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ABSTRACT: Conformational energy calculations were carried out to investigate the most favored binding 
modes of oligomers of &D-N-acetylglucosamine (GlcNAc) to the active site of lysozyme. Both the substrate 
and the side chains of the enzyme were allowed to undergo conformational changes and relative motions during 
energy minimization. I t  was found that, regardless of whether the side chains of the enzyme were held rigidly 
or were allowed to move, ( G ~ C N A C ) ~  with standard geometry had a clear preference for binding to the active 
site cleft with its last two residues on the “left” side of the cleft region. This region contains such residues 
as Arg 45, Asn 46, and Thr  47, compared with the “right” side of the cleft which contains such residues as 
Phe 34 and Arg 114. This result was obtained irrespective of the location of the fourth residue, i.e., irrespective 
of how deeply it was buried in the active site cleft. Our earlier calculation (with the enzyme held rigidly), 
starting with the model-built structure (from the literature), with residue 4 buried deeply in the D site on 
the right side of the cleft and having a half-chair conformation, led to a high-energy structure. However, when 
the side chains of the enzyme were allowed to undergo changes of conformation, the energy of this structure 
was lowered significantly because of favorable contacts on the right side of the cleft. Nevertheless, the 
conformational energy of this structure was still higher (by about 5 kcal/mol) than that of the most stable 
hexamer having standard geometry (i.e., without distortion of residue 4) and situated on the left side of the 
cleft. In addition, a hexamer with standard geometry could bind with the same low conformational energy 
as that of the energy-minimized model-built structure on the right side without distortion of residue 4. However, 
the conformational energy of this structure could be lowered by - 14 kcal/mol, if distortion of the fourth 
residue, binding in the D site, were allowed. The conformational energy of this latter structure was the lowest 
of all those found in the energy search, if the strain energy for the fourth residue were ignored. If it were 
taken into account, however, the conformational energy of this species would probably increase so that it would 
become equal to or higher than that for the lowest energy hexamers binding to the left side of the active site. 
The finding of three low-energy structures, an undistorted mode on the left side of the active site, an undistorted 
mode of higher conformational energy on the right side, and a distorted mode on the right side, correlates 
well with recent experimental kinetic data on the binding of ( G ~ C N A C ) ~  to lysozyme. Finally, the presence 
of the N-acetyl group on GlcNAc provides sufficient interactions to account for the fact that GlcNAc oligomers 
bind to lysozyme, whereas glucose oligomers bind with much lower affinity. 

In a series of  publication^,^-^ we have  used conforma- 
tional energy  calculations to compute  the s t ruc tures  of 
complexes  of o l igomers  of P-D-N-acetylglucosamine 
(GlcNAc) with t h e  active site of hen egg whi te  lysozyme. 
The u l t ima te  pu rpose  of t h i s  work is to de te rmine  the 
interactions involved in the specific binding of subs t ra tes  
and inhib i tors  to th i s  enzyme. 

Un t i l  now, under the as sumpt ion  that the enzyme has 
features “built in to”  its native s t ruc tu re  that allow for  
recognition of the subs t ra te ,  we allowed the subs t ra tes  to 
undergo  rigid body  and in te rna l  mot ion ,  but we kept the 
enzyme  rigidly fixed. T h e  calculations were  car r ied  out 
i n  four d i s t inc t  steps: 

1. T h e  low-energy conformations of isolated oligomers 
and polymers  of GlcNAc and N-ace ty lmuramic  acid 
(MurNAc)  were determined.3 

2. Using a f ragment  of a disaccharide molecule to map 
the conformat iona l  space, the low-energy regions for  
binding (GlcNAc), t o  the rigid active site of lysozyme were 
identified.4 

3. The energies of a representative set of conformations 
of (GlcNAc)2 (de te rmined  i n  s t e p  1) in all low-energy 
binding regions (identified in step 2) were minimized: with 
the conformat ion  of the enzyme he ld  rigidly fixed. 
4. The lowest-energy s t ruc tu re  of the disaccharide i n  

the complex, obtained in step 3, was lengthened by  adding  

0024-9297/79/2212-0633$01.00/0 0 1979 American Chemical Society 



634 Pincus, Scheraga Macromolecules 

Figure 1. Stereoviews of two stable binding modes of (GlcNAc)G to the active site of lysozyme, one involving the left lower cleft and 
the other involving the right lower cleft. (A) Energy-minimized model-built structure where the fifth and sixth residues bind to the 
right side of the cleft (conformer 1 of Table 11). This structure has nonstandard bond lengths and bond angles and a half-chair conformation 
for the D residue. (B) Lowest-energy structure of (GlcNAc)6 with standard bond lengths and bond angles (conformer 3 of Table 11). 
The fifth and sixth residues of this conformer make contacts with the lower left side of the active site cleft; this binding mode is the 
same as that described for the rigid enzyme (Figure 1 of ref 5) except that, here, both the substrate and the side chains of the enzyme 
were allowed to move to optimize the contacts between them to a greater extent. 

GlcNAc units to its reducing and nonreducing ends (in 
conformations found to be favorable in step l), and the 
energies of these oligosaccharides in the active site of the 
rigidly-fixed enzyme were m i n i m i ~ e d . ~ , ~  Step 4 was re- 
peated (each time adding a GlcNAc unit to the lowest- 
energy structure obtained in the previous step) for the tri-, 
tetra-, penta-, and hexasaccharides. The energy of the 
hexasaccharide-lysozyme complex could not be lowered 
any further when we added more GlcNAc units to the 
hexasaccharide. This result is in good agreement with 
experimental binding studies which show that lysozyme 
binds to a maximum of six GlcNAc residues.6 

The structure of the lowest-energy hexamer-enzyme 
complex had several distinguishing features, viz.: 

1. The binding conformation of the first three residues 
in the active site was quite close to that of the energy- 
minimized4 X-ray structure7 of the &lactone of (GlcNAc)4 
in sites A, B, and C. 

