JIAICIS

ARTICLES

Published on Web 03/08/2003

Configurational Entropy and Cooperativity between Ligand
Binding and Dimerization in Glycopeptide Antibiotics

Sutjano Jusuf,’ Patrick J. Loll,¥ and Paul H. Axelsen*'

Contribution from the Department of Pharmacology, kbrsity of Pennsylania,
Philadelphia, Pennsyhnia 19104, and Department of Biochemistry, Medical College of
Pennsydania—Hahnemann Uniersity, Philadelphia, Pennsydnia 19102

Received July 19, 2002; E-mail: axe@pharm.med.upenn.edu

Abstract: Oligomerization and ligand binding are thermodynamically cooperative processes in many
biochemical systems, and the mechanisms giving rise to cooperative behavior are generally attributed to
changes in structure. In glycopeptide antibiotics, however, these cooperative processes are not accompanied
by significant structural changes. To investigate the mechanism by which cooperativity arises in these
compounds, fully solvated molecular dynamics simulations and quasiharmonic normal-mode analysis were
performed on chloroeremomycin, vancomycin, and dechlorovancomycin. Configurational entropies were
derived from the vibrational modes recovered from ligand-free and ligand-bound forms of the monomeric
and dimeric species. Results indicate that both ligand binding and dimerization incur an entropic cost as
vibrational activity in the central core of the antibiotic is shifted to higher frequencies with lower amplitudes.
Nevertheless, ligand binding and dimerization are cooperative because the entropic cost of both processes
occurring together is less than the cost of these processes occurring separately. These reductions in
configurational entropy are more than sufficient in magnitude to account for the experimentally observed
cooperativity between dimerization and ligand binding. We conclude that biochemical cooperativity can be
mediated through changes in vibrational activity, irrespective of the presence or absence of concomitant
structural change. This may represent a general mechanism of allostery underlying cooperative phenomena
in diverse macromolecular systems.

Introduction of electrostatic effect$® These explanations imply that enthalpy
Glycopeptide antibiotics bind stereospecifically to target changes, rather than entropy changes, have a dominant role in
ligands in bacterial cell walls,and they form asymmetric ~ the thermodynamics of cooperativity.
homodimers: In general, ligand binding promotes dimerization, ~ Alternative explanations for cooperativity that assign a
and vice vers4:® Mechanistic explanations for this cooperative dominant role to entropy changes have also been suggested.
behavior tend to focus on the extensive hydrogen-bond networksFor example, dimerization may suppress structural fluctuations
across the dimer interface and the ligarahtibiotic interfaces ~ ©f the antibiotic and stabilize a subset of structures in which
(Figure 1). For example, it has been suggested that hydrogerihe binding site is more favorable for ligand bindih@lter-
bonding across the dimeric interface induces hyperpolarization natively, local changes in vibrational activity may exert allosteric
of the amide groups and that this hyperpolarization may effects that are also manifested as changes in vibrational activity.
strengthen hydrogen bonds across the ligeamtibiotic inter-  Theoreticai and experimenté'* support for the operation of
face’ Recent proton NMR studies have been interpreted as this mechanism in other systems has been presented, and a
showing that these interfaces “tighten” in a cooperative mahner. Préliminary report suggesting that vibrational entropy mediates
It has also been suggested that cooperativity is a direct resultcOOperativity in glycopeptide antibiotics has been publistted.
Discerning the relative importance of enthalpy and entropy
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Figure 1. Schematic representation of the binding interfaces in the three glycopeptide antibiotics.

may have in mediating cooperativity. When the role of entropy entropy changes, occurring in the absence of structural changes,
changes is unknown, one cannot be certain that structuralcan account for the cooperative relationship between these
changes are mechanistically responsible for cooperativity. processes. The present study examines this question in three
The studies described herein were prompted by the observa-glycopeptide antibiotics, chloroeremomycin (CEM), vancomycin
tion that dimerization and ligand binding tend to be highly (VMN), and dechlorovancomycin (DCV), using fully solvated
cooperative in glycopeptide antibiotics despite high-resolution molecular dynamics simulations and quasiharmonic normal-
crystallographic studies indicating that significant structural mode analysis to calculate the changes in configurational entropy
changes do not occdr,1218 These are remarkable circum- that occur upon dimerization and the binding of the ligand
stances because they appear to require an entropic mechanisracetylp-alanylp-alanine (AcDADA). Two manifestations of
to explain cooperative behavior. Studies of these complexes,
therefore, offer a unique opportunity to determine whether (15) ngél,_gég.; Miller, R.; Weeks, C. M.; Axelsen, P. Bhem. Biol.1998 5,

