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ABSTRACT The relation between protein 
secondary structure and internal motions was 
examined by using molecular dynamics to cal- 
culate positional fluctuations of individual he- 
lix, @-sheet, and loop structural elements in free 
and substrate-bound hen egg-white lysozyme. 
The time development of the fluctuations re- 
vealed a general correspondence between struc- 
ture and dynamics; the fluctuations of the heli- 
ces and P-sheets converged within the 101 psec 
period of the simulation and were lower than 
average in magnitude, while the fluctuations of 
the loop regions were not converged and were 
mostly larger than average in magnitude. Nota- 
ble exceptions to this pattern occurred in the 
substrate-bound simulation. A loop region (res- 
idues 101-107) of the active site cleft had signif- 
icantly reduced motion due to interactions with 
the substrate. Moreover, part of a loop and a 310 

helix (residues of 67-88) not in contact with the 
substrate showed a marked increase in fluctu- 
ations. That these differences in dynamics of 
free and substrate-bound lysozyme did not re- 
sult simply from sampling errors was estab- 
lished by an analysis of the variations in the 
fluctuations of the two halves of the 101 psec 
simulation of free lysozyme. Concerted transi- 
tions of four to five mainchain + and Jr angles 
between dihedral wells were shown to be re- 
sponsible for large coordinate shifts in the loops. 
These transitions displaced six or fewer resi- 
dues and took place either abruptly, in 1 psec or 
less, or with a diffusive character over 5-10 psec. 
Displacements of rigid secondary structures in- 
volved longer timescale motions in bound 
lysozyme; a 0.5 A rms change in the position of 
a helix occurred over the 55 psec simulation pe- 
riod. This helix reorientation within the protein 
appears to be a response to substrate binding. 
There was little correlation between the solvent 
accessible surface area and the dynamics of the 
different structural elements. 
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INTRODUCTION 
Mainchain hydrogen bonding in proteins defines 

the elements of secondary structure-helix, P-sheet, 
coiled loop. Since protein internal dynamics are de- 
termined in part by the local nonbonding interac- 
tions, mobility should be correlated with the type of 
structural element. Spatial constraints imposed by a 
regular pattern of hydrogen bonding and electro- 
static interactions are expected to lead to smaller 
amplitude, higher frequency motions, while less reg- 
ular interactions would allow larger, lower fre- 
quency displacements. Most simply, this suggests 
that helical and P-sheet structures would be rela- 
tively rigid and coiled loops more flexible. Crystal- 
lographic thermal factors,2,12 and fluctuations from 
molecular dynamics (MD)  simulation^,^^^^^ are in- 
deed generally smaller for helices and p-sheets than 
for coiled loops. A relationship between fluctuations 
and the number of mainchain hydrogen bonds has 
been suggested, based on crystallographic re~u1ts . l~  

A detailed analysis of the magnitude and time de- 
pendence of the atomic fluctuations of individual 
structural elements of hen egg-white lysozyme de- 
termined in molecular dynamics simulations is re- 
ported in this paper. The results provide a charac- 
terization of the relationship between secondary 
structure and dynamics. Lysozyme comprises all 
secondary structure types and, as such, is well 
suited for such an analysis. There are four a-helices, 
of which one is mainly buried in the protein interior, 
a three-stranded P-sheet, and a long stretch of coiled 
loop. Moreover, extended molecular dynamics simu- 
lations have been made for free lysozyme and for 
lysozyme bound with the substrate hexa-N-acetyl- 
glucosamine, (G~cNAc)~. '~  Thus, a comparison of the 
dynamic properties of the two systems can be made. 

While spectroscopy and crystallography provide 
information on certain internal motions in proteins, 
an advantage of molecular dynamics simulations is 
the possibility for investigating the individual mo- 
tion of all atoms. It is of interest, for example, to be 
able to study the experimentally elusive enzyme- 
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substrate complex to determine how substrate bind- 
ing perturbs the dynamic behavior. Moreover, pro- 
teins are known to exist in multiple conformations 
in the neighborhood of the native structure; confor- 
mational heterogeneity has been observed in several 
crystallographic studies,3~4,6,8,14,22,25,27 and a large 
number of conformational substates have been sug- 
gested to account for spectroscopic r e s ~ l t s . ’ . ~ , ~ ~  The 
experimental data indicating that the multiple con- 
formations exist are supplemented by molecular dy- 
namics simulations that provide a detailed picture 
of their characteristics.” Conformational transi- 
tions in the densely packed protein environment are 
complex and the simulations provide information 
concerning the multidimensional dynamic process 
necessary for concerted motions. A mainchain tran- 
sition of an eight-residue loop (residues 100-107) 
occurred in the free lysozyme simulation, and the 
motional mechanism is described in this report. 
The thermal factors of this loop are large2.6 and sub- 
stantial deviations occur in the coordinates of this 
loop obtained from different crystallographic struc- 
tures.I5 

The Methods section briefly describes the simula- 
tions and the method of calculation of the fluctua- 
tions and the structural changes; a general descrip- 
tion of the simulations, which included strongly 
bound water molecules (so-called “structural” 
waters), has been given.23 The Results section be- 
gins with a description of the lysozyme structure, 
including the secondary structure, solvent accessi- 
ble surface, and substrate binding. The time devel- 
opment of the fluctuations is then analyzed. We con- 
sider the whole molecule and the individual 
structural elements. Comparison is made with crys- 
tallographic thermal factors and the relationship of 
mobility with solvent exposure is examined. The ex- 
tent to which fluctuations vary due to statistical er- 
ror is estimated from the 101 psec simulation of free 
lysozyme. To determine the effects of the substrate 
on the protein dynamics, specific motions and struc- 
tural changes in the free and bound simulations are 
analyzed. The conclusions are then presented. 

METHODS 
Two molecular dynamics simulations were used 

for the present analysis. A description of the simu- 
lations has been publishedz3; it reports the details of 
the trajectory calculations, a comparison of the dy- 
namic structures with the crystal structure, and an 
overall view of the protein fluctuations and of the 
dynamic behavior of the waters. The 101 psec sim- 
ulation of free lysozyme included lysozyme (1001 
heavy atoms, 265 polar hydrogen atoms) and 53 wa- 
ters (265 atoms for the five-center ST2 water model). 
The 55 psec bound simulation included lysozyme, 
the substrate (GlcNAc)6 (85 heavy atoms, 20 polar 
hydrogen atoms), and 35 waters (175 atoms). Polar 
hydrogens were explicitly included to allow a more 

accurate hydrogen-bonding model, while the ali- 
phatic hydrogens were accounted for with the ex- 
tended-atom model.’ Several of the 53 structural 
waters included in the simulation of free lysozyme 
are in the active cleft and, as such, are displaced by 
(GlcNAcI6 in the bound simulation. Inclusion of 
these active-site waters in the free lysozyme simu- 
lation provides a more reliable comparison of the 
protein dynamics between the free and the bound 
state. 

Initial atomic positions for the free and bound 
simulations were obtained from the crystallographic 
coordinates of tetragonal lysozyme refined to 1.6 A 
resolution and of tetragonal lysozyme bound with 
(GlcNAc13 (Handoll, Artymiuk, Cheetham, and 
Phillips, unpublished results), respectively. As pre- 
viously reported,23 the coordinates for the first three 
sugars in sites A, B, and C are from the crystallo- 
graphic  result^,^ while the remaining three sugars 
in sites D, E, and F were model built into the struc- 
ture. The crystal waters included in the simulations 
were twice hydrogen bonded to the protein either 
directly or through an intermediate water molecule. 

