4 7. ,3 17 8.7 41.5 4 22. ,2 9.8 17 7.5 41.5 
other 4 0.6 1 0.5 25. .0 - - - - - - 3 1.3 75.0 

Tyr t 90 571 34.8 276 54.6 48. .3 134 24.9 23.5 13 24. ,5 2.3 148 27.3 25.9 Tyr 
3+ 90 856 52.2 212 41.9 24, .8 294 54.7 34.4 34 64. ,2 4.0 316 58.2 36.9 
g- 90 209 12.7 17 3.4 8 .1 110 20.5 52.6 5 9, .4 2.4 77 14.2 36.8 
Other 4 0.2 1 0.2 25. .0 - - - 1 1 .9 25.0 2 0.4 50.0 

Val t 2244 71.3 759 83.9 33 .8 980 72.3 43.7 35 58 .3 1.6 470 57.0 20.9 
g+ 572 18.2 80 8.8 14 .0 224 16.5 39.2 12 20, .0 2.1 256 31.0 44.8 
g- 237 7.5 45 5.0 19 .0 114 8.4 48.1 10 16 .7 4.2 68 8.2 28.7 
Other 93 3.0 21 2.3 22 .6 38 2.8 40.9 3 5.0 3.2 31 3.8 33.3 

• The table shows how the residues in the 1996 global, helical, p-strand, tum and coil samples are distributed among rotamers. The data for each rotamer in 
the various secondary structures are compiled in three columns. The first column shows the number of residues for each rotamer in each structure. The 
second shows the proportion of residues for the corresponding amino acid belonging to each rotamer in each secondary stoicture. The third shows how the 
residues for a single rotamer are distributed among belices, p-strands, tums and coils. The results in the table were obtained by using, when possible, 
combinations of side-chain dihedral angles from Xi to Xjnondependent (Averaged) and dependent (Helix, p-Strand, Tum and Coil) secondary-structure 
coordinates. In the case of "Averaged", only the number of residues for the rotamer and the proportion throughout the amino acid sample are shown. • The 
X J data from Asn and Asp and the X 3 data from Gta and Glu were not used to build the "full rotamer libraries" because thek dihedral angle distributions do 
not have well separated peaks. 

UNIVERSITAT ROVIRA I VIRGILI 
ESTUDIS COMPUTACIONALS SOBRE BETA-AMILASA, UNA MOLÈCULA ENZIMÀTICA TIPUS BARRIL (BETA/ALFA) 8: 
RELACIONS EVOLUTIVES I TRANSICIONS ESTRUCTURALS AL CENTRE CATALÍTIC. 
Gerard Pujadas Anguiano 
ISBN:978-84-694-2163-5/DL:T.885-2011 



Apéndix 103 

Appendix Table 2. Mean % i valúes and their standard deviations for dependent and nondependent secondary-

structure "full rotamer libraries". 

Residue Rotamer Mean valúes and standard deviation for Xi 
latiel • 

Averaged Helix B-strand Turn Coil 

Arg t t t -176 .1 14 .4 -177 .6 12.8 -177. ,9 16.7 -179.6 5.5 -171.8 14.1 Arg 
t t g+ -174 .1 14 .6 -173 .8 14.5 -175. .5 14.3 - - -172.9 15.4 
t t g- -174 .4 12 .6 -174, ,5 12.5 -175. ,0 11.5 177.9 14.6 -172.7 13.4 
t g+ t -165 .5 13.8 -166 .1 15.7 - - - - -164.5 10.0 
t g+ g+ -153 .6 21 .1 -153, .0 20.8 -177. .1 0.0 - - -133.7 0.0 
t g+ g- -155 .8 0 .0 -155, .8 0.0 - - - - - -
fc g- t -178 .5 11 .9 -177, .8 11.8 -176, .6 12.1 170.3 7.3 -179.9 11.7 
t g- g+ -177 .1 13 .5 -179, .8 11.2 -152, .0 0.0 - - 175.7 1.8 
t g- g- 177 .5 13 .7 177, .0 14.0 178, .4 14.8 -178.4 0.0 -179.2 0.0 
g+ t t -67 .7 12 .6 -69, .0 12.4 -66, .4 13.2 -60.7 6.8 -66.9 12.6 
a* t 3+ -68 .0 14 .3 -71, .5 14.0 -65, .2 16.1 -59.6 15.7 -66.0 13.0 
a* t g- -68 .6 16 .4 -72, .0 14.9 -62, ,4 10.6 -62.9 15.8 -68.5 18.3 
a* g+ t -64 .0 13 .6 -68, .0 10.6 -63, .2 12.6 -81.4 24.8 -61.4 12.8 
a* g+ g+ -63 .8 15, .4 -63, .7 11.6 -63, .8 23.2 -72.4 10.6 -62.4 13.0 
a* g+ 3- -59 .4 15 .3 -72, .2 21.5 -63, ,5 4.5 -46.9 0.0 -53.5 7.0 
a* g- t -88 .7 12 .3 -89. .8 3.7 -95, ,3 15.6 - - -87.0 12.6 
a+ g- g+ -117 .0 6. .6 -118, .6 6.8 -119, .9 0.0 - - -109.2 0.0 
a+ g- g- -85 .8 17 .4 -89. .4 0.0 -79, .7 16.1 - - -91.2 18.4 
a- t t 65, .3 11 .5 73, .9 10.2 62, ,1 10.7 75.0 10.0 63.4 10.6 
a- t g+ 62 .3 13, .5 66. .7 14.5 55, .6 10.1 63.5 1.8 62.1 13.7 
a- t g- 65 .4 13, .8 74 .7 18.0 64, .4 12.6 - - 63.0 11.4 
a- g+ t 103 .4 1 .1 104. .5 0.0 - - - - 102.4 0.0 
g- g+ 3+ 49 .9 1 .7 - - - - - - 49.9 1.7 
g- g+ 3- 74 .3 0 .0 - - - - - , - 74.3 0.0 
a- g- t 52 .4 10 .5 48 .0 0.0 43, .1 0.0 - - 55.8 11.3 