(16) Schafer,' M.; Sheldrick, G. M.; Schneider, T. R.; Vertesy, Acta

(13) Schafer, M.; Pohl, E.; SchmidtBase, K.; Sheldrick, G. M.; Hermann, R.; Crystallogr. 1998 D54, 175-183.
Malabarba, A.; Nebuloni, M.; Pelizzi, Glelv. Chim. Actal996 79, 1916— (17) Loll, P. J.; Kaplan, J.; Selinsky, B. S.; Axelsen, P.JHMed. Chem1999
1924. 42, 4714-4719.

(14) Schafer, M.; Schneider, T. R.; Sheldrick, G. $tructure1996 4, 1509 (18) Kaplan, J.; Korty, B. D.; Axelsen, P. H.; Loll, P. J. Med. Chem2001,
1515. 44, 1837-1840.
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cooperativity are explicitly considered: that occurring between Table 1. Atom Counts in the 24 Systems Studied?

dimerization and ligand binding and that occurring between the glycopeptide and chloride water total

two ligand binding sites in a dimer. systems ligand atoms ions molecules atoms
D 177 1 2057 6349
Methods D 177 1 2054 6340
Nomenclature. The antibiotics in this study form asymmetric dimers ~ L*Di 204 0 2051 6357
as a consequence of the disaccharide group orientatie. have IBPD“ ggj g igiﬁ gfgg
adopted a convention whereby the vancomycin unit with the terminal L-ID|-“D|| 381 1 1937 6193
vancosamine sugar residue overlying the ligand-binding site is denoted p,.p,-L 381 1 1938 6196
as Vi, while its counterpart is denoted as.\An AcDADA ligand is L-D;-Dy-L 408 0 1931 6201
denoted as L. A center dot between two entities represents a binding v 177 1 2061 6361
interface. Hence, the notations\l; and LV, refer to ligand-bound \ 177 1 2063 6367
monomers of vancomycin, while ¥, denotes the ligand-free vanco- L.V, 204 0 2058 6378
mycin dimer. Chloroeremomycin and dechlorovancomycin monomers ~ L*Vi 204 0 2061 6387
are named analogously to vancomycin with letters C and D, respec- \L/'\>/“\/ gg‘ll i iggg ggég
tively, instead of V. I_\/I_Wl_II be a generic symbol used to indicate any V|-\}.|-IE 381 1 1951 6235
one of the three antibiotic monomers. LV, 408 0 1948 6252
Simulation Specifications. Energy minimizations and dynamics c 201 2 2042 6329
simulations were performed with CHARMW®Iversion c27b2 on a 32 C:| 201 2 2040 6323
x 800 MHz Intel PIII cluster with a Myrinet switch. Atom types and L-C 228 1 2035 6334
all-hydrogen parameters were described previotfsff. Electrostatic L-Cy 228 1 2035 6334
interactions were computed with the particle mesh Ewald (PME) Ci-Cy 402 4 1927 6187
algorithm with as-spline order of 6, FFT grid of one point per (64 L-C-Cy 429 3 1920 6192
64 x 64) A and a real space Gaussian-widttof 0.4 A-12 The (LZIC(:THCIHL igg g gig g%gg

nonbonded van der Waals interactions was truncated at 12 A, with an
atom-based cutoff. Dynamic trajectories were generated at a constant a Dechlorovancomycin, vancomycin, and chloroeremomycin monomers
pressure and temperature (1.0 atm and 30G“R).The SHAKE have +1, +1, and +2 charges, respectively. the ligand AcDADA is
algorithn?® was used to constrain bond distances to hydrogen atoms negatively charged at neutral conditions. The number of chloride ions was
during dynamics, and the equation of motion was integrated with a Varied to achieve charge balance.

time step of 1 fs. . . .
P adapted basis NewterRaphson method with all atoms constrained