The trajectories were calculated on a CRAY-1S 
computer using a version of the program 
CHARMM.’ The empirical potential energy is a 
function of the atomic positions and includes qua- 
dratic dependences on bond lengths and angles, two- 
and three-periodic torsional potentials, coulombic 
and van der Waals interactions, a hydrogen bond 
potential with both radial and angular dependences, 
and a weak quartic constraint on the waters. New- 
ton’s equations of motions were solved using the 
Verlet algorithm with a timestep of 0.98 x sec- 
onds. The average temperature of the free trajectory 
was 295 K, while that of the bound trajectory was 
304 K. The coordinate sets used for this analysis 
were taken from the trajectories after completion of 
the equilibration period (17 psec in the free trajec- 
tory; 28 psec in the bound trajectory) at  approxi- 
mately 0.1 psec intervals. 

To determine the time development of the atomic 
fluctuations, the length of the time interval over 
which the fluctuations are calculated is varied;28 
e.g., for a 10 psec average fluctuation value, the root 
mean square (rms) displacement of an atom from its 
average position is calculated using a 10 psec win- 
dow from the trajectory, and the results for all 10 
psec windows are then averaged. Averaging times 
used included 1, 5, 10, 20, 25, 50, and 100 psec win- 
dows. 

To determine the possibility that conformational 
transitions are the cause of some of the variations, 
dynamically averaged structures from points along 
the trajectory were compared to either the crystal- 
lographic structure or other simulation average 
structures. Translation and rotation of the coordi- 
nates to  give the best least-squares fit of the struc- 
tures were performed before calculating the rms de- 
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only the ends partly exposed to solvent. Short loops 
connect aA to aB (16-23) and aC to a D  (100-107). 
The second domain comprises a three-stranded, an- 
tiparallel P-sheet (41-601, a long coiled-loop region 
(61-78), and 310-1 (79-84). One of the three P-sheet 
strands (42-45) runs along the protein surface near 
the reducing end of the active site cleft. The other 
two strands (50-53 and 58-60) are in the protein 
interior. Residues 46-49 form an exposed p-turn 
while the B-turn 54-57 is fullv buried. an unusual 

Fig. 1. Mainchain atoms (N, Ca, C) of lysozyme. a: Stereo- 
drawing; secondary structural elements are delineated by hydro- 
gen bonds (dotted line) and include the mainchain atom 0: 
aA (4-15), aB (24-36), aC (88-99), aD (108-1 15), (3-sheet (1-3 
and 41-60), 3,0-1 (79-84), and 310-2 (120-124). b: Schematic 
secondary structure (drawing courtesy of Jane Richardson). 

viations. This least-squares fit included all protein 
heavy atoms or only the heavy atoms of specific 
structural elements. In this way a conformational 
change internal to  a structural element could be dis- 
tinguished from a displacement of the element rel- 
ative to the rest of the protein. 

RESULTS 
Lysozyme Structure and Exposed 
Surface Area 

Lysozyme has 129 amino acids and consists of two 
domains separated by a cleft in which hexasaccha- 
rides are bound (Fig. 1) Overall, lysozyme consists of 
15% @-sheet, 34% a-helix, 9% 310 helix, and 42% 
loop. The elements considered in the present analy- 
sis are listed in Table I. Not all lysozyme residues 
are included in an element of secondary structure; 
that is, sequences less than five residues in length 
and the five residues a t  the carboxyl terminus were 
not considered. In addition, it should be noted that 
the elements do not have an equal number of resi- 
dues; this has some effect on the statistics. One do- 
main comprises four a-helices and one 310 helix con- 
nected by short loops. The helices are aA (residues 
4-15), aB (24-36), aC (88-991, a D  (108-1151, and 
310-2 (120-124). Helices aA, aC, and aD are rela- 
tively exposed while a B  is more in the interior with 

environment for a P - t ~ r n . ' ~  However, 'both 55 NH 
and 56 NH hydrogen bond to interior waters. The 
long loop region begins in the protein interior at  the 
carboxy terminus of the p-sheet (residue 61), winds 
out to  the surface, forming a coil along the surface, 
and ends at  the short 310-1 helix on the side of the 
enzyme away from the cleft. The two domains are 
joined between 310-1 and aC by residues 85-87 and 
by a small antiparallel P-sheet structure, residues 
1-3 and 38-40. 

The solvent accessible surface area of each struc- 
tural element was calculated from the crystallo- 
graphic coordinates for a 1.4 b probe'8,26 and is also 
given in Table I. Calculations were carried out for an 
element in the environment of the rest of the protein 
and for the isolated element by itself. Both main 
chain and side chain atoms are included. The ratio of 
exposed surface of the element within the protein to  
that of the isolated element is the fraction shown in 
Table I. This comparison cancels effects of the 
change in exposed surface area due to the formation 
of the individual element from an extended chain. 
The surface areas of the elements for free lysozyme 
are listed in Table Ia and for lysozyme with bound 
(GlcNAcI6 in Table Ib. All of the structural elements 
have some fraction of exposed area. 

Although nearly one-half the surface of the whole 
P-sheet is exposed, parts of the P-sheet have the 
smallest exposure; one strand (58-60) and the in- 
ternal turn (54-57) are nearly inaccessible to  sol- 
vent, and the fraction of accessible area of one other 
strand (50-53) is only 0.25 (Table Ia) without sub- 
strate and 0.13 with substrate (Table Ib). The helices 
have fractions of exposed area which range from 
0.13 to 0.42, while the loops have larger fractions 
ranging from 0.4 to 0.64, 

The bound hexasaccharide lies perpendicularly 
across the interior end of the 0-sheet of one domain, 
and adjacent to the loop connecting aC to a D  and 
the carboxyl end of aB of the other domain. 
Lysozyme contacts the substrate (atomic separa- 
tions of less than 4.0 b) at aB (residues 34, 35), a D  
(108-110, 1121, the loop connecting aC and aD 
(residues 101-103, 1071, the P-sheet (residues 43, 
44, 46,52, 56-59), and loop residues 62, 63, and 73. 
Relative to  the free X-ray structure, the bound-state 
structure of lysozyme changes very little in solvent 
accessibility when (G~CNAC)~ is excluded in the 
surface calculation. The values in Table Ia and Ib do 
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TABLE Ia. Surface Area of the Secondary Structural Elements of Free Lysozyme Accessible to a 1.4 A 
Radius Spherical Probe'*.* 

Structural 
element Residues 

Calculated surface (A2) 
Lvsozvme Element 

Fraction 
exDosed 

a Helix A 
a Helix B 
a Helix C 
a Helix D 
310- 1 Helix 
310-2 Helix 
p-sheet 

Strand 
p-Turn 
Strand 
@-Turn 
Strand 

Loop aA to aB 
a C  to aD 
Long 

Total 

4-15 
24-36 
88-99 

108-115 
79-84 

120-124 
41-60 
41-45 
46-49 
50-53 
54-57 
58-60 
16-23 

100-107 
61-78 

618 
198 
286 
452 
225 
247 
850 
431 
333 
42 
12 
33 

489 
419 

1185 
5820 

1461 
1475 
1377 
1207 
801 
856 

1924' 
617 
397' 
169' 
420' 
320' 

1106 
1030 
1865 

15025 

0.423 
0.134 
0.208 
0.374 
0.281 
0.289 
0.442 
0.699 
0.839 
0.249 
0.029 
0.103 
0.442 
0.407 
0.635 
0.387 

'The surface area is calculated from the crystallographic coordinates for the elements in the protein or for the isolated elements. 
'Surface area of the isolated p-sheet contributed by this component. 