Asn t -170, .7 12 .9 -172. .7 12.0 -172, .9 13.4 -169.3 13.8 -169.4 12.6 
g+ -70, .3 13. .0 -73. .2 10.7 -68, ,3 12.5 -69.6 11.8 -68.5 14.4 
g- 63 .1 10.8 63 .7 14.0 64, .0 9.3 63.5 7.9 62.8 10.7 

Asp t -171, .3 12 .3 -170. .2 11.9 -172, .1 12.5 -169.5 11.7 -171.6 12.3 
g+ -69 .9 11.3 -71 .9 10.0 -69, .2 9.9 -67.1 11.6 -68.3 12.7 
g- 61 .0 11 .2 57 .8 14.0 63, .3 10.2 61.8 10.3 61.0 10.8 

Cys t -176, .4 12 .3 -175. .5 12.7 -176, .9 10.7 -178.0 13.3 -176.2 13.1 
3+ -64, .9 10, .3 -68. .2 9.6 -63. .0 10.6 -61.9 8.6 -63.5 10.3 
g- 64, .1 11, .2 62 .6 11.5 64, .7 7.2 68.0 15.2 63.5 11.6 

Gln t t -175 .3 14.0 -174 .6 16.6 -177 .1 11.3 -174.9 8.0 -175.2 11.2 
c g+ -168 .6 20 .2 -170 .0 20.2 -163 .8 24.2 - - -167.7 17.9 
t g- -175 .1 13 .2 -174 .2 12.0 -179 .9 10.3 177.4 2.8 -173.9 17.9 
g+ t -67, .7 12 .7 -70 .1 10.3 -63. .6 12.8 -68.4 15.1 -65.8 14.8 
g+ g+ -65, .4 14, .6 -69. .3 13.0 -64. .2 16.0 -64.6 21.0 -62.6 14.0 
g+ g- -71, .6 21, .7 -74 .5 17.8 -65. .2 24.1 -77.4 19.9 -69.2 23.4 
g- t 63, .6 14, .7 60 .2 12.4 62 .0 15.4 57.4 17.2 66.5 13.9 
g- g+ 65, .3 17, .9 56 .8 19.8 62 .9 23.3 - - 70.1 11.3 
g- g- 62, .3 18, .6 73 .8 2.9 35. .4 13.9 80.6 13.0 64.1 7.6 

Glu t t -175, .7 13 .1 -175 .3 14.2 -177 .0 11.7 -178.0 13.4 -174.0 12.2 
t g+ -165, .8 19, .4 -166 .9 18.8 -162 .8 18.4 -167.3 0.0 -165.2 20.9 
t 3- -170, .9 16, .4 -171 .2 16.1 -177 .9 15.7 -170.0 13.9 -166.3 16.0 
g+ t -67, .9 14, .5 -69 .5 11.8 -66 .9 15.4 -67.6 12.9 -66.3 17.2 
g+ g+ -69. .1 16, .4 -71 .4 16.5 -64 .8 13.4 -69.9 12.8 -66.4 16.9 
g+ g- -65, .6 20, .0 -68 .2 18.7 -76 .4 29.2 -76.6 20.8 -60.8 19.6 
g- t 63. .0 16, .9 69 .8 17.6 60 .5 14.4 62.7 19.3 60.4 16.4 
g- g+ 56, .9 19, .0 48 .6 19.0 58 .1 20.9 - - 62.6 16.6 
g- 3- 48. .3 25, .7 63 .1 12.4 44 .1 13.1 - - 46.1 32.6 
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Appendix Table 2. Continué (1). 

t t -173 .9 11 .6 -168, .4 10, .0 -177, .9 7.7 - - -173.5 15.4 
t -90 -172 .8 13 .3 -173, .7 13, .1 -178. ,0 13.7 -173, .1 7.5 -167,4 11.4 
t 90 -178 .5 12 .0 179, .9 11, .8 -179, .9 10.7 -177, .1 9.9 -174.4 12,8 
a+ t -66 .9 9 .3 -71, .8 5, .6 -66, .8 5.6 -45, .0 0.0 -63.3 11.3 
a* -90 -64 .5 11 .9 -69, .1 12, .1 -64, .1 11.6 -61, .0 8.4 -62.2 11.4 
a+ 90 -67 .8 11 .6 -72, .5 12, .4 -65, .3 11.5 -55 .9 10.7 -66.7 10.3 
a- t 62 .1 1 .1 - - 62, .1 1.1 - - -
a- -90 61 .4 10 .8 73, .3 9, .3 60, .0 11.1 66, .1 4.0 59.4 10.0 
a- 90 59 .3 9 .6 62, .0 6, .5 63, .9 8.0 61. .0 9.6 56.8 9.7 

t t -171, .3 9 .8 -167, .4 9, .3 -175, .0 8.6 -164, .5 10.9 -168.1 9.6 
t g+ -163, .9 14 .9 - - -171, .0 13.5 - - -149.6 0.0 
t g- -166, .8 9 .5 -166, .1 9, .7 -173, .3 9.2 -161 .8 6.5 -162.8 5.5 
a+ t -64. .4 8 .0 -67. .8 6, .5 -61, .5 7.8 -65 .2 6.1 -62.9 8.4 
a* g+ -58, .3 8 .4 -62, .0 6, .9 -56, .2 8.9 -62 .4 5.4 -57.3 7.9 
a* g- -76, .3 13 .6 -89, ,8 8, .0 -69, .5 12.7 -73 .5 0.0 -78.9 11.0 
a- t 61 .0 8 .0 63, .0 10, .0 61, .0 7.2 56 .1 8.4 60.8 8.0 
a- g- 51 .7 12 .6 56, ,3 6 .9 56, .3 11.1 - - 47.8 13.7 

