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Active-site studies of enzymes by secondary 
structure prediction and by molecular modeling 
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Since the determination of the tertiary structure by X-ray crystallography has been 
achieved only for a limited number of proteins, alternative approaches are being 
sought. In this article, the use of secondary structure prediction and of molecular 
modeling is discussed. Several examples are analyzed in detail. 
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S T A T E M E N T O F T H E P R O B L E M 

In o rder to under s t and the m e c h a n i s m of 
action of an enzyme , a hormone or a macro-
molecular carrier , it is necessary to deter
mine , as precisely as possible , the tertiary 
structure of the protein and, when relevant, 
i ts q u a t e r n a r y s t r u c t u r e . S i n c e the f i rs t 
tertiary structure of a protein tyas determined 
( K e n d r e w et al, 1 9 6 0 ) , rrta'ny i m p o r t a n t 
deve lopments in the biological sciences have 
been a direct consequence of the advances in 
the knowledge of the structure of biological 
macromolecules . 

However , the determinat ion of the tertiary 
structure of a protein (performed by X-ray 
diffraction) has not yet b e c o m e a rout ine 
task . S e v e r a l p r o b l e m s , such as g rowing 
protein crystals , or searching for heavy a tom 
de r iva t ives , s o m e t i m e s take severa l years 
before they are adequately solved. 

The secondary structure of a protein de
scribes the spatial folding of the polypept ide 
chain which, in this specific way, acquires a 
m o r e s t a b l e c o n f o r m a t i o n . T h e p r o c e s s 
of f o l d i n g a l l o w s t h e s h i e l d i n g of t h e 
hydrophobic amino acid residues in the inte
rior of the molecule , whereas the hydrophil ic 
ones are exposed to the surrounding solvent. 
T h e folding of the polypept ide chain also 

facilitates the proximity of residues capable 
of f o r m i n g s t a b i l i z i n g b o n d s s u c h a s 
disulfide bridges or hydrogen bonds be tween 
the turns of a helical structure or be tween the 
strands of a b-pleated sheet. 

For years , the secondary s t ructure of a 
p ro te in was ob t a ined as a b y - p r o d u c t of 
tertiary structure determinat ion. It provides 
a s impler way to descr ibe the compl ica ted 
architecture of the macromolecule than the 
spatial location of the thousands of a toms, or 
the hundreds of amino acid residues. Figures 
l a and l b illustrate the presentat ion of the 
s t ructure of human carbonic anhydrase B 
( t o d a y n a m e d H C A I) by a s e c o n d a r y 
structure model , and by a chain containing 
just the a carbon of each amino acid residue. 
It is only in the last 20 years that the deter
mination of the secondary structure, without 
the previous knowledge of the tertiary struc
ture, has been considered possible . 

The discovery of the genetic code and the 
de te rmina t ion of D N A sequences s h o w e d 
that the primary structure of a protein is the 
ma in in format ion gene t i ca l ly t r ansc r ibed . 
This fact means that the amino acid sequence 
a l ready con ta ins all t he n e c e s s a r y infor
m a t i o n to d e t e r m i n e t h e f o l d i n g of t h e 
polypept ide chain; that is, it determines both 
the secondary and the tertiary structure. This 
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Fig 1. (a) Secondary structure of human carbonic anhydrase I (HCAII), in the cylinder and arrow representation, (b) Tertiary 
structure of HCAII. Stereoscopic computer drawing of the a-carbons only (From Nostrand, 1974). Reprinted with permission. 

conclusion is supported by denaturat ion-re-
naturat ion exper iments on several enzymes. 
H o w e v e r , t o d a y it is k n o w n tha t s o m e 
proteins, called ' chaperones ' play a role in 
facilitating protein-folding, by catalyzing the 
s l o w - f o l d i n g r e a c t i o n s or by p r e v e n t i n g 
' w r o n g ' protein aggregat ions (Ellis & van 
der Vies , 1991). 

Fol lowing the principle that the primary 
structure is the main determinant factor in 
protein folding, several methods have been 
designed to predict the secondary structure of 
a protein from a knowledge of its amino acid 
sequence. Some of these methods are based 
on empir ical probabili t ies (Chou & Fasman, 
1974), numerical algori thms (Lim, 1974), a 
combina t ion of phys icochemica l measure 
ments from a data base of known protein 
structures (Cid et al, 1982, 1992; Parker & 

Song, 1990), or the use of 'neural ne tworks ' 
for r e c o g n i t i o n of s e c o n d a r y s t r u c t u r e 
patterns (Holley & Karplus, 1991) . 

T h e p o s s i b i l i t y t h a t t h e s e c o n d a r y 
structure of a protein may be predicted in 
the absence of k n o w l e d g e of the ter t iary 
structure, opens new trends in enzyme ac
t i v e - s i t e s t u d i e s . E v e n if t h e c o m p l e t e 
enzyme structure cannot be known precisely, 
the location of the active-site and some infor
mat ion about its morphology , would be a 
valuable tool in the comprehens ion of its 
mechanism of action. 

In the first version of this article (Cid, 
1 9 8 7 ) , w e p r e s e n t e d t h r e e e x a m p l e s of 
e n z y m e f a m i l i e s w i t h k n o w n p r i m a r y 
structures but u n k n o w n tertiary s tructures, 
where information about the active-site was 
sea rched by a c o m b i n a t i o n of s econda ry 
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s t ructure predic t ion and chemica l s tudies . 
A spatial folding of the polypept ide chain 
was p roposed , based on a combina t ion of 
secondary s t ructure predic t ion and s imple 
mode l building, which fulfilled the accepted 
p a c k i n g of s econda ry s t ruc ture e l e m e n t s . 
The tertiary structure of some members of 
these three families have been determined in 
the m e a n t i m e at good resolut ion. Both the 
predict ions and the new results are included 
in this review; thus , the limitations of the 
predic t ion me thods employed can now be 
analyzed. 

The central idea in our secondary-struc
ture predict ion approach is that the act ive-
site region in a family of enzymes should 
present a much higher degree of structural 
invar iabi l i ty in the secondary and tertiary 
s t r u c t u r e s t h a n is u s u a l l y f o u n d in t h e 
pr imary structures. The shape of the active 
' p o c k e t ' m u s t b e c o n s e r v e d s i n c e a l l 
enzymes accommoda te the same substrate or 
part of the substrate within it. This type of 
approach has been used in the study of the 
f o l l o w i n g p r o t e i n f ami l i e s : s n a k e - v e n o m 
p h o s p h o l i p a s e s A 2 , 6 - l ac tamases ob ta ined 
from different microorganisms, and fructose-
1 , 6 - b i s p h o s p h a t a s e f rom v a r i o u s a n i m a l 
t issues. 

P R E D I C T I O N O F T H E S E C O N D A R Y 
S T R U C T U R E O F A P R O T E I N 

Of the several methods designed to predict 
the secondary s t ructure of a protein from 
the amino acid sequence, none has proved 
to be 100% reliable when applied to proteins 
w h o s e t e r t i a r y s t r u c t u r e ( and t h e r e f o r e , 
s e c o n d a r y s t r u c t u r e ) h a v e b e e n ful ly 
de t e rmined by X-ray diffraction methods . 
Success is variable. The predictions shown 
b e l o w a r e b a s e d o n t w o i n d e p e n d e n t 
methods , one proposed by Chou and Fasman 
(1974) and the o ther by Cid and co l l ab
orators (1982) , which have shown between 
6 0 - 8 0 % reliability when applied to globular 
proteins . 

Chou and Fasman's method for secondary 
structure prediction 

The Chou and Fasman method is based on 
empir ica l probabil i t ies . It defines conforma

tional parameters P a , P b and P ( for each of the 
20 natural amino acids . T h e s e paramete rs 
represent the probabili ty of each amino acid 
of participating in a helix, a 6-structure or 
a turn structure. They are, in fact, the nor
mal ized f requency of occu r r ence of each 
amino acid residue in that part icular type of 
s tructure, as es tabl ished from a data base 
of 29 fully determined protein structures. A 
probability average greater than 1.0, obtained 
for a group of amino acids taken in sequence 
(6 for a helix, 5 for a 6-strand, and 4 for a 6-
turn) is an indication that a specific type 
of structure is likely to occur in that region 
of the sequence. T o improve the sensitivity 
of the method in the vicinity of the limit 
value 1.0, the probabi l i ty average can be 
replaced by a product of the conformational 
parameters (Dufton & Hider, 1977), This and 
other two modifications of the method, one 
that considers four conformat ional pa ram
eters for each amino acid residue in a turn 
s t r u c t u r e ( C h o u & F a s m a n , 1 9 7 8 ) a n d 
another that al lows a differentiation be tween 
6 - s t r a n d s p a r t i c i p a t i n g in p a r a l l e l or 
ant iparal le l 8-s t ructure (Lifson & Sander , 
1979), have proved to be very useful in sec
ondary structure prediction. 

It has been reported in recent years, that if 
the conformational parameters are separately 
de t e rmined for p ro te ins b e l o n g i n g to the 
same structural class, as defined by Levitt 
and Chothia in 1976, the reliability of the 
predict ion is improved (Chou, 1989). 

