JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

A Computational Investigation of Allostery in the Catabolite Activator Protein
Liwei Li, Vladimir N. Uversky, A. Keith Dunker, and Samy O. Meroueh
J. Am. Chem. Soc., 2007, 129 (50), 15668-15676 « DOI: 10.1021/ja076046a
Downloaded from http://pubs.acs.org on February 9, 2009

CAPCAMP2

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja076046a

A\C\S

ARTICLES

Published on Web 11/28/2007

A Computational Investigation of Allostery in the Catabolite
Activator Protein

Liwei Li,"* Viadimir N. Uversky,™+! A. Keith Dunker,™* and Samy O. Meroueh*1+8

Contribution from the Department of Biochemistry and Molecular Biology, Indiana&sgity
School of Medicine, Indianapolis, Indiana 46202, Center for Computational Biology and
Bioinformatics, Indiana Uniersity Purdue Uniersity Indianapolis, Indianapolis, Indiana 46202,
Department of Chemistry, Indiana Umrsity Purdue Uniersity Indianapolis, Indiana, 46202,
and Institute of Biological Instrumentation, Russian Academy of Sciences,
Pushchino 142290, Russia

Received August 10, 2007; E-mail: smeroueh@iupui.edu

Abstract: The catabolite activator protein is a dimer that consists of two cAMP-binding subunits, each
containing a C-terminus DNA-binding module and a N-terminus ligand binding domain. The system is well-
known to exhibit negative cooperativity, whereby the binding of one cAMP molecule reduces the binding
affinity of the other cAMP molecule by 2 orders of magnitude, despite the large separation between the
cAMP binding pockets. Here we use extensive explicit-solvent molecular dynamics simulations (135 ns) to
investigate the allosteric mechanism of CAP. Six trajectories were carried out for apo, singly liganded, and
doubly liganded CAP, both in the presence and absence of DNA. Thorough analyses of the dynamics
through the construction of dynamical cross-correlated maps, as well as essential dynamics analyses,
indicated that the system experienced a switch in motion as a result of cCAMP binding, in accordance with
recent NMR experiments carried out on a truncated form of the protein. Analyses of conformer structures
collected from the simulations revealed a remarkable event: the DNA-binding module was found to dissociate
from the N-terminus ligand binding domain. An interesting aspect of this structural change is that it only
occurred in unoccupied subunits, suggesting that the binding of cAMP provides additional stability to the
system, consistent with the increase in entropy that was observed in our calculations and from isothermal
titration calorimetry. Analysis of the distribution of intrinsic disorder propensities in CAP amino acid sequence
using PONDR VLXT and VSL1 predictors revealed that the region connecting ligand-binding and DNA-
binding domains of CAP have the potential to exhibit increased flexibility. We complemented these
trajectories with free energy calculations following the MM-PBSA approach on more than 2000 snapshots
that included 880 normal mode analysis. The resulting free energy differences between the singly liganded
and doubly liganded states were in excellent agreement with isothermal titration calorimetry data. When
the free energy calculations were carried out in the presence of DNA, we discovered that a switch in
cooperativity occurred, so that the binding of the first cCAMP promoted the binding of the other cAMP. The
components of the free energy reveal that this effect is mainly entropic in nature, whereby the DNA reduces
the degree of tightening that is observed in its absence, thereby promoting binding of the second cAMP.
This finding prompted us to propose a new mechanism by which CAP triggers the transcription activation
that is based on an order to disorder transition mediated by cAMP binding as well as DNA.
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these sites remains elusive. It has been suggested that coopehas evolved to significantly impair the binding of a second
ativity arises from incremental changes in structure propagatedcAMP, when this event is necessary for proper binding to DNA.
along a channel that connects the sites (induce#tfitf.Another To address these questions, and to gain a deeper understand-
model, known as the pre-existing equilibrium or conformational ing of the structural and dynamical basis for allostery in CAP,
selection, suggests that the triggering effect that leads to allosterywe used a combination of explicit-solvent molecular dynamics
selectsspecific conformations from an ensemble of structures, simulations and free energy calculations. Three runs of 40 ns
effectively shifting the equilibrium toward the final stadté® each for CAP and 15 ns for the CAP/DNA complex were
Each of these mechanisms assumes a shift in conformationcollected. Three separate simulations were carried out in each
(enthalpic effect). But there is growing evidence that structural of the aforementioned cases, with CAP in its unliganded apo
change alone cannot explain cooperative effects that are(CAP-APO), singly liganded (CAP-cAM, and doubly ligand-
exhibited by some systems. ed (CAP-cAMR) states. Extensive analysis of conformational
One example of an allosteric system is the catabolite activator change and motion was conducted through the computation of
protein (CAP), a transcription activator that associates with DNA root-mean-square (rms) deviation, order parameters, dynamical
in the presence of cyclic adenosine monophosphate (CAMP). cross-correlation maps, and essential dynamics. These analyses
CAP controls the transcription for more than 100 genes. In were supplemented with extensive free energy calculations
solution, the 47 kDa dimer exists as a homodimer and exhibits following the MM-PBS&4-26 approach on a total of 2200
homotropic negative cooperativity, whereby the binding of the snapshots, which included 880 normal mode analysis. We also
first cAMP molecule reduces the affinity of the second cAMP conducted free energy calculations for the binding of CAMP in
by nearly 2 orders of magnitudé:1° The basis for this allosteric ~ the presence of DNA. Our data support the results of a recent
behavior is not well understood as the crystal structure of CAP NMR study that was conducted on a truncated version of CAP,
in its doubly liganded form reveals the same binding mode for namely that cooperativity was mediated by a switch in motion.
both cAMP molecules. The distance between cAMP binding However, we also find that minute changes in structure, likely
sites is 24 A, effectively ruling out electrostatics or bonding propagated over the long-range, are also responsible for coop-
interactions as the cause for the negative cooperativity. A recenterativity. Another significant finding of this work is that the
NMR study carried out on a truncated form of the protein reports binding of cAMP is highly coupled to the motion of the DNA-
that binding of a ligand does not cause conformational change binding module, stemming from the observation that the DNA-
across the dimer interface but alters the dynamics of the systembinding module of unoccupied CAP subunits detached from the
suggesting that the negative cooperative effect is due to a changenain N-terminus ligand-binding domain. The observation that
in motion16 a switch in the cooperativity occurs upon CAP binding to DNA
CAP’s function centers on its ability to associate to DNA led us to propose a new mechanism by which CAP mediates
and initiate transcription activation. But the protein is known the initiation of transcription activation. Finally, this work shows
to exhibit allostery in the absence of DNA. A pertinent question that computational tools can be an effective means for predicting
can be then posed as to whether or not cooperativity is essentiabllosteric effects mediated by conformational and dynamical
for its function. Biochemical analyses have convincingly shown changes, which could be valuable in drug design efforts.
that CAP exists in three distinct conformational states (only the
doubly liganded conformation has been structurally character-
ized). The switching between these states is controlled by the The X-ray crystal structures provided initial coordinates of CAP-
concentration of CAMP: at millimolar, micromolar, and low CAMP: (PDB code: 1G6NY and CAP-cAMR/DNA complex (PDB
concentrations of CAMP, CAP exists in its doubly, singly, and code: 1ZRC). The apo and singly liganded form of CAP and CA,P/
unliganded forms, respectivelj2°X-ray structures reveal that DA complex were obtained by stripping off one and two cAMP's
CAP is always in its doubly liganded form when associated to from the crystal strugture, respectively. The fol_lowm_g prot‘ocol for
DNA 21-23 But biochemical studies h h that the sinal setting up and running the molecular dynamics 5|mulat|ons was
; ) utbioc em'(_:a Studies have shown that the SINgly - ¢,1owed in all cases. Hydrogen atoms were added to the protein using
liganded form of CAP binds more favorably to DNA than the