t t -158, .9 15 .7 -156. .7 16, .2 -164, ,6 13.4 -169 .8 0.0 -147.2 12.5 
t g+ -164, .9 15 .3 -163, .7 12, ,2 -168, .6 14.8 - - -134.6 0.0 
t g- -177, .9 12 .3 -177, ,5 11, .7 179, .6 11.6 -171 .7 8.0 -173.7 14.0 
a* t -65. .5 10 .4 -69, ,0 9, .8 -60, .9 10.1 -65 .5 7.2 -63.8 9.9 
a* g+ -84. ,4 14 .4 -89. .0 17, .6 -86, .5 11.6 -71 .9 0.8 -77.6 8.8 
a* g- -93, ,4 15, .2 -101. ,2 10, ,8 -84, .6 17.3 -93 .8 8.1 -93.8 12.6 
a- t 72, .5 10, .3 - - 70, ,8 10.3 - - 76.4 9.3 
3- g- 63, ,6 15, .6 76, .7 7, ,3 58, .7 14.4 54 .9 0.0 68.0 16.4 

t t t -175.3 13.4 -177, .1 13.9 -174, .8 11.6 179, .2 11.2 -171.7 13.6 
t t g+ -172.2 18.2 -171, .8 17.5 -177, .2 16.2 -159, .9 12.3 -167.3 20.4 
t t g- -179.3 17.9 178. ,4 17.3 -176, ,0 7.8 - - -177.1 25.5 
t g+ t -169.7 25.5 -169. ,2 25.8 -166, .4 15.4 -166, ,5 27.5 -172.0 26.7 
t g+ g+ -171.0 15.9 -174. ,9 17.9 -156, .9 0.0 - - -166.6 7.5 
t g+ g- -178.7 0.0 -178. ,7 0.0 - - _ _ ™ _ 
t g- t -178.5 15.8 -179, .8 16.9 -178, .1 11.8 -177, .2 8.5 -175.3 16.5 
t g- g+ -177.7 18.3 -173, .7 20.4 174 .3 8.4 - __ 

t g- g- -172.6 18.4 -174. .3 15.1 176, .9 22.1 -157, ,5 • : , , : -169.0 17.4 
a* t t -68.8 13.0 -71. .8 13.2 -68, .1 13.7 -62. ,0 12.4 -67.1 11.7 
a* t g+ -67.9 13.4 -69, .8 9.6 -65, .2 10.3 -50. .9 22.3 -68.2 15.3 
3* t g- -70.2 16.9 -73, .2 14.5 -67, .6 14.5 -71, .1 9.5 -68.4 19.5 
3+ g+ t -62.9 14.9 -66, .9 11.9 -62, .7 15.5 -58, .5 9.4 -61.3 16.3 
3+ g+ g+ -58.4 15.8 -61, ,8 18.4 -58, .3 15.1 -45, .8 6.4 -57.5 13.7 
3* g+ g- -60.7 17.2 -59, .6 5.2 -69, .7 29.0 - - -57.7 13.0 
3* g- t -85.2 21.1 -91. .1 14.4 -70, .8 22.3 -87, .6 12.0 -85.6 23.4 
3* g- g+ -90.9 10.3 -108, .0 0.0 -90, .0 0.0 - _ -82.7 0.4 
3* g- g- -89.2 23.0 - - -79, .2 0.0 -58, .8 0.0 -95.0 22.3 
3- t t 66.1 12.8 73, .3 12.3 62, .1 10.4 70, ,0 8.5 65.6 13.2 
3- t g+ 68.6 15.1 74, .8 17.8 60, .7 6.8 84, .1 22.1 67.9 12.8 
3- t g- 65.6 10.0 64, ,6 11.3 67, .3 10.1 61, .6 0.0 67.0 6.7 
3- g+ t 64.6 5.6 - - - - - - 64.6 5.6 
3- g- t 43.9 5.7 41, .4 7.1 - - - - 45.5 1.0 

t t t -175.5 10.0 -176, .6 9.4 -175 .6 7.6 _ -173.9 12.7 
t t g+ -175.4 12.5 -176. ,1 14.1 -175, .9 8.1 171, .5 16.5 -167.8 16.2 
t t g- -177.1 10.1 -178. ,9 10.1 -176, .8 10.2 -165 .2 0.0 -174.1 8.5 
t g+ t -163.9 4.9 - - -163, .9 4.9 _ 
t g+ g+ -173.8 8.7 -171, ,7 10.3 -174 .0 7.8 _ _ 177.5 0.0 
t g- t -173.1 8.0 -171, .4 6.8 -172 .8 10.1 -172 .8 0.0 -177.2 5.5 
t g- g+ -174.6 22.7 -171, .1 26.3 176.8 2.6 - _ 178.5 0.0 
t g- g- -172.8 11.9 -172. ,5 13.4 -177 .5 7.5 178 .7 0.0 -170.7 10.2 
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Appendix Table 2. Continué (2). 

sr+ t t -67.5 9.5 -71.1 9, .4 -62.7 6.7 -68.2 0.0 -64.0 8.8 
a* t g+ -67.8 8.8 -69.1 7 .6 -67.6 6.7 - - -65.7 12.0 
a* t g- -70.2 11.7 -72.4 10, .0 -67.7 14.4 -69.1 18.5 -68.2 10.7 
a* g+ t -66.5 13.5 -68.8 16, .3 -64.1 9.6 -68.1 0.0 -62.3 6.4 
a* g+ g+ -67.4 10.8 -70.9 9 .8 -60.1 9.3 -58.2 6.8 -65.1 10.9 
a* g+ g- -65.1 10.7 -68.0 11 .5 -59.3 0.0 - - -61.2 8.3 
a+ g- t -71.9 0.0 - - -71.9 0.0 - - - -
a* g- g+ -75.2 0.0 -75.2 0 .0 - - - - - -
a* g- g- -104.3 11.0 - - -116.3 0.0 - _ -100.3 9.9 
a- t t 57.2 15.3 70.9 0 .0 59.4 15.2 62.1 0.0 52.3 15.5 
a- t g+ 63.8 12.1 53.3 11, ,1 62.6 12.8 67.3 2.2 66.3 11.2 
fit- t g- 62.5 12.8 73.2 13, .8 58.7 9.4 - - 60.4 11.9 
51- g+ t 60.5 19.3 41.2 0, .0 - - - - 79.8 0.0 
o- g+ g+ 68.1 9.8 74.2 10, .7 - - - - 61.9 1.4 
s- g- t 60.3 6.7 - - 60.3 6.7 - - - -
sr- g- g+ 47.6 0.0 - - - - 47.6 0.0 - -
sr- g- g- 40.7 7.1 - - - - - - 40.7 7.1 