Hydrophobicity profiles' method for 
secondary structure prediction 

Thi s m e t h o d c o m b i n e s p h y s i c o - c h e m i c a l 
measurements of the solubili t ies of amino 
acids in polar and non-polar solvents with 
information obtained from a data base of 21 
known protein structures (Cid et al, 1982). 
The method gives the relat ive posi t ion of 
p o r t i o n s of t h e p o l y p e p t i d e c h a i n w i t h 
respect to the protein surface since a linear 
correlation exists between the ' surrounding 
h y d r o p h o b i c i t y ' H t , as d e f i n e d b y 
Ponnuswamy et al (1980), and the average 
d is tance of an a m i n o acid res idue to the 
protein surface, as measured on 21 known 
protein structures. The ' surrounding hydro
phobici ty ' for a given residue is defined as 
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the sum of the Tanford hydrophobici t ies of 
all the amino acids included in an 8 A-radius 
sphere, centered at the a -carbon of the res
idue in considerat ion. Since the calculation 
of the sur rounding hydrophobic i ty impl ies 
the k n o w l e d g e of the tert iary s t ructure , a 
'bulk hydrophobic character ' <Ht>, has been 
calculated as an exper imental average value 
from the tertiary structures available for 21 
pro te ins . Recent ly , these coefficients have 
b e e n r e c a l c u l a t e d for a da t a b a s e of 64 
p r o t e i n s t r u c t u r e s , and a l so for p r o t e i n s 
belonging to each one of the four structural 
classes (Cid et al, 1992). 

T h e hydrophob ic i ty profi le is s imply a 
plot of < H t > versus the amino acid number 
in the sequence . Four bas ic profiles have 
been defined for 4 types of secondary struc
ture: helix, B-turn, and buried, and exposed 
8-s t rands . T h e s e bas ic profi les are repre 
sen ted in F i g u r e 2. T h e ident i f ica t ion of 
these bas ic pat terns in the hydrophobic i ty 
profile of the protein yields the predicted 
structure. 

It shou ld b e o b s e r v e d that the he l ica l 
profi le only descr ibes amphipa th ic helical 

structures; they represent about 5 0 % of all 
helices found in proteins . The exis tence of 
mainly hydrophobic or main ly hydrophi l ic 
h e l i c a l s t r u c t u r e s w a s a p o s s i b i l i t y no t 
considered in the method. This fact explains 
why this method tends to underpredict helical 
structures and to overpredict B-strands. Even 
though it does not seem possible to define 
a profile that differentiates the hydrophobic 
hel ical structure from the bur ied 6-strand, 
these two s t ructures can be d i s t ingu i shed 
by the nature of the hydrophobic amino acid 
residues involved: alanine and leucine char
acter ize hel ices , val ine and i so leucine are 
m a i n l y f o u n d in B - s t r a n d s . H y d r o p h i l i c 
helices are also possible, but they are short 
and usually present glutamic acid and lysine. 
O the r s tabi l iza t ion fac tors of hyd roph i l i c 
he l ices are: 1) oppos i t e cha rged re s idues 
situated at posit ions i , i+3, or i,i+4 al low ion-
pair interact ions, and 2) a stabil izat ion of 
the hel ical d ipo le m o m e n t is ach ieved by 
negat ive charges located at the N-cap and 
pos i t ives ones at the C-cap of the he l ix . 
( H C i d , F G a z i t u a & M B u n s t e r , 1994 , 
unpubl ished results). 

Fig 2 . The four basic hydrophobicity profiles. The number indicating the position of the amino acids in the 
sequence has been plotted against the 'bulk hydrophobic character ' . (From Cid et al, 1982) 
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Three-dimensional fold of predicted 
secondary structures 

In order to obtain as much information as 
p o s s i b l e f r o m a p r e d i c t e d s e c o n d a r y 
s t ructure , a th ree-d imens iona l fold can be 
p roposed by bu i ld ing s imple mode l s wi th 
r igid a r r o w s , cy l inders and ' ha i r p i n s ' to 
represen t 6-s t rands , a -he l i ce s and 6-turns, 
respect ively. These e lements are jo ined by 
mobi le connect ions and by flexible wires that 
represent r andom coil regions. The lengths 
of the bui ld ing e lements are scaled to the 
n u m b e r of amino acids involved, and to the 
dis tance be tween oc-carbons in that part icular 
type of structure. In bui lding such models , 
the fo l lowing c o m p l e m e n t a r y informat ion 
must be considered: 

1. Dis t inct ion be tween exposed and buried 
oc-strands, as p r e d i c t e d by the h y d r o -
phobici ty profiles. 

2. Structural class of the protein, as predicted 
f r o m a m i n o a c i d c o m p o s i t i o n ( C h o u , 
1989). 

3 . Preferences for 6-strands to be part of a 
parallel or antiparallel 6-sheet, as given by 
the modif ied Chou and Fasman method. 

4. Stabil ization of helical and 6-structures in 
one of the three super secondary structures 
defined by Levit t and Chothia (1976): aa, 
bb , bab . 

5. P rox imi ty of some amino acid res idues 
based on chemical evidence. Examples of 
these models are given in Figures 7 and 14. 

R e s u l t s o b t a i n e d f r o m a p p l i c a t i o n of 
cri teria 1 to 4 should agree with the predicted 
structural c lass . 

C O M P A R A T I V E M O D E L I N G 
O F P R O T E I N S T R U C T U R E S 

A step further in predict ing the secondary 
s t ruc tu re of p r o t e i n s , and spec ia l ly the i r 
t h r e e - d i m e n s i o n a l fo ld ing, is p rov ided by 
m o l e c u l a r m o d e l i n g m e t h o d s . T h e use of 
these me thods involves extrapolat ion from 
one or m o r e k n o w n pro te in s t ruc tures to 
construct a new structure when the sequences 
of var ious members of the family, as well 
as that of the p rob lem structure, are known 
(Greer , 1990) . These methods work better 
w h e n the k n o w n ter t ia ry s t ruc tu res h a v e 

b e e n e x p e r i m e n t a l l y d e t e r m i n e d at g o o d 
resolution. It is then possible to differentiate 
r e g i o n s w i t h an i n v a r i a n t s t r u c t u r e , or 
'structurally conserved regions ' from 'varia
ble reg ions ' . This procedure involves mol 
ecu la r g raph ics and m o l e c u l a r m e c h a n i c s 
model ing techniques. 

The successive steps of the method are the 
following: 

Model Building 

These steps are illustrated on Figure 3 . 

1. S u p e r p o s i t i o n of the 3 - d i m e n s i o n a l 
structures in order to search for the struc
tura l ly c o n s e r v e d r eg ions ( S C R s ) and to 
l o c a t e the v a r i a b l e r e g i o n s ( V R s ) . T h i s 
process is usually carried out manual ly on a 
graphics display system. 

2. Sequence al ignment based on the super
pos i t ion of the S C R s , and not on a m i n o 
acid ident i ty or s e q u e n c e h o m o l o g y . T h e 
al ignment of the VRs is more or less arbi
trary, unless there are sequence homologies , 
or a conformation is found in more than one 
structure. 

3. Determinat ion of patterns of sequence 
h o m o l o g y in the a l igned s e q u e n c e s , and 
al ignment of the ' n e w ' sequence with these 
s t ruc tura l ly conse rved pa t t e rns . It shou ld 
be possible to align a stretch of the ' new 
sequence ' with each one of the SCRs . The 
remaining residues will form the VRs . This 
is a crucial step for building the model of the 
' new ' structure. 

4 . M o d e l b u i l d i n g c a n s ta r t w i t h t h e 
backbone coordinates of the SCRs of any one 
of the solved proteins The side chains are 
mu ta t ed to those of the ' n e w ' s e q u e n c e , 
trying to achieve the best over lapping with 
the beginning of the 'o ld ' side chain. 

5. Search for sequences to model the VRs , 
either from the V R s of one of the known 
s t ructures or f rom h o m o l o g o u s sequences 
in Data Bases (Summers '& Karplus , 1990). 
E n e r g y m i n i m i z a t i o n p r o c e d u r e s a r e 
necessary at this step, as described below. 

Model Refinement 

1. Search for errors in the proposed struc
ture, such as bond angles and distances too 
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Fig 3 . Schematic representation of the comparative modeling method, (a) A, B, and C are three proteins of known structure of 
an homologous family, each one represented by a characteristic dashed or dotted pattern, shown in d). (b) The three structures 
are superimposed to show the structurally conserved regions (SCRs) in bold lines, and the variable regions (VRs) in dashed or 
dotted lines, (c) First step in the construction of the 'new structure', the SCRs are built from the chain coordinates of any of the 
known structures. The side chains are mutated to the 'new sequence' when necessary, (d) The various VRs conformations 
found in the known structures are considered for the VRs of the 'new protein' (compare with the VRs shown in a and b). Those 
that do not fit are rejected, as shown by the crossed arrows, and the most suitable is selected. If none of them is adequate, other 
conformational search or energy minimization methods must be employed (see VR in upper left corner with the sequence C-F-
N-L-Q as an example of a necessarily different new conformation), (e) The composite structure showing the source of the 
respective 'spare parts ' selected for the model structure. The model is now ready for refinement. (From Greer, 1990; reprinted 
by permission from John Wiley & Sons, Inc.) 

far from those accepted, or superposition of 
a toms, due to side chain mutat ions which can 
be corrected by changing t h e c angles. 