TABLE Ib. Surface Area of the Secondary Structural Elements in Lysozyme Bound With (GlcNAcI6 
Accessible to a 1.4 A Radius SDherical Probe (as in Table Ia) 

Structural Calculated Surface (A2) Fraction 
element Residues Lysozyme* Element exposed* 
a Helix A 4-15 580 1455 
01 Helix B 24-36 143 (206) 1479 
a Helix C 88-99 320 1372 
a Helix D 108-115 340 (457) 1202 
310-1 Helix 79-84 232 799 
310-2 Helix 120 -124 26 1 869 
P-Sheet 41-60 619 (830) 1920 

Strand 41-45 433 626 

Strand 50-53 21 (42) 167 
p-Turn 54-57 0 (15) 427 
Strand 58-60 1(30) 316 

Loop aA to aB 16-23 508 1162 
a C  to aD 100-107 234 (405) 1040 
Long 61-78 989 (1126) 1824 

Total 4930 (5755) 15041 

'Values in parenthesis were calculated without including (GlcNAc)6. 

p-Turn 46-49 249 (310) 383 

0.399 
0.097 (0.139) 
0.233 
0.283 (0.380) 
0.290 
0.300 
0.322 (0.432) 
0.692 
0.650 (0.809) 
0.126 (0.251) 
0.0 (0.035) 
0.003 (0.095) 
0.437 
0.225 (0.389) 
0.542 (0.617) 
0.328 (0.383) 

not deviate by more than 5%, except for aC which 
has a 10% larger surface area when the protein is in 
the bound state. Upon binding, the elements 
covered by (G1cNAc)G are aB and aD, the P-sheet, 
the loop aC to aD, and the long loop, as shown by 
the values in parentheses in Table Ib. 

For comparison the average MD structures of the 
free and bound simulations were also used to calcu- 
late the fractional accessibility of the folded-element 
surface area in the protein (the rms differences be- 

tween the dynamics average structure and the X- 
ray structure for the main chain N, C a ,  C coordi- 
nates were 1.5 and 1.4 A for the free and bound 
simulations, re~pectively.'~) Although most of the 
fractions from the average dynamic structure dif- 
fered by less than 10% of the crystal structure val- 
ues, three elements did show larger changes. There 
was a decrease in the accessibility of 15% for the 
P-sheet in the free simulation and aC in the bound 
simulation, and of 30% for 310-2 in the bound sim- 
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Fig 2 Time development of the positional fluctuations 
lysozyme and the substrate (GICNAC)~ Fluctuations were calcu- 
lated for the indicated time period of averaging, and ensemble 
averaged over the full simulation Time development values were 
then averaged over (solid) all 1001 lysozyme heavy atoms, 
(dotted) main chain atoms N, CCX, C, (dashed) side chain heavy 
atoms 0, Cp, and beyond, and (dotdash) all 85 (GICNAC)~ heavy 
atoms The simulations of free lysozyme (0) and substrate-bound 
lysozyme (0) are compared 

ulation. These changes result from small side chain 
displacements toward other protein atoms, and are 
likely to be a consequence of the lack of solvent and 
crystal contacts. 

Overall Fluctuations 

The time development of the fluctuations for the 
free and bound simulations are shown in Figure 2 
and Tables I1 and 111. Average values of the rms 
positional fluctuations are given for all lysozyme 
heavy atoms, main chain heavy atoms (N, Ca, C), 
side chain heavy atoms (0, Cp, and beyond), and 
(G~CNAC)~ heavy atoms. The increase in fluctua- 
tions is rapid up to 5 psec, and then begins t o  slow 
down; the fluctuations have reached approximately 
80% of their total value in the 10 psec averages. The 
fluctuations averaged over all lysozyme atoms do 
not reach an asymptotic plateau value, although 
they are only increasing very slowly during the last 
50 psec in the free simulations. The convergence be- 
havior for the main chain and side chain atoms is 
essentially identical in spite of the fact that the fluc- 
tuations of the latter are significantly larger than 
those of the former. For as short an averaging inter- 
val as 5 psec, the fluctuations for the side chain 
atoms are about 0.15 A greater than fluctuations in 
the main chain atoms. The (G~CNAC)~ fluctuation 
magnitudes are intermediate between the protein 

main chain and side chain values, and very close to  
the lysosome average value. 

Although 1 psec fluctuations averaged over the 
entire molecule in the bound simulation are equal to  
those in the free simulation, the fluctuation magni- 
tudes diverge when longer time scale motions are 
considered. The difference in the fluctuation magni- 
tudes cannot be accounted for by the slightly higher 
temperature of the bound simulation. In the har- 
monic approximation, the rms fluctuations are pro- 
portional to the square root of the temperature, and 
the ratio of the average square root of the tempera- 
tures is only -3%, significantly less than the 10% 
difference in the fluctuation magnitudes of the two 
trajectories. The statistical error of the simulations 
can be a source of the difference since the discrep- 
ancy between the two simulations is of a magnitude 
similar to  that between the two halves of the free 
simulation. Fluctuations calculated from the first 
and second 50 psec of the free simulation differ by 
0.06 A, and from the bound simulation are approx- 
imately 0.07 A larger than from the free simulation. 
However, the fluctuations of certain individual 
structural elements show significantly larger differ- 
ences between the free and bound simulations and 
these substrate-altered motions are discussed below. 

Fluctuations by Structural Elements 
The relationship between dynamics and structure 

is considered by averaging the rms positional fluc- 
tuations over the residues composing each struc- 
tural element. Relative mobilities so obtained char- 
acterize helices, sheet, and loops in terms of 
flexibility. In contrast to  a comparison between two 
independent trajectories, relative fluctuations from 
a single trajectory are more reliable; the mobilities 
in separate regions of the molecule are less affected 
by systematic variations, such as initial conditions 
and temperature, which can obscure small differ- 
ences. 

For atoms sampling a region of configuration 
space corresponding to a single minimum, the time 
development of the fluctuations is expected to show 
a smooth increase to a limiting value as the averag- 
ing time is increased. The rms fluctuation magni- 
tude plotted as a function of the time of the subin- 
terval would be a curve continuously rising to a 
plateau value corresponding to the equilibrium fluc- 
tuation. Motions of atoms whose configuration space 
is restricted to a small region exhibit high-frequency 
fluctuations and the plateau is reached rapidly. If 
the local potential surface is relatively broad, the 
space accessible to the atom is larger and a longer 
time is required before a plateau value is reached. 
The occurrence of a structural transition, involving 
the displacement of one or more atoms between two 
minima, results in a discontinuous increase in the 
slope of the time development curve. An atom is 
most often in either of the two wells and spends only 
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TABLE 11. Positional Fluctuations for the Free Lysozyme Trajectory, Calculated Over Varying Time 
Periods and Averaged Over the Indicated Residues for Each Structural Element* 

Structural Residues 
element Residues 1 psec 5 psec 10 psec 20 psec 50 psec 100 psec X-Ray 
All atom 
Main chain 