Phe t 90 -178.0 10.5 -179.3 10, .8 -178.1 9.5 -172.6 8.5 -175.5 10.2 
3+ 90 -67.1 11.2 -71.7 12, .3 -65.6 9.6 -57.7 9.0 -65.5 10.6 
a- 90 63.2 10.0 67.8 10, .3 62.9 9.2 63.2 12.0 62.4 10.8 

Ser t -179.3 13.2 -178.1 13, ,1 -178.3 11.0 -177.2 13.2 179.4 14.3 
a+ -64.7 14.4 -64.8 12, .1 -64.3 12.6 -65.2 18.6 -64.8 16.8 
a- 64.1 12.9 65.3 12, .8 62.3 11.6 64.3 14.0 64.2 13.1 

Thr t -172.0 10.3 -157.4 9, .5 -171.5 10.0 -170.3 7.6 -173.1 10.4 
a* -60.0 11.3 -60.4 10, .1 -60.2 9.6 -60.5 11.3 -59.3 14.5 
a- 60.9 10.2 61.9 10, .6 60.7 10.1 60.9 9.5 60.7 10.3 

Trp t -90 -176.1 10.8 -177.2 10 .2 -179.5 11.1 -168.1 2.2 -171.5 10.0 Trp 
t 0 -172.9 10.6 -171.6 6 .6 -172.0 11.1 -173.1 0.0 -174.7 12.3 
t 90 178.3 8.7 179.5 8 .9 174,1 6.9 - - 179.4 8.2 
a* -90 -65.0 10.2 -70.6 8 .5 -69.5 6.2 -55.1 0.0 -56.4 10.9 
a* 0 -68.8 9.1 -70.4 9 .7 -67.2 8.1 -71.6 6.4 -67.4 8.8 
sr+ 90 -68.5 10.9 -75.4 11 .5 -67.4 8.3 -64.8 11.8 -65.5 10.1 
a- -90 62.7 10.7 70.2 8 .7 60.8 12.6 - - 61.0 8.9 
g- 0 72.8 5.4 - - - - - _ 72.8 5.4 
a- 90 60.8 12.1 76.5 18 .3 59.7 13.4 63.0 9.5 58.8 6.5 

Tyr t 90 -179.0 11.0 179.8 11, .0 -179.2 10.9 180.0 6.1 -176.7 11.0 Tyr 
g+ 90 -65.6 10.9 -69.5 10 .6 -65.0 10.3 -61.4 7.5 -63.9 11.2 
a- 90 63.8 10.9 72.5 10 .6 64.7 9.1 64.6 14.8 60.6 11.7 

Val t 175.7 8.4 172.2 7 .1 178.1 7.9 175.6 10.1 176.4 9.2 
a+ -62.4 10.8 -58.7 13 .9 -62.2 9.4 -62.1 11.2 -63.7 10.5 
a- 65.0 11.7 70.2 10 .4 61.2 10.3 64.7 7.1 67.7 13.1 

The table shows the mean Xi valúes (flrst column) and their corresponding standard deviations (second column) for the different 
rotamers in the 1996 "full rotamer libraries" (except for rotamers labelled as "Other"). The data in the table were obtained by using, 
when possible, combinations of side-chain dihedral angles from Xi to in nondependent (Averaged) and dependent (Helix, p-
Strand, Turn and Coil) secondary-structure coordinates. Residues grouped as "Other" (see Appendk Table 1) were not taken into 
account because they are not a homogeneous sample. • The Xi data from Asn and Asp and the Xs data from Gln and Glu were not 
used to build the "full rotamer libraries" because their dihedral angle distributions do not have well separated peaks. 
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Appendix Table 3. Mean X2 valúes and their standard deviations for dependent and nondependent secondary-
structure "full rotamer libraries". 

Residue Rotamer 
label • 

Averaged 

Mean valúes and standard deviation for Xi 

Helix B-strand Turn Coil 

Arg 

Gln 

Glu 

t fc t 178.1 20.3 177.2 20.8 177.0 21.1 180.0 6.2 -179.8 19.4 
t t g+ -176.9 22.5 -173.7 25.1 -179.4 21.9 - - 178.6 13.8 
t t g- 178.9 15.3 -178.5 17.7 172.6 10.1 161.3 6.5 176.5 12.8 
t a* t -82.9 23.9 -91.2 21.1 - - - - -69.1 21.7 
t a* g+ -80.5 22.5 -77.1 22.8 -72.6 0.0 - - -108.8 0.0 
t a* g- -55.2 0.0 -55.2 0.0 - - - -
t s- t 72.4 15.2 69.7 14.1 78.7 10.2 68.4 10.8 78.8 17.9 
t a- g+ 83.2 14.0 74.0 5.9 105.8 0.0 - - 90.3 11.6 
t a- g- 66.0 12.0 65.0 11.8 72.8 12.5 65.0 0.0 56.7 0.0 
g+ t t 180.0 15.7 179.3 14.0 -177.9 18.8 177.9 9.3 179.9 16.4 
g+ t g+ -173.1 18.2 -169.0 13.1 -176.9 21.9 175.0 17.7 -175.2 20.3 
g+ t g- 178.4 20.7 177.0 19.9 179.5 15.5 -175.4 10.3 178.6 23.3 
g+ a+ t -70.8 12.1 -70.8 12.6 -70.3 8.8 -79.4 15.3 -70.6 13.7 
g+ a+ g+ -67.6 14.2 -65.9 13.6 -72.3 12.6 -60.4 14.7 -67.7 14.5 
g+ g+ g- -81.2 13.4 -79.1 10.5 -70.1 2.5 -91.2 0.0 -83.4 14.9 
g+ a- t 69.4 18.8 69.9 14.2 60.7 6.6 - _ 71.1 21,1 
g+ a- g+ 75.1 13.7 83.8 9.0 70.0 0.0 - - 54.0 0.0 
g+ a- 9 - 91.0 16.5 80.6 0.0 95.8 15.3 _ _ 88.2 17.7 
g- t t 179.4 19.1 -177.7 24.2 179.6 15.8 162.9 15.4 179.3 18.4 
g- fc g+ -177.6 20.0 178.4 18.4 171.9 19.9 -178.5 6.2 -171.4 19.6 
g- t g- 179.6 19.6 173.9 8.2 -176.4 22.5 - _ 177.9 19.0 
g- a+ t -91.2 16.4 -107.6 0.0 - - - _ -74.8 0.0 
g- g+ g+ -73.5 1.9 - - - - - - -73.5 1.9 
g- a+ g- -86.9 0.0 - - - - - - -86.9 0.0 
g- a- t 87.5 8.6 85.7 0.0 89.3 0.0 - - 87.5 10.4 