2. Int roduct ion of a set of water mole
cu les (us ing the coord ina te s of the wate r 
molecules of one of the solved structures), 
and introduction of the hydrogen a toms. This 
process is usually included in the minimiza
tion packages . 

3. Energy minimizat ion of the model to 
ob t a in a m i n i m u m e n e r g y c o n f o r m a t i o n . 
T h e s e c a l c u l a t i o n s , k n o w n as ' m o l e c u l a r 
mechan ics ' are based on a Potential Energy 

representation of the molecule as a function 
of the in te rna l c o o r d i n a t e s and the in ter 
atomic distances, as shown on equat ion [1]. 

V= I { D b [ l - e - a < b - b 0 > ] 2 - D b } + 1/2 £ H 0 ( 9 - e 0 ) 2 

+ 1/2 S H f (1+ s cos n(h) + 1/2 Hex 2 [1] 
+ I I e [ ( r * / r i j ) 1 2 - 2 ( r * / r / ] + I I q-q/rj. 

The first four t e rms represent the energy 
necessary to distort the bonds (b) ,va lence 
angles (0), torsion angles (<\>), and angles out 
of the plane (x); b 0 and 0O are ideal values . 
H k represents the force constant necessary to 
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distort the respect ive internal coordinate ' k ' , 
w h o s e va lues h a v e been de te rmined from 
small model compounds . The last two terms 
represen t non -bonded interact ions be tween 
a toms i and j , r* being the most favorable 
i n t e r a tomic d i s t ance and e the energy of 
interaction at this distance (Sessions et al, 
1992). 

Wi th the potential energy of the system 
defined by [1], its minimizat ion involves the 
solution of the equat ion: 

8V/8x ; = 0 , i = l , 3 n [2] 

w h e r e x ; r epresen ts the three c o m p o n e n t s 
of the vector r ; defining the posit ion of each 
one of the N a toms of the system we want to 
min imize . 

In the first cycles of minimizat ion of the 
comple te molecule the movement of a toms 
should be restricted to the hydrogens . After 
t h e s e h a v e f o u n d the be s t l o c a t i o n , the 
minimizat ion process proceeds , usually until 
the derivat ives of the energy with respect to 
the coordinates x ; are less than 0 .01 . 

Model Evaluation 

1. Check that the over lapping of the back
bones of the S C R s is maintained within a 
root m e a n square ( rms) dev ia t ion of less 
than 2A. If not, the building of the neigh
bor ing V R s should be revised. 

2. Check that the model $ and <p angles fall 
within the Ramachandran ' s al lowed regions. 

3 . C h e c k t h a t t h e r a t i o b e t w e e n t h e 
c a l c u l a t e d s o l v e n t - a c c e s s i b l e s u r f a c e of 
the model to the protein molecu la r weight 
( S U R F M W ) , lies in the range accepted for 
globular proteins: 

0.320 < S U R F M W < 0.520 A 2 

4 . C h e c k tha t t h e s t r uc tu r a l i n f o r m a 
t i o n p r o v i d e d by t h e m o d e l fu l f i l l s t h e 
requirements for an adequate functioning of 
the protein. This condit ion can be proved by 
exper imenta l tests. At this stage, molecular 
dynamics s imulat ions (MD) are a useful tool 
that c o m p l e m e n t and he lp to expla in the 
exist ing data by designing new exper iments . 
T h e s e s imulat ions are increasingly useful for 
ref inement of act ive-si te models generated 

by m o l e c u l a r m o d e l i n g , N M R or X - r a y 
diffraction methods . ( M c C a m m o n & Harvey, 
1987). The unders tanding of the mechan isms 
of action of proteins, a dynamic event , has 
been greatly improved by the use of M D . 

Molecular Dynamics Simulations 

This method calculates the future posi t ions 
a n d v e l o c i t i e s of a t o m s b a s e d on t h e i r 
cu r ren t pos i t ions ; for e x a m p l e the a to mic 
posi t ions obtained after the refinement in the 
molecular model ing, or in the X-ray deter
minat ion of the structure. A simulation de
termines first the force (F ; ) on each atom, 
as a function of t ime, equal to the negat ive 
gradient of the potent ia l energy (V) , with 
respect to the posi t ion of the a tom i, de
termined by the vector r^ 

V = V (r, , r 2 , r 3 r N ) [3] 

5V 
F ; = [4] 

8r ; 

Once the force F ; is obtained from equa
tion [4], the acceleration a ; on each atom can 
be calculating dividing this force by the mass 
mi of the a tom : 

a ; = 8 2 v / S t 2 = F ; lm{ [5] 

The change in velocity Av ; is obtained by 
integrating equation [5] over a t ime interval 
At, and the change in the pos i t ion Ar ; is 
equal to the integral of v ; over the same t ime 
interval . The kinet ic energy is defined in 
terms of N e w t o n ' s equation [6] 

N 
K = (1/2) I m t v ;

2 [6] 

The Hamil tonian, or total energy of the 
system, is the sum of the potential energy 
given in equation [1] , and the kinetic energy 
given by equation [6]. 

It should be noted that integration of the 
equations of mot ion is done us ing very small 
t ime steps At. At each step, the energy and 
forces of the system are evaluated; the Dt 
values used are of the order of femtoseconds 
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( 1 0 1 5 s ) . T i m e s teps of this order a l low 
s imula t ions that in tegrate adequate ly high 
frequency mot ions of the system, like bond 
stretching vibrations on the order of several 
p icoseconds (10~ 1 2 s). 

T h e s e c o n d i m p o r t a n t p a r a m e t e r to 
consider in the molecular dynamics simula
tion process is At, the temperature increment, 
that will provide the necessary changes in the 
kinetic energy (at T near 0°K, atoms have 
zero velocity) . W h e n the simulation process 
s tar ts , it n e e d s to ass ign ve loc i ty va lues 
which are realistic for that molecular system 
at a cer ta in t empera tu re . It is conven ien t 
to reach the desired temperature in several 
' h e a t i n g ' s t e p s . ( M c C a m m o n & H a r v e y , 
1987) 

T h e first impor tan t appl ica t ion of M D 
is in the refinement of parts of a structure 
o b t a i n e d by m o l e c u l a r m o d e l i n g : In a p 
plying energy minimizat ion algori thms, one 
searches for a min imum energy configura
t ion of the sys t em, by m o v i n g a long the 
gradient of the potential energy in the energy 
hypersur face descr ib ing a macromolecu la r 
sys tem. Th i s surface may conta in a very 
large number of local minima, and because 
energy minimizat ion moves only downhi l l 
over the surface, it can reach only a local 
m i n i m u m e n e r g y c o n f i g u r a t i o n in t h e 
ne ighborhood of the initial one. The relaxa
t ion of the sys tem strains by smal l local 
posit ional adjustments can be made by M D , 
s i n c e t h i s m e t h o d a c c o u n t s for t h e r m a l 
motion, and molecules may contain enough 
thermal energy to cross potential barriers and 
reach a true m i n i m u m energy configuration. 

M o l e c u l a r D y n a m i c s a l l ows the s tudy 
of c o n c e r t e d m o t i o n s that can occur , for 
example , dur ing l igand binding, enzymat ic 
activity and molecular recognition, because 
it is possible to store ' snapshots ' of a mo
lecular dynamic trajectory (set of posit ions 
and velocit ies of a toms over t ime), and use 
t h e m to d e t e c t p o s s i b l e c o n f o r m a t i o n a l 
changes in the region under study. These 
facilities m a k e the method very valuable to 
s tudy d o c k i n g of subs t r a t e s to p r o t e i n s , 
since it can give, not only the 'bes t ' position 
of the substra te in the act ive site to start 
the catalytic process , but it can also describe 
the whole docking process in t ime, and the 
different confo rmat iona l changes that the 

substrate and the active site can undergo. 
(See for example Sessions et al, 1992; Di 
Nola etal, 1994). 

One drawback of the method is that, so 
far, it is unable to handle t ime intervals of 
the order of nanoseconds or longer, that char
acterize most chemical or physical processes; 
therefore, it is not useful to study long-term 
processes like protein folding. 

E X A M P L E 1: 
S E A R C H F O R A ' T O X I C S I T E ' IN 

S N A K E - V E N O M P H O S P H O L I P A S E S A 2 

P r o t e i n t o x i n s f rom s n a k e v e n o m b l o c k 
t ransmission across the chol inergic neuro
muscular junct ion, either by a post-synaptic , 
cura re - l ike ac t ion on the n ico t ine ace ty l 
choline receptors of the musc le end plate, 
or by a p resynap t i c in te r fe rence wi th the 
release of acetylcholine from the motor nerve 
terminals. 

T h e s e q u e n c e s of m o r e than 50 pos t 
synaptic snake-venom neurotoxins have been 
reported, and the typical structure of the two 
main groups of toxins involved have been 
de t e rmined by X-ray diffract ion m e t h o d s 
( W a l i n s h a w et al, 1 9 8 0 ; T s e r n o g l o u & 
Petsko, 1976). 