Molecule 
Helix 

CYA 
CYB 
a C  
CYD 

@-Sheet 
310-1 
310-2 

Loop 
aA-ciB 
Long 
ciC-c-uD 

Side chain 
Molecule 
Helix 

CYA 
CYB 
CYC 
CYD 

@-Sheet 
310-1 
310-2 

Loop 
ciA-aB 
Long 
ciC-c-uD 

1-129 

4-15 
24-36 
88-99 

108-115 
41-60 
79-84 

120-124 

16-23 
61-78 

100-107 

1-129 

4-15 
24-36 
88-99 

108-115 
41-60 
79-84 

120-124 

16-23 
61-78 

100-107 

0.361 

0.286 

0.294 
0.259 
0.275 
0.268 
0.264 
0.273 
0.283 

0.336 
0.283 
0.340 

0.408 

0.400 
0.368 
0.387 
0.385 
0.386 
0.386 
0.421 

0.452 
9.420 
0.464 

0.499 

0.407 

0.418 
0.353 
0.403 
0.387 
0.364 
0.362 
0.443 

0.492 
0.401 
0.498 

0.556 

0.540 
0.485 
0.534 
0.526 
0.503 
0.495 
0.601 

0.628 
0.564 
0.650 

0.531 

0.434 

0.443 
0.376 
0.424 
0.407 
0.380 
0.379 
0.476 

0.524 
0.423 
0.553 

0.593 

0.572 
0.514 
0.565 
0.556 
0.529 
0.528 
0.639 

0.666 
0.594 
0.711 

0.554 

0.450 

0.467 
0.391 
0.438 
0.419 
0.390 
0.387 
0.499 

0.544 
0.434 
0.580 

0.619 

0.600 
0.539 
0.587 
0.576 
0.547 
0.551 
0.662 

0.701 
0.610 
0.748 

0.605 

0.496 

0.511 
0.417 
0.479 
0.438 
0.399 
0.406 
0.524 

0.615 
0.494 
0.741 

0.674 

0.645 
0.570 
0.644 
0.604 
0.566 
0.593 
0.698 

0.795 
0.679 
0.923 

0.647 

0.533 

0.541 
0.425 
0.504 
0.444 
0.406 
0.419 
0.540 

0.707 
0.557 
0.893 

0.719 

0.681 
0.591 
0.685 
0.626 
0.578 
0.628 
0.716 

0.916 
0.747 
1.068 

0.602 ' 

0.531 

0.540 
0.422 
0.514 
0.470 
0.460 
0.500 
0.603 

0.539 
0.623 
0.588 

0.647 

0.651 
0.491 
0.607 
0.557 
0.586 
0.568 
0.680 

0.668 
0.712 
0.706 

*The main chain atoms are N, Ca, C and the side chain atoms are 0, Cp, and beyond. 
'Values calculated from crystallographic thermal factors according to Eq. (1) and then reduced by 0.283 A according to a minirnurn- 
function method.22 

a small fraction of the time in the barrier region 
separating the minima, providing the barrier is suf- 
ficiently high. Such a transition is reflected by a 
sharp increase in the slope of the time development 
plot at an  averaging interval large enough to sample 
the atom in both conformations. 

The time development of the fluctuations for the 
main chain heavy atoms of the various structural 
elements was calculated from the free and bound 
trajectories (Fig. 3). The values averaged over all 
129 residues are also given in the figure (dotted-line 
curve) to allow comparison of the fluctuation values 
of an  element with the overall average. The time- 
development values for the free and bound simula- 
tions are listed in Tables I1 and 111, respectively. 

Examination of Figure 3 shows that the main 
chain atoms of the @-sheet and a-helical structures 
have fluctuations smaller than or close to the aver- 
age fluctuation value, whereas most of the coiled- 
loop regions have slightly greater than average fluc- 
tuations. In the 101 psec free trajectory, fluctuations 
for main chain atoms of the helical and P-sheet 
structures (solid line curves in Fig. 3a) have reached 
or nearly reached asymptotic values. By contrast, 
the loop regions clearly have not converged. In the 

shorter (55 psec) bound trajectory (Fig. 3b), the fluc- 
tuations of helices and sheet have not converged; 
however, the time dependence is similar to that in 
the free trajectory which suggests that  they would 
converge by 100 psec. The one case where a helical 
structure has large fluctuations is the short 3 1 ~ -  1 
helix in the bound trajectory; a coiled-loop stretch, 
residues 100-107, in contact with the substrate in 
the bound trajectory has very small fluctuations. 
These two aspects of the bound trajectory are dis- 
cussed below. 

In general, the fluctuation characteristics of the 
main chain atoms are also evident for the side chain 
atoms. However, the increases with time of averag- 
ing are larger for the side chain atoms and their 
magnitudes are not quite converged even for the ci- 
helices and @-sheet at 100 psec. 

Some of the curves in Figure 3 cross, so that  there 
is not a strict correlation between the magnitude 
and the rate of the time development of the displace- 
ments. This is most clearly illustrated by the 310- 1 
helix in the bound trajectory (Figs. 3b). The fluctu- 
ations of this structural element have a slow time 
development; they are of average magnitude up to 
the 10 psec averaging window, but increase to val- 
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TABLE 111. Positional Fluctuations for the Bound Lgsozyme Trajectory, as in Table I1 

Element Residues 

All atoms 
Main chain 

Molecule 
Helix 

aA 
aB 
aC 
a D  

@-Sheet 
310-1 
310-2 

Loop 
aA-aB 
Long 
aC-D 

Side chain 
Molecule 
Helix 

aA 
aB 
CXC 
CiD 

p-Sheet 
310-1 
310-2 

Loop 
UA-ClB 
Long 
aC-D 

Molecule 
(G1cNAc)G 

1-129 

4-15 
24-36 
88-99 

108-115 
41-60 
79-84 

120-124 

16-23 
61-78 

100-107 

1-129 

4-15 
24-36 
88-99 

108-115 
41-60 
79-84 

120-124 

16-23 

100-107 
61-78 

1-6 

Structural 
1 psec 5 psec 10 psec 25 psec 50 psec 

0.362 0.513 0.552 0.621 0.681 

0.286 0.424 0.453 0.509 0.557 

0.295 0.429 0.442 0.495 0.506 
0.260 0.368 0.391 0.436 0.475 
0.268 0.369 0.400 0.463 0.519 
0.280 0.416 0.457 0.491 0.498 
0.281 0.424 0.445 0.463 0.477 
0.300 0.423 0.442 0.521 0.683 
0.276 0.441 0.466 0.524 0.541 

0.297 0.439 0.462 0.555 0.586 
0.288 0.479 0.531 0.608 0.670 
0.267 0.382 0.408 0.466 0.490 

0.409 0.570 0.614 0.691 0.755 

0.423 0.599 0.629 0.704 0.734 
0.358 0.486 0.516 0.597 0.669 
0.374 0.484 0.520 0.584 0.660 
0.385 0.549 0.602 0.651 0.686 
0.402 0.564 0.598 0.630 0.655 
0.424 0.567 0.603 0.714 0.857 
0.407 0.593 0.619 0.678 0.709 

0.421 0.559 0.585 0.688 0.737 
0.437 0.645 0.725 0.830 0.944 
0.390 0.516 0.542 0.611 0.639 

0.389 0.549 0.587 0.630 0.650 

ues much greater than the average when calculated 
over the full simulation. Thus, 310-1 has a substan- 
tial component of low-frequency, large-magnitude 
motion while the component of faster motion (<20 
psec) is near the average. The dynamics of other 
structural elements with large fluctuations over the 
full simulation, such as the loops 16-23, 100-107 
(free), and 61-78 (bound), show large-magnitude, 
short-time motions, as well. 