System Specifications A model of the crystalline vancomycin t the ligand dth . ide chain (the latt il
acetate complex was developed to validate the simulation parametersexcelo € ligands and the asparagine side chain (the latter partially

by comparison with the 0.89 A crystallographic structure of Protein occupies the ligand-binding site of V1 but not V2 in the 1AAS crystal
Data Bank entry 1AAB.The final model had unit cell dimensions of structure). Each system was propagated for 5 ps at 300 K and then for
28.81, 28.81, and 66.13 A at room temperature, making its unit cell another 5 ps at 150 K while the complexes were constrained to their
volume 54 889 A The system contained 43 waters identified in the !n't'al coi)rlcljlnazlt(()eg ’ 2;0%0127? 3%% ps dza;cc:)thyst(;em (\;vas h?at_e d
crystal structure, 83 additional waters, and three sodium ions in each'"eremen aty( ' I" d ' O » an 20t )4%n r?: om ;/e ocity
of eight asymmetric dimeric units in the unit cell. All of the carboxylate assignments were applied every ©. 7’5{"?“ 049 ps Ie systems
groups were ionized. were cooled to 300 KWhIle randon_ﬁ_vel_ocny a_SS|gnments coptlnued at
In simulations prepared for quasiharmonic analysis, a doubly every 0.2 ps. After this 40-ps con(_jltlonlng _penod, no const_ralnts other
liganded dimeric complex of each antibiotic was placed in a cubic 40 than S.HAKE and no external mterventl_ons were applied as the
A periodic boundary. Initial coordinates for the\t-Vy-L complex simulations propagated to 1700 ps. The final coordinates from these
were generated by docking two ACDADA ligands into dimeric three doubly liganded dimeric systems were then used to generate the
vancomycin derived from the crystal structure 1AA5. From this 24 complexes in which binding cooperativity was examined (Table 1).

structure, the DDy -L complex was created by replacing the chlorine Seveh a_dditional simulqtion _systems rep_resenting every possible
on residue 2 with a hydrogen, and theSl:C,-L complex was generated (EoT/Ib|-nLatEJ.r'1v|o-meonor;1erlf:Mun'|E and ligand (l'ea’ﬁm”c’i '\I/I"tM”' M-

by adding a vancosamine residue to a vancomycin dimer such that two > " - I'I ”(’j an g/l hI” 3 were ;])‘repare hyf t?]e 't?]g mc(;no-bl
additional H-bonds form across the dimeric interfa€€his results in Perlcauglds_, 'gands, tan CA?tn eﬂ:ons crjorlnt_eac 0 4@3 rig Aou y
a model of CEM withL-vancosamine instead ofepiL-vancosamine, Iganded dimeric systems. Afler these deletions, ax *

but it avoids perturbation of the crystallographically determined cgbl_c array of water molecules was overlaid on each system and waters
disaccharide structure on residue 4. Varying numbers of chloride ions within 2t8 A OI t‘znyzinteT componentt c\j/vgreth(_jeleted. The final
were added for charge balance and placed at positions consistent withcompositions ot the systems generated In this manner are sum-

those found in the reference crystal coordinate (Table 1). maélzeﬁ n ‘I;able 1 ted for 10 £ 300 K with vent
Structure Preparation and Conditioning. The three doubly " ac sysE em \gas pro;iggia fOO or h ps a ; V.Vlt nonso vel_n d
liganded complexes were then energy-minimized for 2000 steps by the &l0Ms constrained. From 0 ps harmonic constraints were appiie
to all non-hydrogen nonsolvent atoms and tapered to zero. From that

(19) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, POINt, all systems were propagated for 900 ps with SHAKE as the only
S.; Karplus, M.J. Comput. Chenil983 4, 187-217. constraint, for a total simulation length of 1000 ps. Coordinates were
(20) Li, D.; Sreenivasan, U.; Juranic, N.; Macura, S.; Puga, F. J., II; Frohnert, <5va4 every 50 fs
P. M.; Axelsen, P. HJ. Mol. Recog1997, 10, 73—87. Yy '

(21) Axelsen, P. H.; Li, DBioorg. Med. Chem1998 6, 877—881. Quasiharmonic Normal-Mode Analysis.Vibrational analysis was
(22) Axelsen, P. H.; Li, DJ. Comput. Cheml998§ 19, 1278-1283. performed on the 65 non-hydrogen atoms that comprise a macrocyclic
(23) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, L. .