By contrast, until the mid-eight ies , very 
little was known about the three-dimensional 
structure of the pre-synaptic neurotoxins . It 
is clear, however , that there is no c o m m o n 
structure that can describe them all. In gene
ral, they present mult iple polypept ide chains, 
a n d h a v e d i f f e r en t d e g r e e s of t o x i c i t y , 
al though it has been found that all of them 
show a phosphol ipase A 2 ( P L A 2 ) activity. 
The re fo re , one can say that p r e - s y n a p t i c 
neurotoxins are either phosphol ipases A 2 , or 
at least one of their polypept ide chains is a 
P L A 2 . Great similari t ies are found a m o n g 
toxic p h o s p h o l i p a s e s and wi th the m a m 
malian phosphol ipases A; at least 5 0 % of the 
sequences are conserved, and all have about 
120 a m i n o acid r e s idues and 7 d isu l f ide 
b r i d g e s . T h e h igh h o m o l o g y in p r i m a r y 
structure makes it difficult to expla in the 
r e m a r k a b l e d i f fe rences in specif ic ac t ion 
be tween the snake v e n o m phospho l ipases 
and the h o m o l o g o u s phospho l ipases from 
m a m m a l s . Alkal ine v e n o m phosphol ipases 
present a high degree of toxici ty and can 
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show neurotoxic , mitotoxic, cardiotoxic, or 
a n t i c o a g u l a n t a c t i v i t y ; a c i d i c or n e u t r a l 
p h o s p h o l i p a s e s A are less toxic o r n o n 
t o x i c . It is reasonable , then, to look for dif
fe rences in the s econda ry s t ruc tures that 
could account for their toxic action. 

T h e r e l a t i o n s h i p b e t w e e n s e c o n d a r y 
structure and toxicity were the a im of studies 
on the secondary structure of snake-venom 
P L A 2 (Arr iagada & Cid, 1980, 1989). The 
cha rac te r i s t i c s of the tox ins inc luded are 
listed in Table I. The secondary structures, 
p r e d i c t e d bo th by the C h o u and F a s m a n 
method and by the hydrophobici ty profiles 
method, were compared to the predicted and 
o b s e r v e d s e c o n d a r y s t r u c t u r e of b o v i n e 
phospho l ipase A 2 , whose tertiary structure 
has been fully determined by high resolution 
X - r a y d i f f rac t ion (Di jks t r a et al, 1981) . 
T h e p r e d i c t e d s econda ry s t ruc ture of the 
m a m m a l i a n p h o s p h o l i p a s e , c o m p a r e d to 
that o b t a i n e d f rom the ter t ia ry s t ruc tu re , 
gave an est imation of the reliability of the 
method in this case (Arriagada & Cid, 1980). 
Figure 4 illustrates the relationships between 
predicted secondary structures of the toxins 

Table I 

Some characteristics of snake-venom PLA 2 

as compared to a mammalian PLA 2 

Phospholipase A 2 AA res- Char Toxicity 
idues acter 

Bovine pancreas PLA 2 123 Basic Non toxic 
Notexin 119 Basic Highly neurotoxic 

& myotoxic 
Notechis II-5 119 Basic Highly neurotoxic 

& myotoxic 
Notechis II-1 119 Neutral Non-toxic 
Enhydrina schistosa PLA 2 119 Basic Myotoxic & Enhydrina schistosa PLA 2 

neurotoxic 
Bj-Bungarotoxin (chain A) 120 Basic Highly neurotoxic 
Naja nigricollis P L A 2 118 Basic Moderately toxic 
Naja naja atra PLA 2 119 Acidic Weakly toxic 
Taipoxin g- subunit 125 Acidic Non-toxic 
H. haemachatus PLA 2 119 Neutral Weakly toxic 

listed on Table I, among themselves and with 
the X-ray de te rmined secondary s t ructure 
of b o v i n e p h o s p h o l i p a s e A 2 . T h e he l ica l 
zones have been represented by springs and 
the zones of extended structure (that form 
part of 6-structures) by stippled blocks . A 
r e m a r k a b l e s imi l a r i t y a m o n g the s n a k e -
venom and m a m m a l enzymes can be seen 

RESIDUE NUMBER 

1 Bovin« poncffos PLA2 

2 Not«xin 

3 NoUchis 11-5 

t Notechis 11-1 

5 Enhydrmo schistosa myotoxm 

6 P] - bungarotoxm (Cham A ) 

7 Naja nigncoHis P lA j 

8 Nojo nojo otro PLA2 

9 Taipoxin IT - subunit 1 

10 Htmochqtus haemachotus PLA2 
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Fig 4. Structural relationships between phospholipases. The predicted secondary structures of nine snake-
venom phospholipases A 2 have been compared with the secondary structure of bovine pancreas PLA 2 , as 
obtained from its known tertiary structure. Helical zones are represented by springs and regions of B-
strands by stippled blocks. (From Arriagada & Cid, 1989). 
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in the first part of the sequence up to residue 
60 . Impor tan t differences are observed in 
the second half of the sequence; several ex
tended s t ructures predic ted for the snake-
v e n o m phosphol ipases are not found in the 
exper imental ly determined structures of the 
mammal ian enzyme . 

T h e hyd rophob ic i t y profi les of notexin 
and b o v i n e p h o s p h o l i p a s e A 2 a re a l igned 
to best fit in Figure 5 in order to emphasize 
the differences between a highly neurotoxic 
and mio tox ic snake -venom phosphol ipase , 
and the m a m m a l i a n enzyme . The profiles 
are a lmost identical up to amino acid resi
due 60. In the mammal ian phosphol ipase the 
sequence is then followed by 5 amino acids 
not inc luded in notexin , which , according 
to the X-ray data, form part of a small helix 
(helix D) . This helix is absent in all venom 
p h o s p h o l i p a s e s s t u d i e d so far w i t h the 
single except ion of y-taipoxin from Oxyranus 
scutellatus (Dufton et al, 1983). 

In addi t ion to the absence of hel ix D, 
another striking feature is the accumulat ion 
of pos i t ive charges in two regions of the 
h i g h l y n e u r o t o x i c b a s i c p h o s p h o l i p a s e s : 
one in the vicinity of amino acid 60 and the 
o the r b e t w e e n r e s idues 88 and 90 (us ing 
the sequence number ing of the mammal ian 

enzyme) as shown in Figures 5 and 8. In 
t h e l a t t e r r e g i o n , n o t e x i n ( a s w e l l a s 
N o t e c h i s I I -5 and Enhydrina schistosa 
P L A 2 ) has the sequence Lys 88 , Lys 89 , 
Lys 90 ; the corresponding sequence in the 
bovine phosphol ipase being Asn, Asn, Ala. 
Moreover , in the non- tox ic phospho l ipase 
Notechis I I - 1 , obtained from the same snake 
v e n o m as n o t e x i n , t h e c o r r e s p o n d i n g 
sequence is Lys, Tyr, Gly. 

A s e c o n d a r y s t r u c t u r e s t u d y on 3 2 
phosphol ipases A 2 , of which 29 are from 
snake venoms, has been done by Dufton et al 
(1983) . T h e pred ic t ion m e t h o d used is a 
modif ied vers ion of the m e t h o d of C h o u 
and Fasman, which was complemented with 
s tudies of c i rcular d i ch ro i sm and re la t ive 
interface hydrophobici ty , as well as with a 
ca re fu l s t udy of the s e q u e n c e s of such 
p h o s p h o l i p a s e s (Duf ton & Hide r , 1983) . 
These results, together with those reported 
above, give the following clues to explain the 
behavior of the snake venom phosphol ipases , 
as compared to the non- tox ic m a m m a l i a n 
phospholipases A 2 : 

1. The neurotoxins must be able to bind to 
the nerve terminal m e m b r a n e by means 
of a special recognit ion site. This site is 

<H*> 
Bovine phospholipase A2 

Notex in 

H • 
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10P 
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F i g 5. Hydrophobicity profiles of notexin and bovine PLA 2 aligned for best fit. Note the similarity of the profiles, that indicate 
an identity in secondary structure, from amino acid 1 to 60. The positions of the positively charged residues are indicated by*. 
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not access ib le w h e n helix D (Fig 6) is 
present , as it occurs in the mammal i an 
P L A 2 . Hel ix D is absent in most snake 
venom P L A 2 s , the only known except ion 
being the non-toxic Taipoxin y-subunit. 

2. T h e p resence of the posi t ively charged 
lysine residues in the vicinity of residue 
60 plays a fundamental role in the neuro
t o x i c p r o p e r t i e s of t h e s n a k e v e n o m 
phosphol ipases . This fact may account for 
the o b s e r v e d lack of toxic i ty of s o m e 
v e n o m phosphol ipases , such as Notechis 
I I - 1 , which do not have Lys 58 and Lys 
69 , even though helix D is also absent. 

3. A second ' toxic si te ' could be assigned to 
the region 88-90 where the 3 lysine res
idues occur in notexin and in other toxic 
p h o s p h o l i p a s e s such as N o t e c h i s I I -5 
and E n h y d r i n a schis tosa myotox in . This 
reg ion is located jus t after the only 6-
structure found in bovine P L A 2 (Fig 6) . 