Although most of the time development curves in- 
crease smoothly, there are exceptions. The most 
striking examples of a change in the slope come from 
the fluctuations of the aC to aD loop and of the long 
loop in the free simulation. There is an  increase in 
the slope at 20 psec for both of these structural ele- 
ments (Fig. 3a). (When averaging over the entire 
molecule, this discontinuity is not evident due to the 
local nature of the displacements involved.) 

The motional behavior of the p-turns is different 
from that of the p-sheet strands. Although fluctua- 
tions averaged over the full p-sheet are smaller than 
for other structural elements, the short-time fluctu- 
ations a t  the exposed p-turn 46-49 are of much 
greater than average amplitude, as shown in Figure 
4. The buried turn 54-57 and the strands have 
smaller magnitude fluctuations, but all components 
are clearly coupled from the similar time develop- 

ment curves. Also shown for comparison in Figure 4 
are the fluctuations of a loop outside the p-sheet, 
residues 16-23 connecting aA and aB.  The exposed 
p-turn fluctuations are as large as those of the loop 
for times up to 20 psec, yet the dynamics of the p- 
turn plateau at 20 psec, while those of the loop in- 
crease up to 100 psec. 

The motions of the small neighboring p-sheet (1- 
3, 38-40) are coupled to the large @sheet as shown 
by their identical time development curves in Fig- 
ure 4. This small p-sheet structure has hydrogen 
bonds between residues 1 and 40 and between 3 and 
38. Residues 38-40 are adjacent to the 20-residue 
p-sheet and appear to transmit dynamic information 
to the more distant residues 1 and 3. 

The time development of the four a-helices differs 
somewhat. In both the free and bound trajectories, 
the fluctuations of the internal aB helix are smaller 
than those of aA, a C ,  or a D  (Fig. 3). In addition, the 
slopes of aB and aC in the bound trajectory are less 
steep than those of aA and aD (Fig. 3b), similar to 
the slowly developing fluctuations of 310- 1 helix 
mentioned above. The motions giving rise to the be- 
havior of aB and CWC fluctuations are discussed be- 
low. 

In addition to the overall time development of the 
different helices, the variations in the fluctuations 
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Fig. 3. Time development of the main chain positional fluctu- 
ations for each structural element of lysozyme. Fluctuations were 
calculated over the indicated time period and ensemble-averaged 
over a: the 101 psec free simulation and b: the 55 psec bound 
simulation of lysozyme. The time-averaged fluctuations were 

along the helix were studied by examining individ- 
ual main chain atom fluctuations. For both trajec- 
tories, the full-simulation fluctuations of the helical 
main chain atoms are plotted in Figure 5. Most often 
helices exhibit end-effects where the atoms a t  the 
ends of the helix have larger fluctuations than those 
in the middle. Helices a A  and aC have the most 
notable end-effects, while the fluctuations of the ter- 
minal atoms of a D  do not increase. One factor that is 
likely to reduce end-effects in a D  is that the car- 
boxyl terminal residue is a cystein that forms a di- 
sulfide bridge to residue 30 in aB. 

Comparison With Crystallographic 
Thermal Factors 

Atomic fluctuations calculated from the individ- 
ual thermal factors of lysozyme refined to 1.6 A res- 
olution (Handoll, Artymiuk, and Phillips, unpub- 
lished results) are compared with the fluctuations in 
the simulation. Fluctuations were calculated from 
the thermal factor, B, according to the equation 

<hR2> = 3BI8n2 (1) 

and averaged over the main chain and side chain 
atoms of the structural elements. The <hR2> val- 
ues from the thermal factors are generally greater 
than those from the simulation. To compare the two 
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group-averaged over the main chainatoms (N, Ca, C )  of the indi- 
cated elements and are compared to the average over all resi- 
dues. The individual values plotted at 104 psec in a are fluctua- 
tions calculated from crystallographic thermal factors averaged 
over the same atoms. 

sets of <hR2>, the crystallographic values were ad- 
justed according to a minimum-function method” so 
that the smallest values are on an approximately 
identical scale as those in the simulation; i.e., the 
correction was made by requiring that the average 
of <m2> over the 50 smallest values obtained from 
the thermal factors be equal to  the corresponding 
average from the MD fluctuations. This procedure 
introduces an overall reduction in the crystallo- 
graphic values of 0.283 A. Since only the relative 
values of the structural element fluctuations is rel- 
evant to the discussion here, the cause for the over- 
all larger rms values from the thermal factors is not 
examined; from other studies it is likely that crystal 
disorder makes an important contribution.22 

The scaled crystallographic values are listed in 
Table I1 and are also plotted in Figures 3a and 4a as 
isolated symbols at  104 psec. The range of rms ther- 
mal-factor fluctuations for the structural elements 
(main chain 0.422-0.623 A and side chain 0.491- 
0.712 A) is smaller than the range in the simulation 
(0.406-0.893 A and 0.578-1.068 A, respectively). 
The general order of the structural element fluctu- 
ations determined from temperature factors is the 
same as that from the simulation; the a-helices and 
P-sheet have smaller fluctuations than the coiled 
loops. Some differences, however, are seen in the 
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Fig. 4. Time development of the main chain atom fluctuations 
for the full p-sheet (41-60), the exposed p-turn (46-49), the in- 
terior p-turn (54-57), and the small adjacent B-sheet (1-3, 38- 
40). The time development for loop aA to uB IS shown for com- 
parison, as well as that for the whole molecule. 

order among the loops. From the thermal factors, 
the long loop and 310-2 show the largest fluctua- 
tions, while in the simulation the largest fluctua- 
tions come from the loops aA to a B  and aC to aD. 
The fluctuations of the aC to aD loop are due to 
main chain dihedral transitions (described below). 
These transitions produce a displacement that is 
large relative to the picosecond fluctuations, though 
they are rare events on the time scale of the simu- 
lation. A rare event is not adequately sampled over 
the time period of the simulation, and any large dis- 
placement contributed by it to the fluctuation aver- 
age is likely to be weighted too heavily. This sam- 
pling error can produce an overestimate in the 
calculated fluctuation value for this loop. Another 
possible cause for the observed relatively smaller 
scaled thermal-factor is that there is crystal contact 
involving this 10op.~ 

Relationship of Fluctuation Magnitude With 
Solvent Exposure 

The spatial restriction on an element imposed by 
the protein matrix is expected to be reflected in the 
fluctuations. One measure of the degree of confine- 
ment is the exposed surface area. Buried elements 
often have low mobility (e.g., aB)  and surface-ex- 
posed elements often have high mobility (e.g., p- 

turn 46-49). (See Table I for accessible surface ar- 
eas and Tables I1 and I11 or Fig. 3 for fluctuation 
values.) However, only a rough correlation exists be- 
tween the fluctuation magnitudes and the degree of 
exposure to solvent. Some of the more exposed parts 
of lysozyme, including the exterior p-strand 41-45 
and long loop in the free trajectory, have small or 
averaged-size fluctuations. An example of an  ele- 
ment with a relatively small fraction of solvent ex- 
posed surface area but large fluctuations is 310-1 in 
the bound trajectory. 