2. The fourth GlcNAc residue, in the chair form, bound 
with a high affinity to a site somewhat removed from the 
cleft, between residues Glu 35 and Asp 52. In ref 5 ,  we 
noted that there were two distinct binding modes for the 

fourth residue of a tetramer in the chair form (whose first 
three residues were bound to sites A-C), one in which the 
fourth residue was bound near the surface of the enzyme 
and the other in which this residue was “pulled in” closer 
to but still removed from the groove between Glu 35 and 
Asp 52. In the latter binding mode, it was possible to add 
a fifth GlcNAc residue and obtain a stable complex. Both 
of these calculated binding modes were supported by 
recent experimental evidence.* 

3. The fifth and sixth residues of the hexamer bound 
to a region of the active site on the opposite side of the 
cleft from the E and F sites proposed6 on the basis of 
model-building studies, i.e., near residues Arg 45, Asn 46, 
and Thr 47 rather than in the vicinity of Phe 34 and Arg 
114. 

4. Energy minimization5 of the structure proposed6 on 
the basis of model building yielded a conformation of low 
energy, but one of significantly higher energy than that 
for our calculated hexamer-enzyme complex. 

All of the calculations performed thus far4,5 were based 
on structures obtained by lengthening the lowest-energy 
structure of (GlcNAc)* in the active site. However, the 
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Figure 2. Two modes of binding for (GlcNAc)G to the active site of lysozyme in which the fifth and sixth residues contact the lower 
right side of the cleft. (A) Energy-minimized structure with standard bond lengths and bond angles and no distortion of the D residue 
from the chair conformation (conformer 7 ,  Table 111). (B) Energy-minimized structure (conformer 9, Table 111) with standard bond 
lengths and bond angles for all residues except residue 4 which was held in a half-chair conformation as in ref 6. The bond lengths 
and bond angles of this fourth residue are the same as those for the fourth residue of Figure 1A. 

possibility existed that other minimum-energy dimer 
structures (though of significantly higher energy) could be 
extended to higher oligomers of low energy when bound 
to other regions of the enzyme. Therefore, in this paper, 
we now consider oligomers formed from other low-energy 
structures of the fragment disaccharide in the rigid active 
site. 

In addition, we now remove the restriction that the 
enzyme remain rigid in forming the complex. In this way, 
it is possible to remove unfavorable contacts between the 
substrate and the rigid enzyme. Thus, the atoms of the 
substrate and those of the side chains in the active site 
of the enzyme are allowed to move during energy mini- 
mization. With this introduction of flexibility in the 
enzyme, we re-examine the binding conformations of ol- 
igomers of GlcNAc with the enzyme and assess the pos- 
sibility of distortion of the fourth residue6 (in the D site) 
of (GlcNA& bound to lysozyme in order to obtain optimal 
binding in the E and F sites. 

Methods 
A. Location of Binding Sites of the Rigid Enzyme. 

In the previous  calculation^?^ starting conformations were 
selected from those fragment-enzyme complexes having 
energies within 7 kcal/mol of the lowest. To remove the 

arbitrariness of this cut-off value of the energy, all low- 
energy fragment-enzyme complexes (generated previous19 
by a gridding procedure) were used here as starting points 
for minimization of the energies of complexes of complete 
dimers in the active site of the rigid enzyme. The only 
constraint on the starting points was that the (GlcNAc)2 
molecule lie within the active site region, Le., Z < 15 A and, 
for all 2 > 6 A, Y > 2 A (see ref 4 for discussion of axes 
and coordinate system). For the lower values of 2 (viz., 
Z < 3 A), a finer gridding procedure was used with a 
fragment monomer because no very low-energy dimer 
minima had been found earlier.4 Each of the complete 
monomer conformations, within 10 kcal/mol of the low- 
est-energy monomer after energy minimization, was ex- 
tended in the usual way4 to a dimer. 

B. Minimization of the Energy of Enzyme-Sub- 
strate Complexes with a Flexible Enzyme. The en- 
ergies of the enzyme-substrate complexes (for di-, tri-, 
tetra-, penta-, and hexamers) were minimized by allowing 
for flexibility in both the substrate and side chains of the 
enzyme (achieved by rotation about single bonds) and for 
rigid-body translation and rotation of the substrate relative 
to the enzyme. The minimization procedure was the same 
as that described p r e v i o ~ s l p ~ ~  except that, now, the side 
chains of the enzyme were allowed to move. All confor- 
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mational energies of the enzyme were calculated with the 
P w m  IMICBPP? The total mnformational energy, Em 
for any given conformation of the enzyme-substrste 
complex WBS calculated aa the sum: 

E m  = %us + Em, + EIM 

where the effeNl of Bolvent are expected to be less in- 
fluential than they are in bulk solution and where direct 
con- betwwn ~ y m e  and mbstrate would be mpeded 
to pdominate in determining binding conformations and 
f l i t i i e a  Nonetheless, it is poasible that, since the crystal 
of the enzyme is substantiallv solvated. solvent mav still 

where ESUB and EBNZ are the internal conformational 
energies of the substrate and enzyme, respectively, and 
EZNT is the interaction energy between the enzyme and 
substrate. For convenience, we define Ecow BS the sum 
of Esm and E- thi? energy is analogous to EwM in ref 
4 and 5. Energy minimization waa performed by the 
method of 
As before," the &*et of solvent was not introduced 