New data on the structure of snake-venom 
phospholipases A2 

The X-ray structures of several snake-venom 
P L A 2 are n o w known; some of these are a 
dimeric P L A 2 from the venom of Crotalus 
atrox (Brunie et al, 1985), a cobra venom 
P L A 2 ( W h i t e et al, 1 9 9 0 ) a n d n o t e x i n 
( W e s t e r l u n d et al, 1992) . A c o m p a r i s o n 
be tween the s t ruc tures of the bov ine and 
the Crotalus atrox P L A 2 s indicate a c lose 
similarity be tween these two enzymes , with 
two exempt ions : the ant iparal lel B-strands 
of the d imer ic enzyme (amino acids 74-84) , 
present a more ' o p e n ' conformat ion, with 
d i f f e r e n c e s as l a r g e as 7 A in t h e C a 

pos i t ions ; the other region with large dif
ferences was the con tac t surface be tween 
both subunits in the snake venom-enzyme, 
w h e r e i n t e r s u b u n i t h y d r o g e n b o n d s a p 
p r e c i a b l y d e v i a t e t h e p o l y p e p t i d e cha in . 
T h e c a t a l y t i c n e t w o r k of t h e c o n s e r v e d 
residues His 4 8 , Tyr 52, Tyr 73 and Asp 99 
are identical . Since the C. atrox P L A 2 did 
not con ta in ca l c ium, d i f ferences found in 
the o r i e n t a t i o n of t h e s ide c h a i n s in the 
"ca lc ium-binding loop" formed by Tyr 28 , 
Gly 30 and Gly 32 were expected . 

The availabili ty of the tertiary structure of 
notexin, a m o n o m e l i c presynaptic phospho-
lipase at 2.0 A resolution (Wester lund et al, 

Fig 6. (a) Consensus secondary structure of most phospho
lipases A 2 in the cylinder and arrow representation. Helix D 
is absent in all toxic snake-venom PLA 2 . The location of 
charged residues, marked with an asterisk, close to the 
sequence where helix D is absent, is the proposed toxic site 
for snake-venom P L A 2 (From Arriagada & Cid 1989). (b) 
Superposition of the a-carbon backbones of the X-ray struc
tures of notexin (in heavy line) and bovine phospholipase A 2 

(in thin line). As in a), the location of the positively charged 
residues in the proposed toxic sites are marked with*. (From 
Westerlund et al, 1992; reprinted with permission). 

1992) has given other clues that may explain 
the toxic behavior of snake-venom P L A 2 : the 
helical regions A, B , C and E are very well 
conserved , but large structural differences 
a re found p rec i se ly in the r e g i o n 59-71 
where helix D is absent, and in the positively 
cha rged region w h e r e the ' 8 - w i n g ' e n d s , 
containing Arg 85 , Lys 88, Lys 89, Lys 90 
and Arg 93 . Close to this region is also Lys 
69, which is a Tyr in the bovine P L A 2 and in 
the non- tox ic Notech i s II-1 (Ar r i agada & 
Cid, 1 9 8 9 ) . 

The catalyt ic site of phosphol ipases A 2 

has been described as a cleft l ined by the 
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following amino acid r e s i d u e s : Leu 2, Phe 5, 
Asn 6, Leu 19, Asn 23 , Cys 29, Gly 30, Leu 
3 1 , Gly 32 , Cys 4 5 ; in the bot tom of it are 
loca ted the cata lyt ic res idues His 48 and 
Asp 99 (Sessions et al, 1992); therefore the 
s t ruc tu ra l i n v a r i a n c e of this zone on all 
v e n o m p h o s p h o l i p a s e s is w e l l j u s t i f i ed . 
Notexin , C. atrox and cobra venom P L A 2 s 
maintain the invariance and the hydrogen-
bond ne twork of the catalytically involved 
amino acid residues. The site occupied by the 
ca lc ium ion in the bovine enzyme is filled in 
by a water molecule in the notexin structure. 

Coincidences and differences between the 
predicted and the X-ray determined 
structural data 

Secondary structure prediction. The hydro
phobic helix E was predicted as a buried B-
strand in the snake venom enzymes, due to 
the lack of definition of a "buried hel ix" hy-
drophobici ty profile. 

Structural invariance of the first 60 aa 
residues. Confirmed by the structure deter
minat ion of the three snake venom P L A 2 s , 
and by studies of the catalytic mechanism 
of all P L A 2 s by molecu la r mechan ics and 
inhibitor b inding (Sessions et al, 1992). 

Location of a toxic site. As secondary 
s t r u c t u r e s t u d i e s p o i n t e d ou t , t h e t ox i c 
behavior of snake venom P L A 2 s must be 
related to the absence of helix D, and to the 
concentrat ion of posit ively charged residues 
(Arr iagada & Cid, 1989). The "neurotoxic" 
and the " m y o t o x i c " sites should be very 
c l o s e t o g e t h e r , a n d w o u l d i n c l u d e t h e 
posit ively charged residues, as indicated in 
Figure 6. 

E X A M P L E 2 : 
S E C O N D A R Y S T R U C T U R E STUDIES 

IN B-LACTAMASES 

Blactamases are enzymes responsible for the 
bacter ia l res is tance to 8-lactam antibiot ics 
such as penicil l ins and cephalosporines. The 
loss of ant ibiot ic act ion is p roduced by a 
disruption of the 6-lactam ring. 6-lactamases 
form a group of enzymes which show a great 
diversity in molecular weights , amino acid 
c o m p o s i t i o n and ac t iv i ty aga ins t va r ious 
antibiotics, a l though they perform a common 

f u n c t i o n ( C i t r i & P o l l o c k , 1 9 6 6 ) . T h e 
primary structure of several B-lactamases has 
been determined (Ambler , 1980; Dale et al, 
1985), and they show that the n u m b e r of 
invariant amino acid residues amounts to no 
more than 2 0 % of the total. 

It is obvious that a precise knowledge of 
the mechanism of action of these enzymes 
wou ld be of the g rea tes t i m p o r t a n c e for 
med ica l pu rposes . There fore , m u c h effort 
has been spent t ry ing to so lve the th ree -
d imens iona l s tructure of B-lactamases and 
of t he i r a c t i v e - s i t e s . H o w e v e r , a l t h o u g h 
some low resolution X-ray diffraction data 
had been r epor t ed as ear ly as 1976, the 
tertiary structure of none of these enzymes 
was completely solved until 1987 (Herzberg 
& Moult , 1987). 

In the absence of tertiary structure infor
mat ion, k n o w l e d g e of secondary s t ructure 
can provide information about the conforma
tion of the active-site, and, at the same t ime, 
it can furnish a better pattern for compar ison 
than does the primary structure. One would 
e x p e c t a s t r u c tu r a l h o m o l o g y far b e t t e r 
than 2 0 % in the vicinity of the active-sites of 
enzymes that act upon the same substrate. 

A common model for the structure 
offour fi-lactamases 

Bunster and Cid (1984) m a d e a secondary 
s t ruc tu re p red ic t ion for the B- lac tamases 
ob t a ined f rom Escherichia coli, Bacillus 
cereus, Bacillus licheniformis, and Staphylo
coccus aureus, u s i n g b o t h p r e d i c t i o n 
methods previously described. The primary 
structures were those repor ted by A m b l e r 
(1980). The first important result that came 
ou t of t h e p r e d i c t i o n s w a s tha t on t h e 
average, 5 6 % of all amino acid residues were 
involved in zones with a conserved secon
dary structure. Models of the four secondary 
structures predicted were built, according to 
the technique described before. One of these 
models is represented in Figure 7. 

The models suggested various interesting 
results: 

First, t h e f o u r B - l a c t a m a s e s c a n b e 
described as two-domain structures; this is 
consistent with the n u m b e r of amino acid 
residues and with the report for the E. coli 
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e n z y m e f r o m a l o w - r e s o l u t i o n s t r u c t u r e 
o b t a i n e d by X- ray m e t h o d s ( K n o x et al, 
1976). 

Second, a l a rge pa r t of the s econda ry 
structure was conserved in the four enzymes , 
a s s h o w n b y t h e s h a d o w e d s t r u c t u r a l 
e lements in Figure 7. The constant structures 
may differ in the lengths of the 6-strands, 
hel ices or r andom coiled regions, but they 
are still easily recognized (Bunster & Cid, 
1984). The small number of invariant amino 
a c i d r e s i d u e s p r e s e n t in a z o n e w i t h a 
conserved secondary structure is remarkable , 
as i l lustrated in Figure 8. 

Third, the 'first domain ' ( residues 31 to 
157) presented 8 4 % of all its amino acids 
involved in invariant secondary structures, 
w h i l e on ly 2 2 % of the s e q u e n c e is con 
served. This structural constancy was con
sidered as an indication that the active-site, 
and p r e s u m a b l y the ca ta ly t ic funct ion of 
these B-lactamases, was restricted to the first 

Fig 7. A model for the structure of B. cereus B-lactamase I, 
obtained from secondary structure prediction studies, in 
the cylinder and arrow representation. Stippled secondary 
structure elements appear as conservative in four class A 6-
l a c t a m a s e s . The loca t ion of the amino acid r e s idues 
proposed to be part of the active site is indicated. (From 
Bunster & Cid, 1984). 
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Bacillus cereus 

o o X ° ° o o o o o o 

35 
Staphylococcus aureus 

o o o o o o 

30 

Ambler numbering system 

Fig 8. Hydrophobicity profiles for four class A B-lactamases 
in the vicinity of the active site. Note the similarity between 
the profiles, even though the only invariant residues in the 
four enzymes are Arg 65, marked with a filled circle and Ser 
70, a residue involved in the catalytic mechanism, marked 
with a filled square. The numbering system of Ambler is 
used. ( From Bunster & Cid, 1984). 

domain, even though domain II could still be 
part of the catalytic site, since the flexibility 
of the in ter -domain region would a l low a 
close contact. Also, in the model proposed, 
the active-site would include a charged loop 
following 6 2 (Fig 8). The presence of charges 
nea r Ser 7 0 c o i n c i d e s wi th the r e p o r t e d 
existence of carboxylic groups in the active-
site (Durkin & Viswanatha , 1980). This loop 
conta ins Ser 70 which par t ic ipa tes in the 
catalytic reaction ( W a x m a n & Strominger , 
1980). Both Tyr 105 and His 112, which 
should be near the ac t ive-s i te (Durk in & 
Viswanatha, 1980) are also located in this 
neighborhood. 