No correspondence between relative mobility and 
exposure exists for the backbone atoms within a 
given a-helical structure. The panels of Figure 5 
compare the full-simulation fluctuations and the 
crystallographic thermal fluctuations with the frac- 
tion of exposed surface for the individual main chain 
atoms of the helices. While the solvent exposure 
shows the helical periodicity of the surface helices A, 
C, and D, such periodicity does not exist in the fluc- 
tuation magnitudes or thermal factors. There is 
some indication of periodicity for a D  in the bound 
simulation. This feature contrasts with the helical 
periodicity found in the thermal factors of myohe- 
merythrin, an  a-helical p r ~ t e i n , ’ ~  and cytochrome 
C‘.11  

Fluctuation Sampling and Convergence 
Before comparing the fluctuations of the free 

lysozyme simulation with those of the 
(GlcNAc)6-bound simulation, the statistical varia- 
tion in the fluctuation values that results from the 
finite time of the trajectory needs to be considered. 
The magnitude of the statistical error can be esti- 
mated by comparing the fluctuation time develop- 
ment from the two halves of the 101 psec simulation. 
A pair of curves is shown in Figure 6 for the rms 
displacement of the main chain atoms in each struc- 
tural element; the dotted curves are calculated from 
the atomic displacements of the first 50 psec and the 
solid line curves from those of the second 50 psec. 
The dash-dot and dash curves are rms displace- 
ments for all residues from the first and second 50 
psec, respectively. For some elements, such as the 
p-sheet, the form of the time development is similar 
in the two halves, but the actual magnitudes of the 
fluctuations are different; this results in curves that 
are parallel. For other elements, such as the aC to 
a D  loop, the time development and magnitude of the 
fluctuations are different and the pair of curves is 
not parallel. For the nonparallel curves, the differ- 
ence between the fluctuations in the first and second 
half of the trajectory increases for the longer time 
windows of averaging. A third pattern involves 
curves that cross; this is the case for the aA to aB 
loop and for a D .  Elements with larger fluctuation 
values do not show greater variations between the 
two halves of the trajectory. 

The differences in the two 50 psec values for a 
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Fig. 5. Positional fluctuations for individual main chain atoms 
of the four a-helices in iysozyme. For the residue i indicated along 
the abscissa, the values corresponding to N, Ca, and G are plot- 
ted at i-0.3, i, i+O.3, respectively. The dotted line is the average 
value for the entire helix. a: The 55 psec fluctuation values for the 

bound simulation; b: the 101 psec values for the native simulation; 
c: the rms fluctuation calculated from the crystallographic temper- 
ature factor; d: the ratio of solvent accessible surface of a residue 
in the protein to that in the isolated helix. 
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and for 51-100 psec (dashed). 
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TABLE IV. Absolute Differences Between the 50 psec Fluctuations in the Two Halves of the Simulation of 
Free Lvsozvme and Between Those of the Free and Bound Simulation 

50 psec fluctuation difference (A) 
Structural Two halves free Free vs bound 
element Residues Main chain Side chain Main chain Side chain 
Molecule 1-129 0.048 0.059 0.061 0.081 
CY Helix 

A 4-15 0.049 0.056 0.005 0.099 
B 24-36 0.023 0.006 0.058 0.099 
C 88-99 0.043 0.055 0.040 0.016 
D 108-115 0.004 0.010 0.060 0.082 

@-Sheet 41-60 0.023 0.032 0.078 0.089 
310-1 79-84 0.056 0.025 0.277 0.264 
310-2 120-124 0.012 0.001 0.017 0.011 

Loop aA-aB 16-23 0.022 0.042 0.029 0.058 
Loop long 61-78 0.094 0.116 0.176 0.265 
Loop aC-aD 100-107 0.053 0.032 0.251 0.284 

given structural element are listed in Table IV and 
range from less than 0.01 to 0.1 A for averages over 
either main chain and side chain atoms. It can be 
concluded that for differences to be significant they 
must be greater than 0.1 A, the maximum deviation 
in sampling determined from the two halves of the 
100 psec trajectory. 

Effect of (G1cNAc)G 

The magnitudes of the fluctuations of certain 
structural elements (the aC to  aD loop, the long 
loop, and 310-1) are significantly altered in the sub- 
strate-bound state compared with the free state. The 
main chain and side chain fluctuations of these el- 
ements change by as much as 0.2-0.3 A between the 
free and bound simulation. They are the only ele- 
ments for which the fluctuations differ by an 
amount greater than the apparent sampling error of 
0.1 A. There also appear to  be substrate effects on 
the dynamics of aB and aC. Although the difference 
in the magnitude of the 50 psec fluctuations is 
smaller than the 0.1 A sampling error, a clear dif- 
ference in the slope of the time development curves 
was found. The slope is changed for 310-1 as well. A 
description follows of the structural aspects of the 
motions in the elements whose dynamics are af- 
fected by (G~CNAC)~.  

Loop ac to OlD 
The loop connecting aC and aD, residues 100- 

107, includes three reverse turns and interacts ex- 
tensively with the substrate, as shown in Figure 7. 
An alteration of the dynamics of the aC to aD loop in 
the presence of substrate is of particular interest 
since this element could play both an enthalpic and 
entropic role in binding.23 Bannerjee and Rupley5 
measured the entropy and enthalpy of binding at  pH 
values spanning the pK, of Asp-101 whose side 
chain hydrogen bonds with the sugars in sites A and 
B.16 It was found that while the enthalpy of binding 

increased by 6 kcal/mol on protonation of Asp-101, 
consistent with the loss of hydrogen bonding inter- 
actions, the entropy of binding was more favorable 
at  the lower pH. Because of these compensating ef- 
fects, the free energy of binding changes by only 1 
kcal/mol. 

Large positional changes in the main chain from 
100 to 107 occur twice during the free trajectory. 
These give rise, as already noted, to  the low fre- 
quency time dependence of the fluctuations and the 
discontinuous slope in the time development curve 
(Fig. 3a). The time at  which the transitions take 
place is shown by a time series of the rms coordinate 
deviations between the 5 psec average structures 
and the 101 psec average structure for the main- 
chain atoms N, Ca,  C of residues 100-107 (Fig. 8, 
top panel). The jumps in the rms deviation between 
15 and 25 psec and between 65 and 70 psec result 
primarily from changes in the mainchain dihedral 
angles, as seen from the time series of + and $ val- 
ues for residues 101-104 in the lower panels of Fig- 
ure 8. Though +lol and QlO2 are strongly anticorre- 
lated, there is still a large displacement of the loop. 
These conformational changes are elucidated by 
comparing structures before and after each transi- 
tion. The positional change in the main chain atoms 
N, H, Ca,  C, 0 between the 5 psec average structure 
from 10 to 15 ps and that from 20 to 25 ps (Fig. 9a) 
shows that the first transition involves displace- 
ment of main chain atoms from 101 C a  to 103 car- 
bonyl. A similar plot comparing the 60-65 and 65- 
70 psec structures for the second transition (Fig. 9b) 
shows positional changes from 103 NH to 105 NH. 
Figure 9 illustrates the localized nature of the tran- 
sitions in that the combined rotations of several + 
and J I  angles produce large displacements of only a 
few residues. 

A pictorial view of the two transitions is given in 
Figure 10. The main chain of several structures 
from the free trajectory is pictured in snapshots be- 
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Fig. 7. The active site region of lysozyme. Side chains of the residues in contact with (GlcNAc), are shown. 
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and Gly-104. 
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Fig. 9. Displacement of the main chain resulting from the 
structural transitions at 18 and 65 psec (see Fig. 8). The coordi- 
nate difference of individual main chain atoms between two 5 psec 
average structures is shown, with the abscissa values for N, H, 
Ca, C,  0 of residue i being i-0.4, i-0.2, i, i+O.2, i+O.4, respec- 
tively. The larger symbols represent the Ca values. a: The 18 psec 
transition, comparing the structure averaged over the period 10- 
15 psec with that over 20-25 psec. b: The 65 psec transition, 
comparing the structure averaged over 60-65 psec with that over 
65-70 psec. 

fore, during, and after the transitions. The rotation 
about a few main chain dihedral angles produces a 
very clear two-stage displacement of this surface 
loop. 