t t -179.7 15.8 -178.4 16.0 178.9 11.0 -152.2 18.8 178.7 17.3 
t a+ -87.1 17.7 -90.6 15.9 -74.8 15Í8 - - -85.1 19.1 
t g- 66.2 10.2 65.9 10.2 66.1 7.5 64.1 1.5 67.6 12.2 
g+ t 177.9 14.8 176.7 13.6 178.7 16.2 -179.2 13.6 179.2 15.9 
g+ a+ -65.9 15.6 -63.0 14.7 -71.5 14.7 -69.0 22.1 -66.5 15.3 
g+ a- 77.0 17.2 70.2 18.0 89.1 10.5 75.9 13.3 79.6 16.7 
g- t -179.1 14.7 -176.5 11.1 -179.8 10.1 -173.6 9.1 179.8 18.0 
g- g+ -82.1 11.7 -95.3 7.8 -79.7 7.6 _ - -77.2 10.0 
g- a- 86.0 17.5 93.4 8.3 75.9 28.3 89.7 12.1 86.2 10.9 

t t 178.7 15.3 179.6 15.9 176.5 12.7 173.3 14.7 -179.0 17.4 
t g+ -84.3 13.3 -82.0 13.2 -82.3 14.5 -98.6 0.0 -87.0 12.2 
t a- 66.0 16.0 65.6 16.2 66.7 13.8 57.7 19.8 67.1 16.0 
g+ t 179.2 16.4 177.4 14.6 -178.6 14.1 -178.2 22.9 -179.7 18.6 
g+ g+ -66.8 16.5 -64.7 17.1 -77.5 15.1 -63.7 13.9 -67.6 15.0 
g+ a- 81.2 14.9 79.9 14.8 77.4 14.9 90.4 15.2 82.5 14.6 
g- t -177.7 17.9 -177.0 20.9 -178.4 13.5 176.4 13.1 -176.7 18.6 
g- g+ -81.9 14.9 -79.5 16.8 -89.9 25.8 - _ -83.2 12.4 
g- g- 85.7 20.0 107.6 11.4 78.0 20.8 - - 83.5 16.4 

His t 
t 
t 
g+ 
g+ 
g+ 
g-
g-
g-

t 
-90 
90 
t 

-90 
90 
t 

-90 
90 

-179.2 15.8 179.6 18. .2 -179.6 13.6 _ _ -177.1 16.0 
-95.8 25.7 -100.5 18. .1 -102.1 21.9 -84.9 41.3 -86.1 30.9 
78.9 20,2 77.4 17. .4 76.9 20.1 81.1 13.5 83.3 24,7 

172.4 15.1 175.9 15. .0 169.8 13.5 153.2 0.0 172.4 15.5 
-75.3 22.9 -67.0 23. .6 -84.8 23.6 -68.3 14.8 -75.3 20.0 
96.5 23.7 98.2 24. ,9 90.6 22.1 111.6 13.3 96.4 23.5 

-173.9 12.3 - - -173.9 12.3 _ _ _ 
-84.6 18.7 -75.2 18. .6 -92.5 18.0 -75.5 13.7 -83.2 18.0 
89.1 16.4 89.5 27, .1 88.6 12.9 88.6 14.4 89.3 16.1 

lie t fc 167.3 11.3 170.1 11.8 165.8 10.7 175,3 1.5 167.9 11.5 
t a+ -89.6 16.1 - - -99.3 10.4 - _ -70.2 0,0 
t g- 66.8 10.3 64.3 9.2 74.6 8,8 66.0 1.9 66,4 11.7 
g+ t 169.3 10.1 169.2 8.7 169.3 11.0 172.4 7.5 169.3 10,9 
g+ g+ -61.5 11.4 -59.5 11.2 -62.8 12,0 -56.3 6.3 -61.8 10.5 
g+ g- 74.6 16.7 55.0 7.4 80.9 13.0 69.3 0.0 76.7 17,6 
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Appendix Table 3. Continué (1). 

Leu 

Lys 

Met 

Phe 

g- t 170, .4 11.2 171.1 11.8 171.5 10.8 171.3 6.2 169.3 11.5 
g- o- 83 .2 10.7 82.8 10.5 89.3 7.1 - - 80.7 11.1 

t t -176, .8 27.6 -172.4 28.6 176.4 25.9 158.2 0.0 -169.8 24.5 
t o+ -69, .3 12.8 -76.4 11.2 -67.1 8.2 - - -36.5 0.0 
t 0- 63 .9 11.0 62.1 10.0 66.3 11.1 63.1 10.7 63.4 12.4 
g+ t 175, .4 10.0 175.3 9.6 175.2 10.7 176.7 10.7 175.6 10.0 
g+ a+ -57, .0 11.4 -58.3 10.3 -62.9 8.6 -60.7 0.5 -47.4 10.6 
g+ 0- 42.1 26.9 30.0 21.3 57.4 28.4 43.3 17.8 39.9 23.7 
g- t 166, .8 17.5 - - 164.5 15.2 - - 172.0 21.2 
g- g- 78, .8 16.4 80.2 1.0 78.6 14.7 52.3 0.0 81.5 19.4 