Fourth, t h e e x i s t e n c e of " s m a l l " 6-
lactamases with a molecular weight similar 
to that of domain I, reported for the enzymes 
o b t a i n e d f r o m P s e u d o m o n a s a e r u g i n o s a 
p l a smids R 157 and R m s 149 (Ma t thew , 
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1978; Ambler , 1980), and from Streptomyces 
U C S M - 1 0 4 ( C a m p o s et al, 1 9 7 9 ) , a l so 
supported such a model . 

Test of the validity of the model 

To test the validity of the model , two aspects 
were considered: (a) if the activity of the 
enzyme is restricted to domain I, it should 
be m a i n t a i n e d in the a b s e n c e of d o m a i n 
II ; and (b) , a th ree -d imens iona l m o d e l of 
d o m a i n I should reveal a site compa t ib le 
wi th the subs t ra te and wi th the ca ta ly t ic 
reaction. 

(a) Search for an active domain I. To 
prove the first point, B. cereus 6-lactamase 
(molecular weight 27800) was reacted with 
C N B r under very mild condit ions, for t imes 
ranging from 4 to 12 hours . C N B r reacts 
primarily with methionines to cause cleavage, 
and reacts secondarily with cysteines . The 
molecule chosen has no cysteines and only 
four methionines , none of them in domain 
I, so t h i s r e a c t i o n s e e m e d a d e q u a t e to 
separate domain I. Even though we obtained 
' successful ' results in a couple of experi
m e n t s , t h e s e w e r e no t r e p r o d u c i b l e . T o 
prevent a poss ib le denatura t ion by BrCN, 
t ryps in T P C K was used for a con t ro l l ed 
proteolysis of the enzyme. If the molecule 
had two cont inuous domains , a preferential 
c leavage could be expected at some stage 
of the proteolysis , by rupture of the peptide 
bond after a lysine or arginine at the more 
exposed region of the polypept ide chain, the 
interdomain region. N o preferential cleavage 
was observed at any t ime or with any ratio 
of protease/B-lactamase, thus excluding the 
presence of cont inuous domains (Bunster et 
al, 1990). 

(b) Location of a possible active-site. A 
three-dimensional model of domain I of the 
B-lactamase from B. cereus was built using 
K e n d r e w ske l e t a l m o d e l s , f o l l owing the 
pattern of the proposed structure represented 
in Figure 7. In this model a cavity, presum
ably the active-site, was clearly visible. This 
s i t e c o u l d a c c o m m o d a t e a m o l e c u l e of 
benzyl penicillin as substrate, and stabilize 
it in a unique orientation. The benzene ring 
w o u l d in t e r ac t h y d r o p h o b i c a l l y w i th the 
a r o m a t i c r i n g s of t w o p h e n y l a l a n i n e s , 

w h e r e a s the c a r b o x y l g r o u p of the f ive-
member ring could make a hydrogen bond 
with a lysine (Fig 9). The substrate oriented 
in this way was sufficiently close to Ser 70 to 
allow molecular interaction with it, and the 
close presence of Asp 63 and of Lys 73 even 
a l lowed the proposal of a catalyt ic mech
anism, s imilar to that of ser ine pro teases 
(Bunster, 1984 ). 

The predicted versus the X-ray determined 
structures of fi-lactamases class A 

In recent years the crystal s tructures of 3 
of the four B-lactamases cons idered in the 
previous studies have been determined: the 
structure of the S. aureus B-lactamase at 2.5 
A resolution (Herzberg & Moult , 1987), that 
of the B. licheniformis enzyme at 2 A resolu
tion (Moews et al, 1990), and the structure of 
the E. coli T E M 1 enzyme, refined to 1.8 A 
r e s o l u t i o n ( J e l s c h et al, 1 9 9 3 ) . O n l y 
preliminary X-ray studies of the B. cereus B-

Fig 9 . Scheme of the 'active site' proposed in the predicted 
model. Some of the amino acid residues and the tentative 
location of the substrate, that agrees with the mechanism 
proposed (a-d), are indicated. (From Bunster el al, 1990). 
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l a c t a m a s e I h a v e b e e n p u b l i s h e d so far; 
they support the similarity of this structure 
with that of R61 carboxypept idase , and with 
other class A 6- lac tamases . (Phill ips et al, 
1987). 

Structure coincidence for class A fi-lacta-
mases. A s s u g g e s t e d by t h e s e c o n d a r y 
structure predict ion studies, all class A B-
lactamases share a very well conserved 3-
d imens iona l structure (Fig 10). 

Secondary structure prediction accuracy. 
Seven out of the 11 helical regions and 5 out 
of the 5 B-strands were correctly predicted 
(Fig 11). As pointed in the discussion of the 
p r ed i c t i on m e t h o d s , the ma in d i f ferences 
a r e g i v e n b y t h e p r e d i c t i o n of b u r i e d 
helical structures as B-strands (Bunster et al, 
1990). 

Folding of the polypeptide chain. T w o 
domains can be recognized in the determined 
s t r u c t u r e s , b u t t h e s e a r e d i s c o n t i n u o u s 
domains , formed by residues from the N - and 

C-terminals , connected by three strands of 
the polypept ide chain. This possibili ty was 
not considered in the proposed model . 

The catalytic mechanism. T h e ca ta ly t ic 
mechanism described for the three B-lacta-
mases whose structure has been determined 
to high resolu t ion is very s imi lar to that 
proposed for the B. cereus enzyme (Bunster 
et al, 1990). However , the posit ion of the 
residues involved are not the same: the role 
p r o p o s e d for L y s 7 3 in a n c h o r i n g t h e 
substrate is performed by Lys 234, and the 
role proposed for Asp 63 in the deacylat ion 
step, is really performed by Glu 166 in the 
three enzymes . 

F rom these results it is clear that, even 
w i t h an o p t i m u m s e c o n d a r y s t r u c t u r e 
p r e d i c t i o n , a c o r r e c t f o l d i n g c a n n o t be 
assured; some extra information is required. 
In model ing methods , this extra information 
is provided by the knowledge of the tertiary 
structure of related proteins. 

b 

Fig 10. Superposition of the Cce backbone of the X-ray determined structure of Class A 6-
lactamases : a) 5. aureus P C I , in thin line and B. licheniformis 749/C in heavy line (From Moews et 
al, 1990). b) E coli TEM 1 in thick line and 5. aureus PCI in thin line. C a atoms from each domain 
(except loops and regions with insertions or deletions) were handled independently. (From Jelsch et 
al, 1993; reprinted by permission from John Wiley & Sons, Inc.) 
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Fig 11. Alignment of the predicted secondary structure of 5. aureus PCI B-lactamase with that determined by X-ray diffraction 
methods. Helical regions and 6-strands are represented as cylinders and arrows respectively. (From Bunster et al, 1990). 

Modeling the three-dimensional structure 
offi-lactamase I from B. cereus 569H 

A three-dimensional model of the structure 
of the B - l a c t a m a s e f rom B. cereus w a s 
obtained by molecular model ing techniques, 
as desc r ibed above . The mode l was buil t 
u s i n g t h e c o o r d i n a t e s of the S. aureus 
enzyme , stored at the Brookhaven Protein 
Data Bank (Bernstein et al, 1977), and the 
sequences given by Ambler (1980). 

1. The published structures of the 5. aureus, 
B. licheniformis and E. coli R T E M 1 
enzymes gave the necessary information 
to locate the structural ly conserved re
gions (SCRs) (Fig 10). 

2. The al ignment of the sequence of the B. 
cereus e n z y m e wi th the conse rved re
gions was done using the hydrophobicity 
prof i les , s ince the s equence invar iance 
was low (Fig 8). 

3 . Mode l bui lding started with the substitu
tion, in the determined SCRs, of the amino 
acid residues of the B. cereus enzyme, in 
the corresponding sites of the sequences 
of the S. aureus enzyme. Figure 12 shows 
the c o i n c i d e n c e s of the C s after the 

a 

substitution was done. The VRs , such as 
strand 237-266 were built ab initio. The 
p r o g r a m I N S I G T H II was used at this 
stage. 

4. Energy minimizat ion using the A M B E R 
force field, in the Discover version, was 
employed to correct the built model . The 
c o u r s e of e n e r g y m i n i m i z a t i o n of the 
initial model , after 4 processes of 2000 
m i n i m i z a t i o n cyc les each , is g iven on 
Table II. 

Fig 12. C a backbone superposition of the SCRs of the S. 
aureus (thin line) and of the model for the B. cereus (heavy 
line) enzymes. (From M Bunster, M Canales & H Cid, 1994, 
unpublished results). 