-Ii"tly into the mhlatioions. Solvent may not affect the 
results of the calculations significantly because they are 
compand primarily with the solid-state (-tal) structure 
of lysozyme bound to inhibitom [such 88 (GleNAe),]. It 
is known that oligomeric inhibitom and aubstratm of 
lysozrme bind with high affinity to lyaoyme in the cqStaP 

influence ihe structures of eizyme-substrate compieres. 
Since it is paasible that the moving side-ehain atom of 

the ective site of the enyme can make contacts with stoms 
of residues that lie outside of the active site, it was n e  
es4ary to indude in the energy calculations all residues that 
"surround" the active site residues. To determine which 
extra residues were to be included in the dculatioions, the 
procedure employed was similar to that described pre- 
nously?' For each aetiw site residue whm side ehaio was 
to be moved in the energy minimization p d u r e ,  a 
convenient atom close to the center of maae ofthe residue 
wm selected. The marimurn distance of this reference 
atom from the mmt distant side-chain atom of the -e 
residue was then determined. The van der Wsala radius 
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of this most-distant atom was added to this distance to 
obtain an effective radius for the side chain. For example, 
the Cfl of a glutamic acid residue is close to the center of 
mass of this residue. The side-chain atom farthest from 
it is the H atom of the 7-COOH group when the side chain 
is placed in the fully-extended conformation. The effective 
radius for the glutamic acid side chain is then the sum of 
the distance from C@ to the carboxyl H, plus the van der 
Waals radius of the H atom. Besides the active site 
 residue^,^ additional residues were included if any of their 
atoms lay within the effective radii of the side chains that 
were to be allowed to move in the calculations. The 
following 55 residues were thus included: Ala 31 to Asn 
37, Asn 39, Gln 41 to Cys 64, Arg 73, Leu 75, Cys 76, Cys 
80, Cys 94, Ala 95, and Ile 98 to Arg 114. 

The following procedure was then used for minimizing 
the energy of complexes in which the enzyme was allowed 
to move: 

1. For each starting conformation of a complex, all 
unfavorable contacts (i.e., those with energy I1 kcal/mol) 
between enzyme and substrate were determined. These 
contacts were ordered from highest to lowest in energy. 

The energy of the complex was minimized by 
changing first those variables which would move the 
smallest number of atoms possible while removing the bad 
contacts. In general, if any of the atoms of a side chain 
of the enzyme made bad contacts with the side chain 
and/or backbone atoms of the substrate, the side chain 
of the enzyme would be moved first; if side-chain atoms 
of the substrate were also involved, these atoms would be 
moved next. The variables that moved the atoms of a side 
chain were changed in an order such that those that moved 
the smallest number of atoms were changed first, followed 
by those that moved an increasing number of atoms. The 
unfavorable contacts were removed in an order from 
highest to lowest energy contacts. 

3. In each minimization, all of the substrate variables 
were allowed to change as were those of all enzyme side 
chains with which the substrate made contacts. When the 
energy of the complex converged to within 0.5 to 1.0 
kcal/mol, a second step was carried out in which the 
structure obtained from the first minimization was sub- 
jected to further minimization. In this step, all of the side 
chains of the residues at  the active site that were held fixed 
in the first step but which lay within the effective radii of 
the moving residues were now allowed to move together 
with all of the atoms moved in the first step. In this second 
step, no unfavorable contacts existed for any structure, and 
the variables of the substrate were moved first, followed 
by those of the enzyme. 

For several different starting conformations of (GlcNAc), 
bound to the active site, two sets of test minimizations were 
performed, one in which the substrate interacted with all 
55 residues, Le., the active-site residues and the sur- 
rounding residues, and the other in which it interacted only 
with the original 41 active-site  residue^^^^ but not with the 
surrounding residues. Though the energy of the complex, 
ETOT, was lower (because of more interactions) in the 
former case, i.e., when the substrate interacted with all 55 
residues, the final conformation of the energy-minimized 
complex was exactly the same in both cases. Therefore, 
all subsequent minimizations were performed by allowing 
the substrate to interact only with the 41 active site 
residues and not with the surrounding residues. 

Results and Discussion 
Low-Energy Complexes (Rigid Enzyme). We con- 

sider first all possible low-energy complexes of (GlcNAc),! 
with the rigid enzyme. Previously,4 we obtained conformer 
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1 of Table I as the only low-energy dimer in the en- 
zym-ubstrate complex. However, by selecting additional 
(higher-energy) starting points, we obtain three additional 
low-energy dimers (with energies within 5 kcal/mol of that 
of conformer l), viz., conformers 2-4 of Table I. 

It may be noted that conformers 1 and 2 are similar in 
position and orientation, except that conformer 2 is almost 
1 A further displaced down the 2 axis. Conformer 4, 
though having the same energy as that of conformer 1, is 
buried deeply in the active site in the D region and cannot 
be extended further down into the E and F regions. 
Noncatalytic, deep binding of a GlcNAc residue in the D 
site has been observed for (GlcNAc)3 bound to iodine- 
oxidized lysozyme.12 

When dimer conformers 3 and 4 of Table I were ex- 
tended to trimers by adding a residue either to the re- 
ducing or nonreducing end, none of the resulting trimers 
had as low an energy as that of the lowest-energy trimer 
(conformer 5) of Table I, the closest in energy being 8 
kcal/mol higher in energy. 

When conformer 2 was extended, however, two low- 
energy minima were obtained, one by adding a residue to 
the nonreducing end and the other by adding a residue to 
the reducing end. These structures are listed as conformers 
6 and 7 in Table I. Conformer 6 is essentially the same 
as conformer 5, in sites B, C, and D. Conformer 7 is a new 
trimer structure which extends into the E region. 

Because conformer 7 appeared to be a favorable trimer, 
it was extended to larger structures. When a residue was 
added to its nonreducing end and the energy was mini- 
mized, conformer 8 of Table I (with the added residue in 
the B site) was obtained. However, addition of a residue 
to  the reducing end of this tetramer resulted in little 
further stabilization. Thus, of all starting conformations 
of ( G ~ C N A C ) ~  examined in our energy search with a rigid 
enzyme, only one structure (conformer 1 of Table I) was 
found which had a low energy and which could be extended 
to a very low-energy hexamer bound to the active site, viz., 
the hexamer structure reported in ref 5. 