In the presence of bound substrate, no dihedral 
transitions in the 100-107 loop are observed and the 
fluctuations are greatly diminished. It appears that  
the hydrogen bonds between the carboxylate group 
of Asp-101 and the saccharides in sites A and B, as 
well as other enzyme-substrate interactions, anchor 
the peptide chain so as to eliminate the mobility 
found in the free enzyme. This loss of motional free- 
dom on binding suggests an  interpretation for the 
experimental observation that the entropy of bind- 
ing increases for pH values below the pK, of Asp- 
101, as described in the beginning of this section; 
protonation of Asp-101 not only eliminates the hy- 
drogen bonding interaction but also reduces the or- 
der in the system by allowing the loop to retain some 
of the flexibility of the free state. A simulation to 
test this suggestion with a protonated Asp-101 
would be of interest. 

Long Loop and 310-1 

Altered fluctuations in the bound simulation were 
also found for the long loop and for the following 
one-turn helix, 310-1. In contrast to the aC to aD 
loop, significantly larger fluctuations are observed 
in the bound simulation (compare Fig. 3a and 3b). 
The specific residues involved are 67-87, with the 
N-terminus of aC showing a slight increase in fluc- 

tuations (see Fig. 5a). Residues 85-87 connect 
310-1 to aC and have 50 psec fluctuation values of 
0.424 and 1.053 for the free and bound simulation, 
respectively. I t  should be noted that the time devel- 
opment of 310-1 is very slow compared with other 
structural elements in the simulation (see Fig. 3b). 
These differences between bound and free lysozyme 
cannot be due to direct interaction with (GlcNAcI6 
since the substrate makes almost no contact with 
this part of the enzyme (Fig. 7); a single hydrogen 
bond from this region of the protein is formed be- 
tween the Arg-73 guanidinium group and acetamide 
group in site A. Some evidence that this region un- 
dergoes a conformational change when substrate 
binds comes from the crystallographic structure for 
a trisaccharide bound in sites B, C, D, in which the 
conformation of residues 70-75 differs from that of 
the free s t r ~ c t u r e . ' ~  

Time series of the rms coordinate deviations for 
the long loop and 310-1 in the bound trajectory be- 
tween the 5 psec average structures and the energy- 
minimized crystal structure are shown in Figure 11. 
To analyze the nature of the motions involved two 
types of comparisons are made in Figure 11; first 
coordinate deviations are calculated after a fit of the 
entire protein (solid line), and second, after a fit of 
only the main chain atoms of either the long loop or 
310-1 (dashed line). 

For 310-1, it is clear that  the large increase in the 
rms deviations a t  30 psec is a movement of the whole 
helix relative to the rest of the protein, and is not a 
disruption of the internal helical structure. A fit of 
only the main chain atoms of 310-1 leads to a time 
progression of the rms coordinate deviations that is 
smaller and essentially constant throughout the tra- 
jectory. In contrast to the rigid body type motion of 
310-1, a change of the internal structure of the long 
loop is indicated by the time series of rms coordinate 
deviations shown in Figure 11. Both types of fit yield 
an increase in rms deviation near 18 psec. The 
change a t  35 psec, however, is not seen when fitting 
the loop structure alone, so that it corresponds to a 
rigid body motion of the loop relative to the protein, 
similar to that of slO-1. 

The dynamics of main chain dihedral angles of the 
long loop were analyzed to determine the mecha- 
nism of the internal structural change near 18 psec. 
They involve the two peptide groups flanking Gly- 
71. Unlike the main chain dihedral transitions in 
loop 100-107 that occur over approximately 1 psec, 
the peptide Gly-71:Ser-72 transition takes place 
over a 5 psec period. In the free simulation, these 
dihedral angles oscillate in the neighborhood of 
their average values, showing no transitions be- 
tween potential minima in accord with the small 
positional fluctuations in that trajectory. 

The main chain displacements in the long loop 
internal transition near 18 psec involves Gly67, 
Gly-71, and Ser-72 while the rigid-body displace- 
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Fig 11 A time progression of the main chain displacement for 
N, Ca, C in the long loop (61-78) (0) and 310-1 (79-84) (0) from 
a comparison of the 5 psec average structures from the substrate- 
bound Simulation and the optimized crystal structure Differences 
were calculated after a least-squares fit of the entire 1001 
lysozyme heavy atoms (solid) and after a fit of the structural ele- 
ment (dashed) 
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ment of 310-1 near 30 psec involves the entire 310 
helix plus adjacent residues (81-86). The rigid-body 
displacements are smaller than those of residues 67, 
71, and 72 and of the aC to  aD loop of the free en- 
zyme in Figure 9. All three involve main chain mo- 
tion that is localized in six or fewer residues. The 
mechanism of motion for the rigid displacement of 
310- 1 relative to the protein does not involve abrupt 

-lo t- l -  
3. p-++%- 

I 

2.  c 
I 
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Residue 

transitions, as was found for the long loop and loop 
aC to aD. Dihedral angle time series for + and $ or 
residues 75-88 were examined and no transitions (a 
change in dihedral angle greater than the fluctua- 
tions of the angle) occurred during the period 25-35 
psec. Instead, the structural change at  30 psec in 
Figure 11 was found to be the result of small, coop- 
erative rotations of $87 and $88. This feature of the 
dynamics is seen in the differences between + and $ 
in the 5 psec average structures (Fig. 12a). There are 
significant differences in $87 (16") and $88 (lo"), 
resulting in the main chain displacement from 81 to 
86 (Fig. 12b). Over a 5 psec time period, these dihe- 
dral angles oscillate around slightly different val- 
ues, yet remain within a single dihedral-energy 
minimum. These subtle changes in the angles can be 
seen in the dihedral time series in Figure 12c and d. 

Other differences in the behavior of main chain 
dihedral angles in the long loop and 310-1 between 
free and bound lysozyme were found. First, the pep- 
tide Arg-73:Asn-74 and $86 underwent short-lived 
excursions of 60" or more in the bound simulation. 
These transitions were of a transient jump- 
and-return nature, unlike the behavior in Figure 8 
where the new dihedral values remained and re- 
sulted in a change in the average structure. Second, 
there are alternative configurations in the two sim- 
ulations for Cys-76 + (-125" free; -75" bound) and 
Asn-77 $ (50" free; -50" bound). The larger oscilla- 
tions in a single dihedral potential well (in contrast 
to the transitions between wells described above) 
and the possibility of less curvature in the potential 
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Fig. 12. Analysis of the rigid-body transition of 310-1 at 30 
psec in the bound simulation. Differences are examined in a main 
chain dihedral angles and b main chain atomic displacements 
(see Fig. 8 caption) between the 5 psec average structures from 
25 to 30 psec and from 30 to 35 psec. The rigid-body transition is 
produced by small, concerted rotations of $87 and $88, the larg- 

est deviations in (a). These subtle differences in the average 
structure dihedral angles can be seen in the dihedral time series 
(c) and (d), although the change is not as obvious as the transi- 
tions in Figure 8. The time series of coordinate deviations is 
shown (e) to indicate the position of the transition along the tra- 
jectory. 
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Fig 13 The time progression of the coordinate deviations for 
the main chain atoms (N, Ca, C) of aB (0) and aC (0) in the bound 
simulation from comparing the 5 psec average structures with the 
optimized crystal structure The positional differences were calcu- 
lated after fitting either all lysozyme heavy atoms (solid) or fitting 
only the main chain atoms of the helix (dashed) A slow displace- 
ment of the two helices within the molecule frame occurs but the 
internal structure of the helix is not altered 

surface associated with an  alternative conformation 
also relate to the larger fluctuations in the bound 
simulations. 