L. G.J. Chem. Phys1995 103 8577-8593. core common to all three antibiotics (Figure 3), by use of the VIBRAN
(24) Nose, S.; Klein, M. LMol. Phys.1983 50, 1055-1076. utility in CHARMM. ?° This set of atoms was chosen so that modes

(25) Feller, S. E.; Zhang, Y.; Pastor, R. W.; Brooks, BJRChem. Physl995
103 4613-4621.

(26) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
23, 327-341. (28) Northrup, S. H.; Pear, M. R.; Morgan, J. D.; McCammon, J. A.; Karplus,

(27) Waltho, J. P.; Williams, D. HJ. Am. Chem. S0d.989 111, 2475-2480. M. J. Mol. Biol. 1981, 153 1087-1109.

recovered are comparable across the three compounds and to facilitate
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an accurate diagonalization of the 195195 mass-weighted atomic
position displacement covariance matrix. Prior to diagonalization, 200 | CVT } CPT
coordinates of the macrocycle core from the trajectory were reoriented Harmonic constraints ———
by minimizing their mass-weighted root-mean-square difference with
respect to the average structure. This negated overall translation and 70
rotation, resulting in six null frequencies corresponding to translational
and rotational degrees of freedom and 189 vibrational modes. Vibra-
tional entropy was calculated at 300 K from the recovered modes by
use of the ordinary vibrational partition functin

Unit cell volume (A%
“
g

@ 1 6800
TSipi = KsT +kBTIn( )
o e -1 1-e°
and 6600
0 200 400 600 800 1000 1200
hw,c Time (ps)
- kg T Figure 2. Unit cell volume of a vancomycin crystal simulation. The target
volume of the vancomycin crystal system, 6863 Was reproduced by the
hereh is Plank is th . . . simulation using the charmm force fields and parameters along with the
whereh is Plank’s constant; is the speed of light, and; is theith application of positional harmonic restraints during the initial precondition-
frequency in reciprocal centimeters. ing. The first 300 ps were run under conditions of constant volume and
| temperature (CVT); the remainder of the simulation was run under constant
Results pressure and temperature (CPT) conditions. The solid horizontal line

g B . . between 0 and 300 ps represents the target unit cell volume per dimeric
Parameter Validation. A whole-crystal 1200 ps simulation unit. Dotted lines att30 A2 show the target unit cell volume for systems

of the vancomyciracetate complex was performed and com- with one additional or one less water molecule.
pared to the 0.89 A crystallographic structure of Protein Data
Bank entry 1AAS to validate the simulation parameters. This Differences between the average structure calculated over a
task was not straightforward because the unit cell is large, and300 ps interval (from 900 to 1200 ps) and the crystallographi-
most portions of the crystal other than vancomycin itself consist cally determined structure were less than the crystallographic
of disordered solvent and an indeterminate number of sodium resolution of 0.89 A for 88% of the non-hydrogen atoms (i.e.,
counterions. 184 of 210 atoms, excluding solvent) and less than 1.5 A for
Our goal was to demonstrate whether an unconstrained full 96% of the non-hydrogen atoms. The largest discrepancies
crystal simulation could be performed at constant temperature between the simulation-average structure and the crystal struc-
and pressure that faithfully preserves the original crystal structureture were invariably in regions of crystal disorder where
and unit cell dimensions. This goal was ultimately achieved by differences would be expected, i.e., the side chains of residues
systematically varying the number of water molecules ina CPT 1 and 3 and the disaccharide groups. The average RMS
(constant pressure and temperature) simulation with periodic fluctuations of macrocycle atoms in the simulatior0(23 A2)
boundaries until a system was found that faithfully maintained corresponds closely to the mean fluctuations derived from the
the correct unit cell volume. The published unit cell dimensions temperature factor of the crystat-0.18 A?).
of 28.45, 28.45, and 65.84 A pertain to 987KAt room In sum, these results demonstrate that the models and
temperature these dimensions expand to 28.81, 28.81, and 66.1parameters used in these unrestrained simulations of the
A, yielding a target volume of 6861 #per dimeric unit crystalline vancomycin dimer yield a system in which unit cell
(unpublished data). dimensions, atomic positions, and positional fluctuation mag-
Figure 2shows a plot of unit cell volume vs simulation time nitudes are in excellent agreement with experimental results.
in a full crystal 1200 ps simulation of the crystal structure of ~ Conformational Consequences of Ligand Binding and
vancomycin dimer with a bound acetate ligand, 43 waters Dimerization. The macrocyclic rings of each antibiotic exhib-
observed in the crystal structure, 83 additional waters, and threeited considerable structural flexibility in simulations (Figure 3).
sodium ions (all carboxylate groups were ionized). The system Nevertheless, the macrocyclic core maintained a well-defined
was preconditioned for 300 ps with rigid unit cell dimensions and generally uniform conformation regardless of dimerization
and harmonic restraints on the position of all atoms with or the presence of ligand. The largest RMS structural change
crystallographically determined positions. After 300 ps, the induced by ligand binding or dimerization for the 65-atom core
system was propagated under CPT conditions so that the unitstructure was 0.35 A, which is comparable to the largest RMS
cell volume could fluctuate. At 600 ps, harmonic restraints were difference seen between any two monomers in any given X-ray
removed and the system was propagated for an additional 600crystal structuré>7By this measure, the consequences of ligand
ps (total simulation time 1200 ps). A comparison of the binding and dimerization on the average conformation of a
instantaneous unit cell volumes to horizontal linest&0 A3, glycopeptide antibiotic are small.
representing the target unit cell volume for systems with one  Dynamics Analysis.Both ligand binding and dimerization
additional or one less water molecule, suggests that thetended to reduce the amplitude of structural fluctuations. For
simulation system has the correct number of water moleculesexample, RMS fluctuations (second moment) for the 65 core