Low-Energy Complexes (Flexible Enzyme). A. 
Model-Built Structure.6 P rev i~us ly ,~  using a rigid 
enzyme, we minimized the energy of the structure pro- 
posed on the basis of model-building studies6 and found 
that the resulting structure had a much higher energy (by 
35 kcal/mol) than our lowest-energy enzyme-hexamer 
~omplex .~  Also, the two terminal residues of the hexamer 
in our lowest-energy structure bound to a region of the 
active site cleft that was on the opposite side from that 
proposed on the basis of model building.6 

Because the starting conformation for the model-built 
structure contained a number of unfavorable contacts 
between the substrate and the enzyme (especially between 
the N-acetyl group of residue 5 of GlcNAc and the side 
chain of Asn 44), it was possible that such contacts could 
be relieved effectively by allowing the relevant side chains 
of the enzyme (in addition to the atoms of the substrate) 
to move. When the minimization was performed with the 
flexible enzyme, the structure shown in Figure 1A and 
whose conformation is listed in Table I1 (conformer 1) was 
obtained. From Table 11, it is apparent that the con- 
formational energy of the complex is now greatly lowered 
(ECONF = -151.9 kcal/mol) as compared with the result 
(EcoNF = -118.0 kcal/mol) obtained with the rigid en- 
zymea5 In fact, EcoNF is now comparable with that of our 
lowest energy complex of a hexamer with a rigid enzyme 
(see conformer 3 of Table 1 of ref 51, provided that one 
ignores the strain energy involved in distorting the fourth 
residue to the half-chair conformation. 

Macromolecules 

To obtain conformer 1, major conformational changes 
of the side chains of the enzyme were required, especially 
those of Glu 35, Asn 44, Asp 52, and Trp 62. The side 
chain of this last residue moved toward the substrate upon 
binding, effectively “closing in” on it in a manner observed 
directly from Fourier difference maps for the crystal 
structure of (GlcNAc), bound to lysozyme.6 In addition, 
besides conformational changes of -OH groups and other 
side chains of the substrate, there was an overall movement 
of the energy-minimized model-built structure by 0.5 A out 
of the cleft of the active site (compare the Y position of 
conformer 1 with that of conformer 2, the starting con- 
formation, i.e., model-built structure, in Table 11). 

The contacts made between enzyme and substrate in the 
energy-minimized structure involved several good hy- 
drogen bonds. In particular, a good hydrogen bond formed 
between the NH of the N-acetyl group of the GlcNAc 
residue in site C and the backbone C=O of Ala 107 and 
between the C=O of the same GlcNAc residue and the 
backbone NH of Asn 59. These hydrogen-bonding in- 
teractions were also present in our lowest energy hexamer. 
In addition, strong hydrogen bonds formed between the 
CH20H groups of residue 4 of the substrate and the 
backbone C=O of Gln 57 in the enzyme and between the 
03H (H16 in ref 3) of residue 5 of the substrate and the 
side chain C=O of Gln 57. Other, weaker hydrogen- 
bonding interactions were observed, such as those between 
the nonreducing OH group of residue 1 of the substrate 
and the side-chain carboxyl group of Asp 101, the CH20H 
of residue 6 and the backbone C=O of Phe 34, and the 
reducing OH of residue 6 and the side-chain terminal 
nitrogen atoms of Arg 114. A strong hydrogen bond existed 
between the C=O of residue 6 and a terminal NH of Arg 
114. Further, the carboxyl group of Glu 35 came within 
2.8 A of the bridge oxygen between residues 4 and 5 while 
the carboxyl group of Asp 52 came within 3.2 A of the C1 
atom of residue 4. Both are, therefore, within reasonable 
distances to effect catalysis. All of these interactions have 
been either observed directly in the crystal structure of the 
trimer bound in sites A, B, and C or postulated on the basis 
of model building.6 

It should be emphasized that the conformational energy 
of this structure is in reality much higher than that shown 
in Table I1 (conformer 1) because of the large strain energy 
involved in distorting the ring of the fourth residue to the 
half-chair conformation. While our calculations did not 
allow for alteration of bond lengths and bond angles, and 
hence did not allow for computation of strain energy, it 
has been estimated that the energy of distortion to form 
the half-chair is anywhere from 5 to 16 k~a l /mol . ’~J~  
Further, it should be noted that the bond lengths and bond 
angles of even the “undistorted” residues of the model- 
built structure departed significantly from standard values 
based on a large number of crystal ~ t r u c t u r e s . ~ J ~  For 
example, one inter-ring C-0-C bond angle was 131’, a 
significant departure from the standard value of 116.5’; 
this would add additional strain energy to this confor- 
mation. 

Nonetheless, the energy of the model-built structure was 
lowered significantly relative to that of the complex in- 
volving a rigid enzyme. This result indicated the possible 
existence of the above mode of binding as an alternative 
to the one calculated in ref 5 ,  as well as the possible ex- 
istence of other, different modes of binding of (G~CNAC)~  
to lysozyme. 

B. Lowest-Energy C o r n ~ l e x . ~  Since the results in 
section A indicated the possible existence of binding modes 
for a hexamer other than the low-energy one computed 
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previ~us ly ,~  the allowed conformational space for the 
(Gl~NAc)~-lysozyme complexes was examined further. To 
search for the low-energy conformations of (GlcNAc)6 
bound to the f lexible  enzyme, it was first necessary to 
minimize the energy of our lowest-energy complex (rigid 
enzyme) from ref 5 by allowing the enzyme to be flexible. 
The purpose of this new minimization was to see if the 
structure might be altered when the conformation of the 
enzyme was allowed to change and to enable a comparison 
to be made with the energy-minimized model-built 
structure. 