t fc t 179, .3 17.8 178.5 16.8 178.4 19.3 178.6 15.3 -178.1 17.7 
t t g+ -175. .8 20.9 -177.4 19.4 -176.4 21.1 170.7 13.4 -170.4 22.9 
t t g- 174. .3 21.1 172.3 22.7 168.5 12.0 - - -173.8 20.4 
t g+ t -87, .0 25.1 -85.7 27.2 -87.5 9.9 -72.3 40.2 -91.9 18.4 
t 0+ g+ -97, .2 17.3 -106.9 9.6 -60.9 0.0 - - -86.6 10.6 
t g+ g- -110. .4 0.0 -110.4 0.0 - - - - - -
f g- t 67, .1 11.4 65.1 10.3 68.3 14.9 65.6 6.8 72.5 10.1 
t g- g+ 87, .4 12.1 89.7 11.3 82.7 12.2 - - - -
t g- g- 67. .2 18.1 65.1 17.0 74.6 13.3 57.4 13.3 72.5 23.0 
g+ fc t -179, .4 17.0 -179.3 15.8 -178.0 16.1 -175.2 21.4 179.3 17.7 
0+ t g+ -173, .2 21.1 -171.5 14.4 -174.8 18.5 -155.4 16.3 -175.4 25.9 
g+ t g- 175, .3 21.7 173.1 19.5 174.4 24.5 -173.3 14.3 177.3 22.3 
g+ g+ t -67, ,4 17.7 -66.4 16.4 -68.7 15.1 -72.7 12.7 -67.1 19.4 
g+ g+ g+ -70, .1 23.7 -72.2 23.4 -77.4 19.9 -74.1 18.0 -65.2 24.8 
g+ g+ g- -83, .2 17.8 -75.4 25.4 -82.6 15.5 - - -87.3 10.6 
g+ g- t 68, .9 14.4 66.3 14.3 74.8 12.8 73.3 9.1 68.5 14.7 
g+ g- g+ 59. .9 22.5 58.0 0.0 54.4 0.0 - - 63.7 31.3 
g+ g- g- 69, .3 15.2 - - 68.1 0.0 49.7 .0.0 72.2 15.3 
g- t t 179, .3 18.6 173.0 20.3 178.3 18.2 177.7 10.7 -178.9 18.4 
g- t g+ -168, .8 20.5 -157.8 23.8 -168.3 13.8 -175.6 20.0 -171.6 20.9 
g- t g- 177, .7 22.8 167.3 17.5 -178.7 26.5 171.5 0.0 -159.3 11.9 
g- g+ t • -67, .8 26.9 - - - - - - -67.8 26.9 
g- g- t 68-.4 8.7 69.5 8.6 - - - - 67.4 8.7 

t t t 175. .9 12.1 176.4 12.8 177.4 11.9 _ 173.4 10.7 
t t g+ -178, .8 13.0 178.7 17.2 -178.1 8.1 177.6 3.9 -174.1 15.4 
t t g- 179, .1 10.8 -176.7 9.9 176.3 10.6 -178.7 0.0 173.9 9.8 
t g+ t -96, .9 19.9 - - -96.9 19.9 - - - -t g* g+ -85, .8 8.9 -84.7 11.5 -86.2 7.8 - - -86.9 0.0 
t g- t 65, .1 16.2 59.2 17.0 70.9 17.5 59.4 0.0 68.3 7.1 
t g- g+ 84, .7 18.7 85.4 20.8 79.1 13.7 - - 90.5 0.0 
t g- g- 65, ,8 14.4 65.9 16.0 68.6 14.6 60.2 0.0 64.5 11.0 
g+ t t 178, .8 12.0 176.5 10.5 -179.3 10.6 175.5 0.0 -178.1 14.5 
g+ t g+ -178, ,3 12.6 -172.2 7.0 175.2 16.3 - _ 177.9 10.3 
g+ t g- 178. .6 11.5 176.4 12.2 -177.6 11.4 -178.2 11.9 179.3 9.4 
g+ g+ t -66, .5 13.7 -61.2 9.7 -66.1 9.1 -88.1 0.0 -75.7 16.6 
g-t- g+ g+ -62, .0 12.8 -60.2 12.7 -65.1 9.9 -54.0 0.6 -64.8 14.4 
g+ g+ g- -67, ,9 15.7 -63.3 10.7 -63.9 0.0 - - -75.2 19.3 
g+ g- t 79, .9 0.0 - - 79.9 0.0 - - - -g+ g- g+ 64. .7 0.0 64.7 0.0 - - - - - _ 

g+ g- g- 89, .9 29.3 - - 60.2 0.0 - - 99.8 27.5 
g- t t -178, .0 13.5 160.8 0.0 -174.8 13.5 178.7 0.0 -178.5 12.5 
g- t g+ -176, ,1 15.6 158.1 24.7 -176.2 12.0 -173.0 13.5 -172.2 13.3 
g- t g- -175, .1 13.4 171.9 14.2 -165.9 11.4 - - -177.2 5.7 
g- g+ t -80, .4 27.9 -108.3 0.0 - - - _ -52.4 0.0 
g- g+ g+ -84, .6 7.7 -86.0 5.9 - - - - -83.1 9.0 
g- g- t 92, .8 13.5 - - 92.8 13.5 - - - _ 

g- g- g+ 102, .5 0.0 - - - - 102.5 0.0 - -
g- g- g- 67, .3 7.2 - - - - - - 67.3 7.2 

t 90 75. .3 18.3 76,4 17.8 75.1 20.8 59.4 23.3 73,7 16.4 
g+ 90 101, .7 30.0 106.4 36.7 94.4 24.6 114.6 24.3 103.3 27.4 
g- 90 90, .6 11.7 85.0 17.1 92.7 9.1 84.6 8.8 89.0 13.2 
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Appendix Table 3. Continué (2). 