to within £1 molecule. macrocycle atoms in the ligand-freg @onomer were 0.44 A

. over the 800 ps interval from 200 to 1000 ps. These fluctuations
(29) lBergl.(s, B. R.; Janezic, D.; Karplus, Nl.Comput. Chenl995 16, 1522~ decreased to 0.29 A in the«C,; dimer and to 0.30 A in the
(30) McQuarrie, D. AStatistical MechanigHarper & Row: New York, 1976. L-C; complex over the same interval. Upon dimerization and
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Table 2. Lowest Quasiharmonic Modes and Their Eigenvectors
Overlap for the Unbound Monomers

lowest quasiharmonic overlap
monomers mode (cm~?) D, Dy " Vy C Cy
D 8.46 1.0
Dy 6.08 0.74 1.0
V, 6.46 091 044 1.0
Vi 6.04 061 093 033 1.0
C 7.31 0.92 0.76 095 050 1.0
Cu 6.25 054 091 022 09 045 1.0

Figure 3. Macrocycle dynamics. Seven superimposed snapshots of the Table 3. Vibrational Entropy of Monomers with Respect to Their
dechlorovancomycin macrocycles over an 800 ps interval show that Undimerized Ligand-Free State?
significant fluctuations occur while a single overall conformation is retained.
These coordinates were extracted from a simulation of the dechlorovanco-
mycin dimer that included all hydrogens, 1944 waters, and two chloride complex C Cu v, Vi D, Dy
ions for a total of 6188 atoms in each periodically bounded cell. LM o1 16 17

M, — _ _

LMy -19 -17 —22
MMy —25 —26 -2 -13 -2 —15
L-M;-My, —34 -27 17 -12 -15 =7
MMy-L —24 —33 -1 =22 -6 —27
LM;-My-L —34 -33 -15 -23 —22 —-30

chloroeremomycin vancomycin dechlorovancomycin

0.30

025 —————

OO WNE

020 T=———— aUnits areTAS in kilojoules per mole at 300 K, and their precision is

estimated to bet2 kd/mol (see Results).
015 4+—————

p(d%)

different antibiotic species (e.g.;@nd O;) than for monomers
of the same species but with different sugar orientations (e.qg.,
Ciand G, or D, and O0)). This is significant because it indicates
that disaccharide orientation alters the character of macrocycle
dynamics. Therefore, configurational entropies derived from
guasiharmonic analysis will be influenced by disaccharide
orientation even though the disaccharide groups are not in the
set of 65 core macrocycle atoms subjected to this analysis.
Cooperativity. We define cooperativity in terms of the
following set of competitive binding equilibria:

010 —————

005 —————

0.00

-0.8

Sx/A

Figure 4. Histogram of the probability distribution of one coordinate of a
macrocycle atom with a skew of 0.2. The mean position of an atom along
its principalx-axis was determined, and the deviation of the atom position

from this mean was calculated at every 50 fs during the final 800 ps interprocess cooperativity, M LM+ My-My == L-M;*M;; + M,
simulation of the chloroeremomycin monomer, E1. Circles represent the interprocess cooperativity, M LMy + MMy == M-My-L + My,
normalized probability of a deviation collected into 0.05 A bins. This atom  intraprocess cooperativity MMy + MsMy-L == L-M"My-L + M-My,
and this axis were chosen to illustrate the shape of a distribution that has g, oray cooperativity EM, + MyeL + My-My = L-My-MyeL + M, + My

a skew value of 0.2. For comparison, a solid line representing a normal

distribution with no skew has been fit to the data. where M represents monomeric CEM, VMN, or DCV, the

ligand binding, the fluctuations of Gn the L-C;-C;; complex subscripts reference the nonidentical “sides” of a dimeric
decreased further to 0.25 A. These motions exhibit relatively complex as defined above, L represents the ligand, and positive
little skew, with an average third moment magnitude~df.2 cooperativity is an energetic preference for the right-hand side.
(Figure 4). Therefore, one may reasonably estimate the ther-The first two equilibria describe competition between dimer-
modynamic consequences of fluctuation amplitude reduction by ization and ligand binding, and therefore they are designated
applying quasiharmonic normal-mode analysis to obtain vibra- “interprocess” cooperativities (Table 4). The third equilibrium
tional frequencies and converting these frequencies into entropydescribes the effect of one ligand on the binding of another,
units (see Methods). and is therefore designated “intraprocess” cooperativity (Table
Analysis of the 800 ps interval from 200 to 1000 ps for the 5). The sum of these three equilibria yields an overall cooper-
65 core macrocycle atoms yielded 189 vibrational modes in eachativity (Table 6) between ligand binding and dimerization. Note
monomer with frequencies ranging from 6 to 2800 éntigand that the loss of ligand entropy upon binding does not enter into
binding and dimerization broadly increased the frequencies of these definitions. Also note that the amount of monomeric and
lower frequency modes up to 650 chnParticular attention was  dimeric antibiotic is identical on both sides of all equilibria.
given to the lowest frequency modes because they make theTherefore, the entropy losses due to immobilization of the
largest contribution to configurational entropy and are associateddisaccharide units upon dimerization cancel.
with the largest amplitude motions. It is unlikely that vibrational With respect to configurational entropy, our results indicate
modes with frequencies lower than 6 chwere present because that CEM, VMN, and DCV have overall cooperativities-624,
the Nyquist critical frequency is 0.02 crh for an 800 ps +10, and+4 kJ/mol. The values for CEM and VMN differ
interval. The lowest vibrational modes of each monomeric slightly from our previously reported values 625 and+9
species ranged from 6 to 9 ch and their eigenvectors kJ/mol because the set of core macrocycle atoms was defined
exhibited an interesting pattern of overlap (Table 2). In each differently (the current analysis excluded the chlorine atom on
case, the overlap is greater for corresponding monomers of tworesidue 2 that is not present in DCV). The experimentally
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Table 4. Interprocess Cooperativities? binding to O in a DCV dimer causes an increase in the
process ¢ G Vi Vi, D D configurational entropy of [p(compare rows 3 and 4 of Table
1 M-My—M + M, 25 26 2 13 2 15 3). Consequently, binding of another ligand by thd|-Dy,
Side 1 complex entails a higher entropic cost.
2 LM —L+M, 21 0 16 0 17 0 Error Analysis. To assess the precision of our entropic cost
3 L+ M + M —LM-M, -34 —27 -17 -12 —-15 -7 results, eight simulations of the,, dimer lasting 1.0 ns each
LM+ MMy —~L-MeMy +M +12 -1 +1 +1 +4  +8 were performed with different initial velocity assignments and
(sum of rows +3) . starting coordinates. Total configurational entropy determina-
4 LMy—L +M, s|de20 19 0 17 o 2 tion; for the core maprocycle .atoms. tengled 'Fo become more
5 M +M,;+L—M-M-L o4 —33 -1 —-22 -6 -27 precise and reproducible as simulation time increased, up to
L'My + MMy — M My-L+My  +1 +12 +1  +8 -4 +10 about 800 ps. The standard deviation of eight separate deter-
(sumof rows 1, 4, and 5) minations was 3.1 kJ/mol for an interval of 300 ps, 2.1 kJ/mol