Helices aB and aC 
The fluctuations in the bound simulation (Fig. 3b) 

of aB and aC increase slowly and continuously up to 
55 psec, unlike those of aA, aD,  or the (3-sheet, e.g., 
for aC the magnitude is less than that of the (3-sheet 
up to 20 psec and then becomes larger. In the free 
simulation, the time development curves of these 
secondary structural elements all have similar 
slopes (Fig. 3a). The slow time development of aB 
and aC helices is similar to that for 310-1. These 
long time scale fluctuations result from a change in 
helical position within the enzyme that takes place 
rather uniformly over the time of the simulation. A 

time series of rms deviations comparing 5 psec av- 
erage structures with the energy-minimized crystal 
structure after a least-squares fit of the protein is a 
slowly increasing function (Fig. 13). Nevertheless, 
as was found for 31~-1,  the internal helical struc- 
ture of aB and aC is maintained; after fitting only 
the corresponding helix main chain atoms, the rms 
deviation value is constant. Consequently, Figures 
3b and 13 reflect a gradual, rigid-body departure of 
the helices from their original positions. 

The movement of aB and aC within the frame- 
work of the protein is pictured in Figures 14 and 15, 
which compare the initial and final 5 psec average 
dynamic structures. The fitting of the two structures 
is with respect to the main chain atoms of the p- 
sheet since the rms deviations in the (3-sheet be- 
tween the crystal structure and all of the 5 psec av- 
erage structures remained constant. As illustrated 
in Figure 14, the N-terminus of (YB moves in the 
direction of the loop aC to a D .  The movement of the 
C helix during the simulation is seen in Figure 15 to 
be in the direction of its N-terminus, away from the 
active site and toward 310-1. Positions of 310-1 and 
residues 85-87, connecting 310-1 and aC, are also 
shown in Figure 15. The larger fluctuations of res- 
idues 85-87 in the bound simulation are a result of 
it being the link between the mobile structural ele- 
ments 310-1 and aC. 

It is possible that the continuous, relative dis- 
placements of a B  and aC are adjustments to the 
bound (GlcNAc)6. The carboxyl termini of both he- 
lices contact the substrate. The initial structure for 
the bound simulation was determined from crystals 
soaked with (GlcNAcIB; thus, crystal contacts would 
have precluded significant conformational changes. 
Moreover, the addition of the three saccharide units 
in sites D, E, and F by building onto the crystal 
structure could also induce the changes observed in 
the bound simulation. 

Fig. 14. Change in the relative position of aB during the bound 
simulation. The CU positions of the first 5 psec average structure 
(0-5 psec) plus the main chain N and C atoms of helix B are 

connected by thin lines. Superposed, after a rotation by a least- 
squares fit of the p-sheet, are the N, Ca, C atoms of aB from the 
last 5 psec average structures (50-55 psec) (thick line]. 
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Fig. 15. Change in the relative position of aC and 310-1 during the bound simulation. See Figure 14. The 
last 5 psec average structure main chain (thick line) is shown for residues 79-99. 

CONCLUSIONS 

Structural transitions observed in the present 
simulations are of two types. For loops mainly in- 
ternal dihedral angle changes are involved, while 
for helices the displacements involve the entire sec- 
ondary structural element, in accord with the anal- 
ysis of the multiple minima of a myoglobin 
simulation." For example, concerted rotation of 
main chain dihedral angles resulted in a rather lo- 
calized displacement of the aC to  c*D loop. The dy- 
namics of this loop are consistent with the confor- 
mational heterogeneity in residues 100-104 among 
the crystal structures of tetragonal and triclinic hen 
lysozyme and of human lysozyme15. In the simula- 
tion, the structure of this loop is closer to that in the 
tetragonal crystal structure (the initial coordinates 
for the simulation) during the period from 30 to  65 
psec (i.e., between the two transitions) than near the 
beginning and end of the simulation. Thus, the sim- 
ulation results have allowed visualization of an in- 
teresting dynamic process, although the low proba- 
bility of such an event does not make it possible to  
determine the equilibrium between the different 
conformations without a much longer simulation. 

Substrate binding altered the dynamics of the 
coiled loops of lysozyme more than the motions of 
the helical and sheet structures. It is reasonable 
that the regular hydrogen-bonding pattern in heli- 
ces and sheets preserves the low-magnitude fluctu- 
ations both in the presence and absence of substrate. 
By contrast the more irregular nonbonding interac- 
tions in the coiled-loop regions allow a larger num- 
ber of configurations, which are readily altered by 
the substrate. A modulation of the populations could 

be exploited to optimize binding of substrate and/or 
release of product by altering the entropy of forma- 
tion of the complex. The two significant changes in 
the fluctuations of (GlcNAc)c-bound lysozyme, rela- 
tive to free lysozyme, were a decrease in fluctua- 
tions at  the active site and an increase in the fluc- 
tuations of a region away from the active site. In the 
absence of substrate, the active site residues expe- 
rienced main chain dihedral transitions, consistent 
with the observed crystallographic heterogeneity in 
this region among different lysozyme structures. 
The loss of flexibility in the presence of substrate is 
readily understood in terms of the specific enzyme- 
substrate interactions and offers an explanation of 
experimentally measured binding entropies. We do 
not have a complete explanation for the substrate- 
enhanced fluctuations away from the active site, al- 
though we have described here some of the motions 
involved. 

The absence of solvent, other than the strongly 
bound waters, in the lysozyme simulations is un- 
likely to alter the relationship between dynamics 
and structural elements described here. While re- 
sults from simulations in water environments indi- 
cate that the dynamics of surface residues are influ- 
enced by solvent, the solvent effect on fluctuations 
of interior atoms is differences in main 
chain fluctuations found for the various secondary 
structural elements in vacuum simulations were 
confirmed by simulations in the presence of van der 
Waals or aqueous solvent. Further, the degree of 
solvent exposure in lysozyme was found not to cor- 
relate with the mobility of a structural element. 
Thus, the present analysis of the relations between 
dynamics and structure is unlikely to  be an artifact 
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of the vacuum simulation and suggests that  the 
much greater expense in computer time required for 
a fully solvated simulation is not justified for the 
present problem. With regard to the mobility of the 
solvent-exposed loop (aC to aD), solvent would not 
eliminate the freedom observed when the loop is not 
constrained by substrate contacts. However, the re- 
laxation time of the loop motion obtained from the 
simulation is likely to be too short.27 

Further analyses of the dynamic and structural 
features related to  (GlcNAc)Glysozyme interactions 
is in progress. It is hoped that experimental studies, 
including NMR (which has already been employed 
in the study of l y s o ~ y m e ) ~ ~ , ~ ~  and site-directed mu- 
tagenesis, will be of use in examining the origin of 
the changes in mobility predicted by the simulation 
to result from saccharide binding to lysozyme. 
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