t -90 -103.5 15.3 -103.3 15.9 

t 0 10.7 24.1 7.0 11.0 

t 90 78.9 13.2 80.4 12.0 

g+ -90 -90.6 10.2 -98.2 5.2 
g+ 0 -12.4 17.8 -15.7 18.1 
g+ 30 95.8 18.5 102.7 18.3 
g- -90 -89.9 9.9 -91.4 7.7 
g- 0 -31.5 26.2 - -
g- 90 88.1 13.5 87.7 21,6 

t 90 75.6 20.7 77.6 19.4 
g+ 90 102.7 26.2 113.2 31.5 
g- 90 89.7 12.6 84.6 11.0 

-99.7 17.5 -103.9 2.8 -107.2 11.2 
4.4 29.2 31.9 0.0 17.8 23.3 

76.0 15.5 _ - 76.4 13.7 
-93.0 10.2 -82.3 0.0 -85.2 8.5 

-5.1 19.1 -22.0 16.2 -11.2 15.8 
90.9 15.4 95.0 19.4 96.0 19.6 

-89.5 12.1 _ - -89.5 9.2 

- - _ - -31.6 26.2 
87.5 12.4 89.4 11.8 88.4 13.0 

72.9 23.4 75.8 15.7 74.3 20.7 
93.7 20.3 110.0 20.4 103.1 24.5 
91.0 10.1 85.3 3.9 89.4 15.6 

The table shows the mean X2 valúes (first column) and their corresponding standard deviations (second column) for the different rotamers in 
the 1996 "full rotamer libraries" (except for rotamers labelled as "Other"). The data in the table were obtained by using, when possible, 
combinations of side-chain dihedral angles from %i to X3 in nondependent (Averaged) and dependent (Helix, p-Strand, Turn and Coil) 
secondary-structure coordinates. Residues grouped as "Other" (see Appendix Table 1) were not taken into account because they are not a 
homogeneous sample. • The %2 data from Asn and Asp and the X3 data from Gln and Glu were not used to build the "full rotamer libraries" 
because their dihedral angle distributions do not have well separated peaks. Consequently, results for Asn and Asp do not appear in this table. 

UNIVERSITAT ROVIRA I VIRGILI 
ESTUDIS COMPUTACIONALS SOBRE BETA-AMILASA, UNA MOLÈCULA ENZIMÀTICA TIPUS BARRIL (BETA/ALFA) 8: 
RELACIONS EVOLUTIVES I TRANSICIONS ESTRUCTURALS AL CENTRE CATALÍTIC. 
Gerard Pujadas Anguiano 
ISBN:978-84-694-2163-5/DL:T.885-2011 



Apéndix 109 

Appendix Table 4. Mean X3 valúes and their standard deviations for dependent and nondependent secondary-

structure "full rotamer libraries". 

Residue Rotamer 
lat)el • 

Averaged 

Mean valúes and standard deviation for 

Helix B-strand Tum Coil 

Arg t t t 179 .1 20.0 -178.4 20.5 174.7 20 9 -178.8 19.6 179.0 17.4 
t t sr+ -65 .9 17.3 -65.3 17.8 -66.0 16 5 - - -67.2 16.8 
t t a- 67 5 17.0 67.2 17.2 68.3 17 6 61.7 3.3 68.0 15.6 
t g+ t 173 2 13.8 166.4 13.2 - - - - -175.6 4.1 
t g+ a+ -67 .7 16.7 -65.3 16.5 -60.1 0 0 - - -90.2 0.0 
t g+ a- 104 7 0.0 104.7 0.0 - - - - - -
t g- t -179 .1 20.8 -177.6 16.6 173.4 16 9 176.8 5.9 -179.7 31.6 
t g- a+ -85 2 12.5 -88.9 15.4 -83.1 0 0 - - -79.0 0.1 
t g- B- 67 3 18.1 66.1 16.8 75.0 22 5 77.1 0.0 47.8 0.0 
g+ t t -178 8 18.2 -177.3 17.5 -177.7 19 2 178.5 7.9 178.5 18.8 
g+ t a+ -71 3 20.9 -72.7 21.4 -70.7 22 3 -68.1 15.1 -70.2 20.1 
g+ t a- 68 0 17.9 67.6 17.6 65.2 15 1 70.5 12.3 69.0 19.2 
g+ g+ t -179 1 16.8 178.0 17.8 -177.6 13 7 -178.3 11.8 -179.2 18.8 
g+ g+ a+ -68 0 17.4 -70.7 17.2 -72.3 16 6 -71.7 23.1 -63.7 15.6 
g+ g+ a- 81 2 20.9 73.4 9.6 86.0 5 4 56.6 0.0 86.5 24.7 
g+ g- t 175 5 21.7 175.7 5.6 -171.6 18 2 _ - 172.7 24.2 
g+ g- a+ -99 3 23.4 -100.0 21.5 -124.2 0 0 - - -72.2 0.0 
g+ g- a- 71 7 18.7 66.2 0.0 78.9 21 8 - - 65.5 14.0 
g- t t -179 9 19.4 178.7 23.4 -176.7 17 6 177.9 32.3 178.8 17.2 
g- t a+ -71 2 21.6 -69.4 25.3 -60.6 9 1 -65.8 4.4 -76.7 21.8 
g- t B- 71 7 20.0 69.7 17.8 70.7 21 3 - - 73.3 19.4 
g- g+ t -143 6 0.9 -144.5 0.0 - - - - -142.7 0.0 
g- g+ a+ -77 1 3.3 - - - - - - -77.1 3.3 
g- g+ B - 88 6 0.0 - - - - - - 88.6 0.0 
g- g- t -179 3 13.8 165.5 0.0 -168.5 0 0 - -178.2 14.0 