In the case of our lowest-energy hexamer bound to 
lysozyme, minimization of the energy of the complex 
resulted in the structure shown in Figure 1B and listed in 
Table 11, conformer 3. The value of ECoNF for the flexible 
enzyme (-157.2 kcal/mol) is about 4 kcal/mol lower than 
the value of ECoM for the rigid enzyme (-153 kcal/mol), 
even though the conformation of the substrate is essentially 
unaltered when the enzyme is allowed to become flexible. 

As in the case of the low-energy complex with the rigid 
enzyme, this “left-sided” structure5 involved interactions 
between the C1 atom of residue 4 and the carboxyl side 
chain of Asp 52 (distance -3.5 A), while the carboxyl of 
Glu 35 was further away (>4 A) from the bridge oxygen 
than in the energy-minimized X-ray structure, placing it 
in a less advantageous catalytic location. 

The values of Em and EcoW (-1485 and -157 kcal/mol, 
respectively) are lower for this structure than the corre- 
sponding values (-1481 and -152 kcal/mol, respectively) 
for the energy-minimized model-built structure. However, 
the value of EINT is lower (by about 4 kcal/mol) for the 
energy-minimized model-built structure. This extra 
stabilization energy arises from contacts in the E and F 
sites. 

C. Other Possible Complexes (Left Side of Cleft). 
In calculating the structure of the lowest-energy hexamer 
bound to the rigid enzyme, the procedure involved the 
sequential addition of residues, in different conformations, 
to stable structures obtained by energy minirni~at ion.~,~ 
It is possible that, in “building” oligomers of increasing 
chain length, conformations were discarded that may have 
been stabilized had the side chains of the enzyme been 
allowed to move. Thus, the next step in searching for new 
low-energy hexamer conformations with a flexible enzyme 
was to “rebuild” a hexamer from smaller units, while 
allowing the side chains of the active site to move. 

As noted in a previous p~bl ica t ion ,~  there are a t  least 
two stable conformations for residues in our calculated D 
site. One of these lies near the surface of the cleft, while 
the other lies deeper in the cleft though not as deep as the 
position proposed on the basis of crystallography and 
model-building ~ t u d i e s . ~ , ~  As a point of departure, 
therefore, three tetramers were generated, each with its 
fourth residue in a different conformation in the “D” site. 
The first tetramer was the lowest-energy minimum for a 
tetramer in sites A-D, with the fourth residue near the 
surface of the cleft (see conformer 6 of Table I in ref 4); 
the second tetramer was a low-energy minimum whose 
fourth residue lay further inside the cleft and whose 
residues were generated in a conformation identical with 
that for the first four residues of our lowest-energy hex- 
m e r  bound to the rigid enzyme (see conformer 3 of Table 
I in ref 5); the third tetramer was a structure in which the 
fourth residue was buried deeply in the cleft and whose 
conformation was generated using the same values for 
external and internal variables as for the model-built 
structure.6 

To each of the first two (minimum-energy) conformers, 
a fifth residue was added in one of three conformations, 
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corresponding to left- and right-handed helices and a 
structure intermediate between these two. The energies 
of the six resulting complexes were minimized allowing for 
flexibility of the substrate and for side-chain motion of the 
enzyme. Three low-energy structures resulted, all of which 
were similar both in final conformation and in energy. 
Conformer 4 in Table I1 illustrates one such structure, in 
this case obtained from the first structure with residue 4 
out of the cleft and residue 5 added in the left-handed 
conformation. This structure has a similar conformation 
to the lowest-energy pentamer structure obtained with the 
rigid enzyme (conformer 2 of Table I, ref 5) and could be 
readily extended to a hexamer (conformer 5, Table 11) in 
a conformation very close to that for conformer 3 in Table 
11, one of our lowest-energy hexamers. 

Thus, regardless of which low-energy starting confor- 
mation for tetramers in sites A-D was used and regardless 
of how the fifth residue was added, the only low-energy 
structures that resulted had the same conformation as that 
calculated with the rigid enzyme. Inspection of Figure 1B 
provides an explanation for this behavior. Any pentamer 
or hexamer that binds with its first four residues in sites 
A-D and with its fourth residue removed from the cleft 
is “destined” to bind to residues on the left side of the 
active site as shown in Figure 1B. Binding to positions on 
the right side of the cleft in the lower active site requires 
that the D ring bind deeply in the cleft in the region 
around residues Glu 35 and Asp 52. 

In our search procedures, no conformation of a stable 
tetramer could be discovered in which the D residue was 
bound deeply in the active-site cleft. Since the possibility 
existed that movement of the side chains could allow 
binding in this mode, we performed minimizations of the 
energies of tetramers in which the fourth residue was 
allowed to assume such a conformation in the D region. 
As a starting point, a tetramer conformation, with standard 
geometry, was selected so that the disposition of the 
molecule was similar to that of the first four residues of 
the model-built structure,6 i.e., the rigid body variables and 
inter-ring dihedral angles were the same as for the 
model-built structure. 

This starting structure has a number of bad contacts 
with the enzyme, involving predominantly the second 
residue of the substrate with Trp 63 and the fourth residue 
of the substrate with Glu 35, Asn 46, and Asp 52. Energy 
minimization of this structure with a flexible enzyme 
resulted in a conformation of low energy, conformer 6 of 
Table 11. Using this structure as a starting point, a fifth 
residue was added in three different conformations as 
described above in this section, and the energy of each 
structure was minimized. To each of the three resulting 
structures, a sixth residue was added in the same manner, 
and the energy of the nine resulting hexamers was min- 
imized. Three low-energy hexamers were obtained, all of 
which had essentially the same basic structure, the low- 
est-energy conformation of which is conformer 7 in Table 
11. It is quite interesting that this structure (as well as the 
other two lowest-energy structures obtained by this 
procedure) involves quite similar contacts between the 
substrate and the enzyme as was found in our original 
lowest-energy hexamer (rigid enzyme), viz., on the left side 
of the active site in the region of Arg 45, Asn 46, and Thr 
47. 