: o for 500 ps, 1.8 kd/mol for 800 ps, and 1.9 kJ/mol for 1200 ps.
aUnits areTASin kilojoules per mole at 300 K. Data for rows 3 and 5 . . .
are derived directly from Table 3; the data for rows 1, 2, and 4 are derived 1 WO d'ffer?m SOQ ps time W'.ndows (59{1.000 "f‘nd 1006 .
from Table 3 by negation. 1500 ps) yielded virtually identical total configurational energies
and standard deviations. Thus, we have applied quasiharmonic

Table 5. Intraprocess Cooperativities? . . . .
P P normal-mode analysis to the final 800 ps of the 1 ns simulations

process type G G M W b D and estimate that the total configurational entropy results
1 M+ My — MMy —25 -26 -2 -13 -2 -15 reported herein have a standard deviation of 2 kJ/mol.
g I’:/I|M'\|/||'|\A|ﬂ:k/||-_+M’\I/|:_+’\AE gi g; 117 2122 165 277 The inclusion of hydrogen atoms in the vibrational analyses
4 L+M+M+L—L-MM-L -34 —33 —15 -23 -22 —30 had a negligible impact on final results@.5 kJ/mol), most
L-M-My + My-M-L — -1 41 41 -2 -3 -11 likely because SHAKE constraints remove any fine structure
L-MMy-L + Mi-My that results from high-frequency hydrogen-stretching vibra-

(sum of rows 1-4) tions32 The motions of the disaccharides and the side chains of

aUnits areTASin kilojoules per mole at 300 K. Values for rows 1 and  'eSidues 1 and 3 were not included in the foregoing analysis.
4 are derived directly from Table 3; the data for rows 2 and 3 are derived When they were included, cooperativity between ligand binding
from Table 3 by negation. and dimerization for CEM increased from 24 to 33 kJ/mol (this
Table 6. Overall Cooperativities? type of analysis was not done on VMN and DCV). This suggests
that the inclusion of anharmonic groups in this analysis would
amplify rather than diminish the degree of cooperativity

process type C Ci Vi Vi D Dy

% :Egg:gﬁgzzggggg:ggz:gz;E:gg;}f +_1% ﬁ ié J_rj ;&g attributable to configurational entropy changes in these systems.
3 intraprocess cooperativities -1 +1 +1 -2 -3 -11 However, these motions are severely anharmonic, and the
partial cooperativities +12 +12 +3 +7 -3 +7 simulation length was insufficient to sample events such as
(sum of rows +3) rotation of the side chains and sugar residues. Thus, estimates
overall cooperativity +24 +10 +4 of configurational entropy in these systems are likely to be
inaccurate.

aUnits areTAS in kilojoules per mole at 300 K.
Discussion

measured cooperativities for CEM, VMN, and DCV from  These data point to a conclusion that may be summarized in
Williams are+11.9,+5.3, and+5.0 kJ/moF! Because these  simple terms: ligand binding and dimerization exhibit positive
latter values represent overall free energies, they are not directlycooperativity in these antibiotics because both processes share
comparable to the results of configurational entropy calculations. 3 common entropic cost (Figure 5). After one process pays the
However, it is significant that the calculated results are larger entropic cost of shifting vibrational activity in the antibiotic to
than experimental results, indicating that changes in configu- nigher frequencies and lower amplitudes, that cost does not have
rational entropy are more than sufficient to account for the g pe paid again by the other process because ligand binding
experimentally measured free energy changes associated withynd dimerization are structurally congruent processes, i.e., both

cooperativity. o _ processes cause molecules to converge on the same average
The overall cooperativities of CEM and VMN in terms of  strycture when fluctuation amplitudes are reduced.
Conf|gurat|0nal entl’opy-(24 and+10 kJ/mOI) are about twice When biochemical processes occur in Conjunction with

the magnitude of their experimentally determined cooperative giryctural changes, it is common to explain thermodynamic

free energies, whereas the overall cooperativity for DCV in ¢cogperativity between them solely in terms of the structural

terms of its configurational entropyt kJ/mol) is about the  change. However, this practice focuses exclusively on changes
same as its experimental cooperative free energy. The mostn system enthalpy, and it implicitly assumes that the cooperative
likely reason that DCV differs from CEM and VMN in this  mechanism is enthalpy-driven. In glycopeptide antibiotics, there
respect is that it lacks a chlorine atom on residue 2. This atom appears to be no significant structural change associated with
is a significant point of contact in the dimer interfaces of CEM ligand binding or dimerization, yet these processes exhibit

and VMN. Its absence in DCV alters the interactions and positive cooperativity. Under these conditions, enthalpy changes
dynamics of the dimer and most likely accounts for the large cannot explain the mechanism by which cooperativity arises,

negative intracooperativity of DCV (Tables 5). Note that ligand gn( the role of entropy changes must be considered.