Table II 

Refinement of the initial model of the 
B. cereus 569/H B-lactamase I 

Refinement Energetic Average absolute RMS deviation 
cycle component derivative from S. aureus 

enzyme 

0 +5068 kcal 2.408 kcal/Â 8.15 Â 
4 x 2000 - 641 kcal 0.0345 kcal/Â 0.69 Â 

Model evaluation. A t t h i s s t a g e of 
r e f inemen t , t he m o d e l for the B. cereus 
enzyme closely resembles the general pattern 
of all class A B-lactamases, with a 5-stranded 
an t ipa ra l l e l B-sheet , and a b u n d l e of 8 
he l ica l s t ruc tures (F igs 12 and 13). T h e 
Kabsh and Sanders program revealed that the 
secondary structure content of the model is 
2 8 % helical structure and 9 % B-structure, in 

3 0 

Predicted — ( £ 
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Fig 13. Superposition of the C a backbone of the S. aureus 
enzyme (thin line) and of the refined model for the B. cereus 
enzyme (heavy line). Insertions and/or deletions were not 
included. (From M Bunster, M Canales & H Cid, 1994, 
unpublished results). 

g o o d a g r e e m e n t w i t h C D m e a s u r e m e n t s 
( M B u n s t e r , M C a n a l e s & H Cid , 1994, 
u n p u b l i s h e d r e su l t s ) . Al l the a m i n o acid 
residues involved in the active site of the S. 
aureus enzyme are conserved in the model , 
and they keep their accessibility and close 
ne ighbor s . T h e only except ion is A la237 , 
which is replaced in the S. aureus enzyme by 
Gin; this res idue shows a lower accessibility, 
as wou ld be expec ted for an hydrophobic 
a m i n o acid res idue . T h e S U R F M W value 
of 0 .413 A 2 , calculated for the model , lies 
wi th in the 0 .3-0.5 A 2 r ange accep ted for 
'wel l - folded ' protein structures . 

E X A M P L E 3 : 
A C T I V E - S I T E S T U D I E S O F F R U C T O S E - 1 , 6 -

B I S P H O S P H A T A S E F R O M P I G K I D N E Y 

F r u c t o s e - 1 , 6 - b i s p h o s p h a t a s e c a t a l y z e s 
the hydro lys i s of f ruc tose-1 ,6-bisphosphate 
t o f r u c t o s e - 6 - p h o s p h a t e a n d i n o r g a n i c 
phosphate , a reaction which is a key regula
tory step in gluconeogenesis . The enzyme is 
inhibited allosterically by A M P and also by 
fructose-2,6-bisphosphate. 

Even though the enzyme , isolated from 
dif ferent g l u c o n e o g e n i c t i s sues , has been 
extensively studied (Pontremoli & Horecker , 
1970), structural data regarding the active-
site and regulatory sites were far from com
ple te unt i l the th ree -d imens iona l s t ructure 
of the e n z y m e complexed with the substrate 

and A M P were solved in 1989 and 1990, 
r e s p e c t i v e l y . S o m e a m i n o ac id r e s i d u e s 
involved in the active-site and in the A M P 
binding site have been previously identified 
in the enzyme obtained from rabbit l iver and, 
by sequence homology , this ident if icat ion 
was e x t e n d e d to the p ig k i d n e y e n z y m e 
(Marcus etal, 1982). 

T h e c o m p l e t e p r i m a r y s t ruc tu res w e r e 
determined for the enzymes from sheep liver 
(Fischer & Thompson , 1983) and pig kidney 
(Marcus et al, 1982). W h e n the first version 
of this art icle was publ i shed , only part ial 
sequences were known for enzymes obtained 
from rabbit, chicken, turkey and mouse liver, 
and rabbit kidney (Pontremoli et al, 1983). 
Only one complete amino acid sequence for 
another mammal ian enzyme has now been 
added : the fructose 1,6-bisphosphatase from 
rat liver (El-Maghrabi et al, 1988). 

W h e n t h e m o d e l s h o w n b e l o w w a s 
p r o p o s e d , n o te r t i a ry s t ruc tu re had been 
repor ted for any of these e n z y m e s , even 
though crystals had been obta ined for the 
chicken (Anderson & Mat thews , 1977) and 
rabbit liver (Soloway & McPherson , 1978), 
and for the pig kidney enzymes (Seaton et al, 
1984). 

A model for the structure of fructose-1,6-
bisphosphatase from pig kidney 

T h i s e n z y m e is a t e t r a m e r f o r m e d by 
s u b u n i t s of m o l e c u l a r w e i g h t 3 6 5 3 4 , as 
calculated from the 335 amino acid sequence. 
A secondary structure was proposed by the 
m e t h o d s a l r eady d i s cus sed , and a m o d e l 
built , based on this structure (Mart inez & 
Cid, 1986) is shown in Figure 14. 

The enzyme subunit is organized in two 
domains , as it would be expected for a glo
bular protein with more than 300 amino acids 
(Levitt & Chothia , 1976). Each domain can 
be described as a b-barrel , formed by parallel 
and ant ipara l le l 8-s t rands a l t e rna ted wi th 
helical s t ructures . In the p roposed mode l , 
domain I would be formed by the first 141 
residues, followed by a 17-residue strand of 
r andom coiled structure and by domain II 
including amino acids 157 to 335 . In the 
p a c k i n g p r o p o s e d , the 8 - s t r ands of bo th 
domains would be oriented forming an angle 
near 90 degrees (Fig 15). 



94 Biol Res 29: 77-100 (1996) 

Fig 14. Two-domain model for the structure of fructose-1,6-
bisphosphatase from pig kidney, in the cylinder and arrow 
representation. (From Martinez & Cid, 1986). 

The location of the active-site, and of the 
A M P site in this model was established by 
s e c o n d a r y s t ruc tu re h o m o l o g y , m a d e by 
aligning the hydrophobici ty profiles, with the 
e n z y m e obta ined from rabbit liver, where 
the sequences in the neighborhood of these 
sites are known (Xu et al, 1982; Suda et al, 
1982), as shown on Figures 16 and 17. The 
region from amino acid residues -79 to -39 of 
the rabbit enzyme which has been postulated 
to invo lve the ac t ive-s i te is a l igned with 
the sequence 249 to 290 of the pig kidney 
enzyme . The negat ive numbers of the rabbit 
e n z y m e s e q u e n c e , p r o p o s e d by Xu et al 
(1982) , descr ibe the posit ion of the amino 
acid r e s idues wi th r e spec t to the C O O H 
terminus of a fragment of M W 9850. There 

is a 7 5 % h o m o l o g y in the s e q u e n c e and 
nearly a 100% conservat ion of the secondary 
structure, since the amino acid replacements 
have been made by hydrophobical ly equiv
alent res idues . Lys 274 in the pig kidney 
enzyme should correspond to Lys -54 in the 
rabbit enzyme, which has been reported to 
participate in the catalytic mechanism. 

The location of the A M P binding site has 
been made by aligning the sequences 51 to 
83 in the rabbit enzyme with 135 to 166 of 
the pig kidney enzyme, as seen in Figure 17. 
Even though there is only a 5 0 % conserva
tion of the primary structure, the similarity 
b e t w e e n the prof i les is ev iden t . L y s 141 
would be involved in A M P binding in the pig 
kidney enzyme, the analog to Lys 58 in the 
rabbit protein (Suda et al, 1982). 

Domain I, in addition to the A M P binding 
site, would contain the hyper- reac t ive SH 
group of Cys 128 (Chaterjee et al, 1984) and 
the r eg ion sens i t i ve to p r o t e o l y s i s . Th i s 
region would be the loop including residues 
57 to 67 (N ak ash ima & Horecker , 1971) 
w h i c h is w e l l e x p o s e d in t h e m o d e l 
proposed. The 17-residue strand that jo ins 
both domains is f lexible enough so as to 

Cys 128 \ J. 

• L * « " I \ y 7 ' 
• Lys 274 \ y,'" 

Fig 15. Superposition of the two domains in the proposed 
model structure of fructose-1,6-bisphosphatase from pig 
kidney. For the sake of simplicity, only the contour of 
domain I and three important 6-strands, 6 1 0 preceding Lys 
141, B 9 conta ining C y s l 2 8 and B 3 p reced ing the loop 
sensi t ive to proteolysis were represented . Lys274 and 
Lys l41 are marked with filled circles at the beginning of B 1 8 

and at the end of B ] 0 , respectively; Cys 128 is marked with a 
triangle in the center of B 9 . These amino acid residues are 
close to each other according to NMR studies . (From 
Martinez & Cid, 1986). 
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Rabbit Liver 

<H|>4 

Residue number 

Pig Kidney 
< H f ) i 

Residue number 

Fig 16. Hydrophobicity profiles for the sequences -79 to -27 of rabbit liver and 249 to 301 of pig kidney fructose-1,6-
bisphosphatases aligned for best fit. <H,> values for non-conserved amino acid residues are represented by filled circles. Lys-
54 and its analog Lys274, which should be part of the respective active-sites, are marked with an open square. Note that the 
identity of the profiles is maintained up to residues -39 and 290, respectively. See text for explanation of negative sequence 
numbers. (From Martinez & Cid, 1986). 

number 
Fig 17. Hydrophobicity profiles for sequences 51 to 83 of rabbit liver and 135 to 166 of pig kidney 
fructose- 1,6-bisphosphatases aligned for best fit. Note the similarity between the profiles, even though 
the conservation of the primary structure is low. Lys58 and its analog L y s l 4 1 , involved in the AMP 
binding site, are marked with open squares. The nomenclature of Figure 16 has been used. (From 
Martinez & Cid, 1986). 
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a l l o w the i r s u p e r p o s i t i o n in a w a y tha t 
permits the proximity of the proposed A M P -
binding site, the active-site and the hyper
reactive SH group (Fig 15). 