Thus, of the 15 hexamer structures tested with the 
fourth residue in a variety of conformations, the only 
low-energy structures that resulted were those in which 
the substrate was bound to the active site on the left side, 
in the region of Arg 45, Asn 46, and Thr 47. 
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Though the energy of interaction, EINT,  of this ener- 
gy-minimized structure (conformer 6, Table 111) is fa- 
vorable, the value of E m  is relatively high when compared 
with that for conformer 1 of Table 11, the energy-mini- 
mized model-built structure. I t  is the internal confor- 
mational energy of the substrate, Esm, which is responsible 
for the destabilization of this conformer. Examination of 
the interactions responsible for the unfavorable E s U B  
revealed a number of unfavorable contacts such as the 0’ 
(013 in ref 3) of residue 6 with the C2 of the same residue. 
Since the geometry of the molecule is nonstandard even 
for the undistorted residues and was the cause for most 
of these bad contacts, a hexamer with standard geometry 
was fit by least squares to this structure (root mean square 
deviation of -0.6 A) in its favorable binding position that 
gave a low EINT (conformer 6 in Table 111). Minimization 
of the energy of th i s  complex resulted in conformer 7 in 
Table I11 whose total conformational energy is now ap- 
proximately equal to that for the energy-minimized 
model-built structure, conformer 1 in Table 11. This 
structure is shown in Figure 2A. It  may be noted, 
however, that both structures are higher in energy by about 
7 kcal/mol than the best structures bound to the left side 
of the cleft, conformers 3 and 7, Table 11. 

It  is clear that, with standard geometry, a chair form 
may be accommodated at the D site with favorable binding 
of the fifth and sixth residues to the E and F sites on the 
right side of the cleft. This conclusion was also reached 
by Levitt,I3 working with the Cartesian coordinates of the 
model-built structure. However, comparison of the 
conformational energies of conformers 7 in Table I11 with 
that of conformer 1 of Table I1 (the energy-minimized 
model-built structure) demonstrates that the latter makes 
somewhat better contacts with the enzyme while the 
substrate energy of the former is somewhat more favorable, 
again in agreement with the findings of Levitt.13 There 
was the possibility, however, that the substrate energy of 
the model-built structure could be improved by using a 
standard geometry for all residues except residue 4, for 
which the half-chair conformation would exist. 

Therefore, a structure was generated in which residues 
1-3,5, and 6 had standard geometries while residue 4 was 
held in the model-built (half-chair) conformation. This 
structure was then fit by least squares (rms deviation of 
0.4 A) to the coordinates of the model-built structure 
(conformer 8, Table 111), and the conformational energy 
of the resulting structure was minimized a t  the flexible 
active site. The result of this minimization is shown in 
Figure 2B and listed in Table 111, conformer 9. This 
structure is clearly the one of lowest conformational energy 
obtained thus far, provided tha t  distortion of t he  four th  
residue is not  t a k e n  in to  account. If it is taken into 
account, then the energy of this structure would be equal 
to or higher than the energy of our lowest-energy structures 
on the left side of the active site, conformers 3 and 7 of 
Table 11. 

It  was of course possible that a hexamer with standard 
geometry could bind as favorably to the active site if placed 
in the same region as that of conformer 9 in Table 111. To 
test this possibility, the coordinates of a hexamer with 
standard geometry were f i t  as closely as possible to those 
of conformer 9 of Table I11 and Figure 2B. Unlike the 
latter conformer, the resulting structure with standard 
geometry made a number of unfavorable contacts with the 
enzyme, especially between the N-acetyl group of residue 
5 and the side-chain atoms of Asn 44. Energy mini- 
mization of this structure relieved the bad contacts but 
resulted in a structure of significantly higher energy than 

D. Other Possible Complexes (Right Side of Cleft). 
Since the energy-minimized model-built structure could 
bind favorably to the opposite (Le., right) side of the cleft, 
whereas our lowest-energy structures preferred the left 
side, the question arose as to whether a hexamer could bind 
in the “right-side’’ E and F regions without  having its 
fourth residue distorted into the half-chair conformation. 
To answer this question, three different hexamers were 
generated with their fifth and sixth residues bound to the 
right side of the active site. The first such structure, 
conformer 1, Table 111, was a hexamer with standard 
ge0metry3-~J~ generated in a disposition identical with that 
of the model-built structure.6 The second conformer, 3 of 
Table 111, was also a hexamer with standard geometry but 
whose coordinates were fit by least squares as closely as 
possible (root mean square deviation of -0.7 A) to the 
coordinates of the model-built structure. The third 
hexamer had a nonstandard geometry. In this case, 
residues 1-3,5, and 6 had the geometry of the model-built 
structure6 while residue 4 was generated in the chair form 
with a standard g e ~ m e t r y . ~ - ~ J ~  The coordinates of this 
“hybrid” structure were then fit by least squares as closely 
as possible (root mean square deviation of -0.5 A) to those 
of the model-built structure.6 The conformation is given 
in Table 111, conformer 5. 

Energy minimization of the two structures with standard 
geometry resulted in high-energy minima, conformers 2 
and 4 in Table 111. Both of these structures moved relative 
to the starting structures so that the two terminal residues 
no longer were present in sites E and F. 