t t t 177 8 18 9 177.1 18.7 -179.5 18 2 -180.0 9.5 175.8 20.3 
t t B+ -70 9 18 2 -73.1 17.2 -71.6 15 1 -109.2 0.4 -61.8 18.3 
t t B- 71 4 17 7 72.5 19.5 69.5 13 7 - - 70.9 16.5 
t g+ t -178 3 24 4 -178.8 26.9 -179.2 6 5 178.4 15.9 -176.6 25.1 
t g+ fl+ -71 4 16 0 -75.5 14.9 -73.6 0 0 - - -61.1 16.4 
t g+ B- 105 3 0 0 105.3 0.0 - - - - - -
t g- t 179 7 19 3 179.8 19.8 176.6 11 3 -170.3 20.3 179.7 22.5 
t g- fl+ -82 4 15 4 -82.0 18.6 -83.0 4 4 - - - -
t g- a- 76 1 16 5 76.6 12.1 94.7 7 4 67.1 21.9 62.9 8.1 
g+ t t 179 4 19 3 179.8 18.7 -179.4 19 2 177.2 21.6 178.8 19.3 
g+ t a+ -75 2 21 3 -73.7 20.5 -81.0 24 7 -67.6 21.1 -75.2 20.5 
g+ t a- 69 8 16 3 70.9 15.4 68.6 14 7 67.1 15.9 69.5 17.7 
g+ g+ t -177 2 21 2 179.6 19.7 -176.4 19 8 -178.0 19.1 -175.6 22.3 
g+ g+ B+ -73 9 18 5 -75.6 20.5 -70.3 17 8 -87.1 18.5 -72.2 16.0 
g+ g+ a- 88 6 17 1 93.7 16.5 86.1 19 5 - - 87.1 15.8 
g+ g- t 177 6 22 0 173.9 20.8 174.6 13 8 179.4 8.1 -178.2 25.5 
g+ g- B+ -91 2 16 3 -105.4 0.0 -84.0 0 0 - - -87.6 19.9 
g+ g- B - 76 3 17 3 - - 63.4 0 0 69.7 0.0 79.1 18.7 
g- t t -178 2 19 4 -176.5 9.3 -176.6 19 8 -173.5 9.8 -179.5 21.2 
g- t a+ -68 3 20 0 -71.3 21.2 -79.9 19 2 -70.5 0.2 -61.0 18.4 
g- t a- 70 4 15 7 62.2 14.6 78.5 12 5 81.3 0.0 77.7 12.9 
g- g+ t -178 5 26 6 - - - - - _ -178.5 26.6 
g- g- t 170 0 30 2 -167.5 13.5 - - - 147.5 25.1 

t t t 178 1 23 5 -172.5 20.5 174 1 22.5 - - 170.4 24.1 
t t a* -71 5 20 6 -67.0 23.1 -73 9 20.7 -89.4 4.1 -69.0 7.8 
t t a- 76 8 18 0 73.4 13.3 82 4 19.9 37.6 0.0 74.3 16.4 
t g+ t 170 4 16 1 - - 170 4 16.1 - - - _ 
t g+ a+ -76 8 11 4 -74.3 7.2 -78 4 13.0 - - -71.7 0.0 
t g- t -172 8 24 3 -173.9 27.4 -177 2 22.5 -133.4 0.0 -172.7 12.0 
t g- B+ -89 5 26 1 -84.9 27.9 -112 2 0.5 - - -76.5 0.0 
t g- B - 74 2 17 0 73.2 14.6 70 4 13.8 63.8 0.0 78.5 21.3 
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Appendix Table 4. Continué. 

g+ t t -176.6 
g+ t ff+ -74.4 
g+ t a- 74.4 
g+ g+ t 163.3 
g+ g+ sr+ -68.4 
g+ g+ ff- 102.7 
g+ g- t 157.1 
g+ g- 3+ -103.1 
g+ g- ff- 63.5 
g- t t -178.6 
g- t <3* -76.8 
g- t 0 - 75.3 
g- g+ fc -169.3 
g- g+ íf+ -53.1 
g- g- t 155.0 
g- g- ff+ -116.6 
g- g- ff- 72.5 

19.7 -175. 2 17, ,2 
18.3 -74. ,1 18. ,7 
18.3 72. ,7 17. ,1 
21.8 165. ,4 21. ,9 
15.8 -66. ,8 16. ,2 
12.4 104. ,0 12. ,7 
0.0 _ -
0.0 -103. ,1 0, .0 

10.7 - -
18.6 -160. ,9 0, .0 
19.2 -64. .8 23, .8 
17.6 76, .8 16, .1 
26.0 -143, .3 0, .0 
27.2 -62 .9 15 .7 
11.6 - -
0.0 -
6.3 - -

-176.7 18.7 135 .5 
-77.1 16.3 -77.2 17.5 71 .7 
170.5 22.3 143 .5 
-69.8 17.8 -75 .1 
101.6 0.0 -157.1 0.0 _ 

67.5 0.0 
175.9 11.9 179.5 
-69.9 15.0 -76.8 
73.8 10.2 

155.0 11.5 
-116.6 

0.0 -176. ,8 22.2 
- -71, ,9 19.0 

27.0 75, .4 19.4 
0.0 157, ,0 19.8 
7.4 -70, .9 12.2 

- 100. .7 12.0 

- 62 .1 12.1 
0.0 -174 .3 23.9 
0.6 -86 .8 19.7 

- 76 .1 23.2 
- 164 .8 0.0 
- -43 .2 32.1 

0.0 - _ 

- 72 .5 6.3 

The table shows the mean Xs valúes (first column) and their corresponding standard deviations (second column) for the different rotámers in the 
1996 "full rotamer libraries" (except for rotámers labelled as "Other"). The data in the table were obtained by using, when possible, combinations 
of side-chain dihedral angles from Xi to X3 i" nondependent (Averaged) and dependent (Helix, p-Strand, Turn and Coil) secondary-structure 
coordinates. Residues grouped as "Other" (see Appendix Table 1) were not taken into account because they are not a homogeneous sample. • The 
X3 data from Gln and Glu were not used to build the "full rotamer libraries" because their dihedral angle distributions do not have well separated 
peaks. Consequently, results for Gln and Glu do not appear in this table. 
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