It must be emphas ized here that the loca
tion of the active-site, and of the A M P site 
by seconda ry s t ruc ture h o m o l o g y , agreed 
with that proposed by Marcus et al (1982), 
based on the p r imary s t ructure homology 
found be tween pairs of hexapept ides in the 
pig kidney and rabbit l iver enzymes. 

Mechanism of inhibition by fructose-2,6-
bisphosphate 

The role played by fructose-2,6-bisphosphate 
in the inh ib i t ion of f ruc tose -1 ,6 -b i sphos -
phatase has been controversial . Some authors 
(Van Schaftingen & Hers , 1981; Reyes et al, 
1985) h a v e r e p o r t e d the ex i s t ence of an 
al loster ic b ind ing site for this metabol i te , 
whereas others (Pilkis et al, 1981; Kitajima 
& Uyeda , 1983) favor a direct interaction 
with the active-site, and consider it a com
peti t ive inhibitor. A third model (Corredor et 
al, 1984) postulates a biphasic behavior for 
fructose-2,6-bisphosphate, depending on the 
substrate concentra t ion: low concentrat ions 
of fructose-1,6-bisphosphate would favor the 
interaction of fructose-2,6-bisphosphate with 
the active-si te, whereas , at high concentra
tion of the substrate the metabol i te would 
bind to its own allosteric site. A biphasic 
b e h a v i o r of t h e m e t a b o l i t e is c o n s i s t e n t 
with the proposals of posit ions 1 and 2. This 
model can explain, for example , the results 
of N M R studies on the bovine liver enzyme 
which sugges ted that f ructose-2,6-bisphos-
pha te b inds at the act ive-s i te , s ince these 
s tud ies w e r e m a d e in the absence of the 
substrate (Ganson & Fromm, 1985). 

T h e e x i s t e n c e of an a l los te r ic s i te for 
f ruc tose-2 ,6-b isphosphate , c lose enough to 
the act ive site, could also be postulated in the 
model s tructure proposed for fructose-1,6-
bisphosphatase (Mart inez & Cid, 1986). This 
site w o u l d inc lude the hyper - reac t ive SH 
group of cysteine 128, considering that mod
ification exper iments of this group both in 
the pig kidney (Reyes et al, 1985) and in rat 
liver enzymes (Meek & N i m m o , 1983) have 
shown that it is protected by fructose-2,6-
bisphosphate . 

The X-ray determined tertiary structure 
of fructose 1,6-bisphosphatase 

The X-ray structures of fructose-1,6 bisphos-
phatase and of its complex with its regula
to ry inh ib i to r , f ruc tose 2 , 6 - b i s p h o s p h a t e , 
h a v e b e e n s o l v e d a n d r e f i n e d to 2 . 6 A 
resolution (Ke et al, 1989; Liang et al, 1992). 
Also, the structures of the complexes of the 
e n z y m e - f r u c t o s e 6 - p h o s p h a t e - A M P - M g + 2 , 
and of the e n z y m e - f r u c t o s e 6 - p h o s p h a t e , 
h a v e b e e n s o l v e d a n d r e f i n e d to 2.1 A 
reso lu t ion (Ke et al, 1990, 1991) . T h e s e 
studies have determined the exact posi t ion of 
the e n z y m e ' s active site, the location of the 
product and of the regulatory inhibitor, also 
at the active site, and the locat ion of the 
A M P site. 

Secondary structure prediction accuracy. 
The determined secondary structure of the 
e n z y m e , as c o m p a r e d to t h e p r e d i c t e d 
(Mart inez & Cid, 1986) is shown on Figure 
18 (Ke et al, 1989) . W i t h the e x c e p t i o n 
of BIO and B12 , mos t obse rved 6-s t rands 
overlap fairly well with the predicted ones. 
Helices H2 , H6, H7 and H9 also coincide 
w i t h r e g i o n s of s e q u e n c e s p r e d i c t e d as 
helical s t ructures . Hel ices H 4 and H 5 are 
short 3 1 0 hel ices, detected only when the X-
ray s t ruc ture reso lu t ion was i m p r o v e d to 
2 . lA (Ke et al, 1991). H I , H3 and H8 were 
predicted as 6-strands. 

General description of the structure. The 
X - r a y d e t e r m i n e d s t r u c t u r e d e s c r i b e s a 
monomer of the enzyme as formed by two 
doma ins jo ined by a s ingle s t rand of the 
polypept ide chain. Both domains are formed 
by antiparallel 8-strands with a few parallel 
s t rands , a l t e rna ted wi th he l i ces (Fig 19). 
Domain I includes a m i n o acid res idues 6 
to 2 0 0 ( the p red ic t ed d o m a i n I had only 
141 amino acids) , and the orientation of its 
6-strands and hel ices are near ly 90° from 
those of domain II. W h e n Figure 19, that 
r e p r e s e n t s t h e d e t e r m i n e d s t r u c t u r e , is 
compared with Figures 14 and 15, the overall 
similarity of the de termined and predicted 
structures is evident . 

Binding site of the regulatory inhibitor 
fructose 2,6-bisphosphate and of the 
allosteric inhibitor AMP. X- ray s t ruc ture 
determination of complexes of the enzyme 
with its inhibitor (Fru-2 ,6-P 2 ) and with its 
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Fig 18. Comparison of the X-ray determined and predicted 
secondary structures of pig kidney fructose-1,6-bisphos-
phatases. One letter representation for amino acids is used. 
The letters H, B and T (under the sequence) indicate the X-
ray d e t e r m i n e d h e l i c a l z o n e s , fi-strands and t u r n s , 
respect ively . Symbols , and ru~\ represent the 
p r e d i c t e d r e g i o n s of h e l i c a l , B-s t rands and B- turn , 
respectively. 

p r o d u c t (F6P) h a v e def ini te ly es tab l i shed 
that the r egu la to ry inh ib i to r b inds at the 
act ive site (Ke et al, 1989, 1990). Even more , 
the 6 - p h o s p h a t e and the sugar g roups of 
the product (F6P) bind at the active site in 
posi t ions that correspond to the 6-phosphate 
and ribose of the regulatory inhibitor (Fru-
2 ,6 -P 2 ) . 

T h e a l l o s t e r i c s i t e for A M P b i n d i n g , 
de te rmined by X-ray methods is about 28 A 
from the act ive site (Fig 19). The phosphate 
group of A M P interacts with the backbone 
a toms of Glu 29 and Met 30, and with the 
side chains of Thr 27 and Lys 112. The side 
chains of Tyr 113 are in contact with the 
A M P phospha t e g roup and with its sugar 
r ing. These results are not comparable with 

those of nuclear magnet ic resonance studies 
in the r abb i t and b o v i n e l ive r e n z y m e s , 
which indicated distances of the order of 7 A 
(Cunningham et al, 1981; Ganson & F r o m m , 
1985). Also, no special relat ionship be tween 
any cysteine residue and the binding of A M P 
or F ru -2 ,6 -P 2 was detected from the X-ray 
determined structures. The folding of the two 
domains in the predicted model was partially 
based on the N M R studies. 

C O N C L U S I O N S 

It is clear that the final word on the deter
m i n a t i o n of t h e a c t i v e - s i t e , a n d in t h e 
k n o w l e d g e of the cata lyt ic m e c h a n i s m of 
an enzyme, will be given by the comple te 
determination of the tertiary structure of the 
p r o t e i n by X - r a y d i f f r a c t i o n m e t h o d s . 

Fig 19. Secondary structure, as deduced from the X-ray 
structure, of one subunit (CI ) of fructose-1,6-bisphosphatase 
from pig kidney in the cylinder and arrow representation. 
The le t ters N and C represen t the N and C t e rmin i , 

.respectively. The dotted line between H2 and H3 represent 
the missing loop of Ala55 to Gly 7 1 . Two c i r c l e s labeled 
FBP and AMP indicate the location of the active site and the 
AMP site, respectively. (From Ke et al, 1991; reprinted with 
permission). Note the similarity with Figure 15. 
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H o w e v e r , secondary s t ructure s tudies and 
m o d e l b u i l d i n g p r o v i d e n e w m e a n s for 
the study of act ive and regulatory sites of 
e n z y m e s in sp i te of the i r l imi ta t ions , as 
shown on the examples here presented. 

A reasonable good prediction of the sec
ondary structure is not sufficient to obtain 
good resul ts ; a knowledge of the polypeptide 
chain is also needed. This problem can be 
overcome if the three-dimensional structure 
of related proteins are known. This infor
mat ion makes possible the use of molecular 
mode l ing , me thods that have proved their 
v a l i d i t y , n o t o n l y o n u n k n o w n p r o t e i n 
structures, but also in the determination of 
the mechan i sm of action of several enzymes 
of known structure. 
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