Examination of the third structure, conformer 5 of Table 
111, indicated that the major source of unfavorable contacts 
with the enzyme was not the fourth residue in the D site 
but rather the fifth residue in the E site. In particular, 
highly unfavorable contacts existed between the N-acetyl 
group of the fifth residue and the side-chain atoms of Asn 
44 (summing to a total of > 1  x lo3 kcal/mol). I t  is in- 
teresting, though, that the -CH20H group of the fourth 
residue in the D site made only one mildly unfavorable 
contact (-6 kcal/mol) with the indole ring of Trp  108. 
This is one of the contacts which has been postulated to 
cause the fourth residue in the D site to assume a half-chair 
conformation.6 The only other unfavorable contact with 
the enzyme involving the fourth residue in the chair form 
was between the N-acetyl group and the side chain of Asn 
46, amounting to -5 kcal/mol. However, both of these 
unfavorable contacts existed even in the model-built 
structure6 (conformer 2 of Table 11) in which residue 4 was 
in the half-chair form. One may expect that both unfa- 
vorable contacts, involving only side-chain interactions, 
may be relieved by simple side-chain rotations rather than 
by distortion of the D ring. 

Energy minimization of conformer 5 in Table 111, though 
it resulted in a high-energy minimum (conformer 6 in 
Table 1111, produced a structure which remained bound 
in the E and F sites and whose binding energy, EIW, was 
low (-104 kcal/mol). This energy is comparable with that 
for our lowest energy hexamers bound to the opposite side 
of the active site, conformers 3 and 7 in Table I1 and Figure 
1B. In addition, the unfavorable contacts between the 
fourth residue in the D site and Trp 108 and Asn 46 of the 
enzyme were relieved while the chair conformation of 
residue 4 was maintained. There is no unfavorable steric 
interaction therefore that forces the fourth residue to 
assume the half-chair conformation, a conclusion also 
reached by Levitt13 in his investigation of the confor- 
mational properties of the model-built (Gl~NAc)~-lysozyme 
complex. 
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Table IV 
Site Contributionsa to Lowest Energy Complexes of 

(GlcNAc), with Lysozyme 
that of conformer 9 of Table I11 by about 23 kcal/mol. 
Thus, even if a hexamer with standard geometry is placed 
in a conformation very similar to that of conformer 9, 
Table 111, it still cannot bind with the same affinity. If 
it binds with its two terminal residues in the E and F sites, 
it must bind in a conformation similar if not identical with 
that of conformer 7 in Table I11 (shown in Figure 2A). 

E. Comparison of Complexes. Comparison of the 
energies of conformer 7 with those of conformer 9 in Table 
I11 suggests that optimization of contacts in sites E and 
F on the right side of the cleft seems to require distortion 
of the fourth residue. I t  is not clear how much distortion 
is necessary, however. Thus, it may be possible that 
relatively minor changes in some bond lengths and/or 
bond angles from the standard values could allow for an 
equally low-energy conformation without distortion to a 
half-chair. We are currently investigating this possibility. 

I t  is interesting to speculate about the significance of 
the three low-energy species calculated a t  the active site 
of the flexible enzyme: conformer 7 (or 3) of Table 11, the 
lowest-energy structure obtained with a standard geometry; 
conformer 7 of Table 111, the structure with a standard 
geometry binding to the E and F sites on the right side 
of the cleft; and conformer 9 of Table 111, a structure with 
standard geometry for all residues except residue 4 which 
is maintained in the model-built half-chair form.6 Recent 
stopped-flow and relaxation studies on the binding of 
(GlcN.4~)~ to hen egg-white lysozyme16 indicate that three 
“productive” species exist in the p process (see ref 16 for 
terminology). The first species formed is the most stable. 
This form is in equilibrium with a less stable but still 
energetically favorable form which is in turn in equilibrium 
with a catalytically active species.16 

The most favored calculated undistorted binding mode 
is conformer(s) 3 (or 7) in Table 11, on the left side of the 
active site. This species may be in equilibrium (which 
favors conformer 3) with conformer 7 of Table 111 on the 
right side of the cleft. This conformer, in turn, can undergo 
a distortion of its fourth residue to produce the catalytic 
species, conformer 9 of Table I11 whose distortion is 
counterbalanced by an increase in favorable contacts in 
the E and F sites on the right side of the cleft. 

In view of these calculations and experimental results 
that  suggest that there may be two different binding 
regions for hexasaccharides, it becomes important to 
determine experimentally the binding modes of (G~CNAC)~ 
to lysozyme especially in the lower active site. The overall 
features of the two major binding regions are displayed in 
color stereo in Figure 3 showing the active site of the native 
enzyme (top) for reference, the energy-minimized mod- 
el-built structure, “right-sided’ complex with half-chair 
(middle), and the best calculated undistorted binding mode 
for (G~CNAC)~  on the left side of the active site (bottom). 
For both major binding conformations (Figure 3, middle 
and bottom), contacts between enzyme and substrate 
appear to be quite optimal. 

F. Stabilizing Interactions for the Two Major 
Binding Modes. Origin of Specificity. The contri- 
bution of each site to the overall energy of interaction, 
EINT, for both major complexes listed in Table I1 (con- 
formers 3 and 7, “left-sided” complex) and in Table I11 
(conformer 8, “right-sided’’ complex) is given in Table IV. 
It  is quite interesting that, for the “left-sided” complex, 
the best interactions occur in subsite C, whereas the most 
favorable interactions for the complex on the right side 
occur in subsite E. It  is predominantly the E site which 
stabilizes the “right-sided’’ complex. The interaction 

ETNT, kcal/mol 
“left-sided” “right-sided” 

site complexb complexC 

A -5.2 -10.5 
B -17.3 -9 .0  
C -24.5 -20.1 
D -21.6 -28.0d 
E -19.1 -29.7 
F -17.5 -11.6 

This contribution is the interaction energy between 
enzyme and substrate and does not include the internal 
conformational energy of substrate or enzyme. The con- 
tribution to the energy of any site is obtained by summiiig 
the interactions of the GlcNAc residue in that site with 
the whole protein; in practice, the major contribution 
comes from residues within - 4 A of each of the atoms of 
the GlcNAc residue. 
Figure 1B. 