(31) williams, D. H.; Maguire, A. J.; Tsuzuki, W.; Westwell, M. Science (32) Janezic, D.; Venable, R. M.; Brooks, B. R.Comput. Cheml1995 16,
199§ 280 711-714. 1554-1566.
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Figure 5. Interprocess cooperativity between ligand binding and dimer-
ization. The combined entropic costs of dimerization and ligand binding
(D + L) are less than the separate costs of dimerization (D) and of ligand
binding (L) for all three antibiotics.

Our analyses have focused exclusively on changes in
configurational entropy. Obviously, dimerization and ligand
binding will also involve enthalpy changes and other types of

entropy changes that cannot be evaluated with modern com-
putational resources due to the size of this system. Overall free

energy changes and cooperative behavior will be determined
by the sum of all thermodynamic contributions throughout the
system. However, it remains significant that configurational
entropy changeby themselesare of sufficient magnitude to
account for the experimentally observed positive cooperativity
between ligand binding and dimerization.

In systems involving multivalent weak interactions, enthalpy
changes typically oppose entropy changes (enthadpyropy
compensationj® This tendency, and our observation that
configurational entropy changes predict more cooperativity than
is experimentally observed, both suggest that enthalpy change
coupled with other types of entropy changes (not taken into
account in our analysis) may oppose cooperativity. When
cooperativity is accompanied by structural changes, therefore,
it is probably unwise to assume that the structural changes
contribute in a positive manner to cooperativity without specific
and explicit support for this conclusion.

The thermodynamics of cooperativity in vancomycin has been
investigated calorimetrically by McPhail and CoofeFor
tripeptide ligand binding in BD at pD= 7, the enthalpy change
of cooperativity was zero, while in4@ at pH= 8, the enthalpy

(33) Dunitz, J. D.Chem. Biol.1995 2, 709-712.
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change opposes cooperativity. Under both of these conditions,
it is clear that cooperativity is driven by positive entropy
changes, and these experimental findings are consistent with
the results of our calculations.

Under most other conditions, cooperativity exhibits negative
overall enthalpy and entropy changes, and the role of configu-
rational entropy is obscured by the enthalpic contribution and
opposing entropic contributions. However, these results should
not lead one to dismiss or discount the role of configurational
entropy changes in cooperativity because the positive contribu-
tion from configurational entropy changes remains larger than
the overall cooperative free energy in all cases. Hence, subtract-
ing the configurational entropy contribution (if this were
possible) would yield a unfavorable overall free energy change
and create an anticooperative system.

An entropic contribution to the positive cooperativity of
binding has been detected by NMR spin relaxation for the
calcium ion binding protein calbindin ! Calbindin experi-
ences a thermodynamically significant stiffening of the polypep-
tide backbone as it binds calcium ions and exhibits positive
cooperativity3*3% As with the glycopeptide antibiotics, no
significant changes in the conformation of calbindin are
observed.

Entropically driven cooperative mechanisms may be critical
to the function of much larger systems. Cooper suggested that
ligand-induced modulation of periodic motions in a macro-
molecular system can be energetically signifi€amtd that this
is a plausible means of communicating the presence of bound
ligand over long distances. Moreover, the enthalpy changes
generally involved in the binding of small ligands are small
compared to the magnitude of potential energy fluctuations one
would expect in large proteir®§.Therefore, it seems likely that
large membrane proteins such as those involved in trans-
membrane signal transduction may depend to a significant extent
on configurational entropy changes to communicate signals
through a membrane. If true, the release of intracellular G
subunits from G protein-coupled receptors upon binding an
extracellular ligan&f would be an example of ligand-induced
alteration of periodic intramolecular motions, operating in
conjunction with conformational changes, to yield negative
cooperativity.
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