This energy does not include the distortion energy for 
the binding of a half-chair form for a GlcNAc residue in 
the D site. 

energy for this site, in fact, is the lowest of all and leads 
to the prediction that a GlcNAc monomer will bind with 
high affinity to this site. Though the X-ray crystal 
structure6 shows that both a and /3 anomers of GlcNAc 
bind in or near site C, it is known that both sites E and 
F are blocked in the crystal, thus making comparison 
impossible.6 Recent X-ray studies on turkey egg-white 
lysozyme indicate, however, that in addition to a well- 
defined binding region in the C site there is a strong 
binding region for a GlcNAc residue in the E site on the 
right side of the ~ 1 e f t . l ~  

Comparison of the values of EmT for the two complexes 
in Table IV reveals almost equal energies for sites A-D 
(-68.6 kcal/mol for the undistorted mode and -67.6 
kcal/mol for the distorted mode), ignoring, of course, the 
strain energy that occurs in the distorted binding mode. 
When the contributions for sites E and F are compared, 
the right site is favored (-41.3 kcal/mol vs. -36.6 kcal/mol). 
Apparently, to reach this site, though, the fourth residue 
from the nonreducing end in the D site must undergo 
distortion. 

Further inspection of Table IV shows that, for the 
“right-sided” complex, binding to sites E and F is as fa- 
vorable as binding to sites A-C. This result leads to the 
conclusion that (GlcNAcI2 and (GlcNAc)3 should both have 
the same affinities for lysozyme, a conclusion that con- 
tradicts experimental data showing a significantly higher 
affinity for the trimer.6 Binding of a trimer to sites A-C 
for the “left-sided’ complex in Table IV, however, is fa- 
vored over the E and F sites of both “left-sided’’ and 
“right-sided’’ complexes. The C site in the binding mode 
for the “left-sided” complex has the greatest affinity for 
a GlcNAc residue. 

I t  should be borne in mind that all of the above con- 
clusions concerning relative affinities of oligomers of 
GlcNAc for various binding sites are tentative because the 
possibility of differential solvent effects has not been 
considered here. 

I t  is of interest to examine the interactions in the various 
sites that lead to strong affinities between enzyme and 
substrate. Analysis of contributions to binding energies 
in each site reveals that, for the “left-sided’’ complex, 
approximately one-third of the total E!NT arises from 
interactions of the six N-acetyl groups with the enzyme, 
in good agreement with experiment? In sites B and C, the 

Conformer 3 (or 7 )  in Table I1 and 
Conformer 8 in Table I11 and Figure 2B. 
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N-acetyl groups contribute the most, accounting for 
one-half of the interaction energy. A significant fraction 
(-20%) of this energy arises from hydrogen bonding as 
occurs, for example, between the -NH of the N-acetyl 
group and the C=O of Ala 107, as discussed earlier in the 
Discussion section. The bulk of the interaction energy, 
though, between enzyme and substrate arises from the 
attractive nonbonded interactions. Thus, the N-acetyl 
group confers binding specificity, which is lacking in 
glucose.6 

In the case of the “left-sided’’ complex in Table IV, a 
number of hydrogen bonds occur which confer great 
stability on this structure. Thus, in addition to the N- 
acetyl interactions in site C, highly favorable hydrogen 
bonds exist between the 0 6 H  (H19 in ref 3) of residue 4 
and the terminal C=O of Gln 57, between the 03H (H17 
in ref 3) of residue 5 and the carboxyl group of Asp 52, and 
between the corresponding OH of residue 6 and the 
backbone C=O of Arg 45. In the latter case, it would be 
of great interest to determine if the removal of the 3-OH 
group from a dimer acceptor (Le., GlcNAc-P-1,4-3- 
deoxyGlcNAc) affects its ability to serve as an acceptor. 

Consideration of the “right-sided” complex in Table IV 
reveals a somewhat different set of stabilizing interactions, 
viz., the N-acetyl groups in this case contributing sig- 
nificantly less than one-third of the total energy. The 
important interactions have already been discussed earlier 
in the Discussion section. A major contribution to the 
stability of the binding of a GlcNAc residue to the E site 
on the right side of the cleft is a strong hydrogen bond 
between the 03H (H17 in ref 3) and the side chain C=O 
of Gln 57. 
Summary and Conclusions 

Energy searches for low-energy binding regions for 
(GlcN.4~)~  at  the active site of the rigid enzyme reveal a 
unique binding mode in which residues 5 and 6 associate 
with enzyme residues on the “left” side of the active site 
involving such residues as Arg 45, Asn 46, and Thr 47. 
Stable binding regions in which residues 5 and 6 are bound 
to residues such as Phe 34 and Arg 114 (on the “right” side) 
cannot be achieved unless the side chains of the enzyme 
are allowed to move. When the enzyme side chains are 
allowed to move, a hexamer with standard geometry can 
bind with good affinity to the “right” side of the cleft 
though not as favorably as on the “left” side. A dramatic 
increase in the affinity of the hexamer with standard 
geometry can be achieved by introducing the model-built 
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(strained D ring) structure for the fourth GlcNAc residue. 
Thus, though the structure with standard geometry can 
make favorable contacts in the “right” region of the active 
site, distortion of the fourth residue can result in op- 
timizing the contacts. How much distortion is needed to 
make such an accommodation is an unsettled question. 
Certainly, distortion of residue D to the model-built 
structure will raise the energy, and this additional (strain) 
energy may or may not be compensated for by new and 
favorable interactions with the enzyme. 
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