- ) . the Protonate program, which is part of the AMBER 8uite of
doubly liganded formt/-2°A question then arises as to how CAP  programs. The AMBER force field parameters were assigned to all
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atoms using the “parm99” set of parameters. The Sybyl 7.3 program
(Tripos Inc., St. Louis, MO) was used for the manipulation and
visualization of all structures and for protonation of the bound ligands.
The atomic charges of cAMP were determined by using the AM1-
BCC methodolog§?<°that is implemented in the Antechamber program,
which is part of the AMBER 9 package. The program LEaP was used
to neutralize the complexes. The complexes of CAP and CAP/DNA
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yvere immersed in a bo_x Qf TIP3Rwater molecules such that no atom 2 =lim C(t) = lim [P[7iny(0) Ziny(®)] 0
in the complex was within 12 A for CAP and 15 A for CAP/DNA t—o oo

from any side of the box. All bonds involving hydrogen atoms were

constrained by using the SHAREalgorithm, affording the use of a2 P2 is the second rank Legendre polynomial, @i is the unit vector

fs time step. The particle mesh Ew#l{PME) method was used to ~ of N—H bond. P, was determined using the program Ptraj from the
treat long-range electrostatics. Water molecules were first energy AMBER suite of programs. The residue based cross-correlation map
minimized and equilibrated by running a short simulation with the Was also determined using Ptraj. Essential dynamics analysis of CAP
complex fixed by using Cartesian restraints. This was followed by a motion was carried out using Ptraj, and the motions were projected
series of energy minimizations in which the Cartesian restraints were onto the CAP crystal structure thereafter. Animations were created using
gradually relaxed from 500 kcal?%o 0 kcal/A2 and the system was  the program VMDY Images were created using PyM®land VMD.
subsequently gradually heated to 300 K via a 48 ps molecular dynamics ~ Distribution of the intrinsic disorder propensities within the CAP
run. Another 2 ns simulation was carried out at 300 K for further Sequence was estimated by a set of PONDR algoritfrre{ctor Of

equilibration. Natural DisorderedRegions), VLXT and VSL1. PONDR VLXT is a
The method for determining the binding free energy following the Set of neural network predictors of disordered regions on the basis of
MM-PBSA approach has been described in the ffast.lt combines local amino acid composition, flexibility, hydropathy, coordination

molecular mechanics, PoisseBoltzmann electrostatics, surface- number, and other factors. These predictors classify each residue within
accessible calculations, and normal mode analyses for the entropy.a sequence as either ordered or disordered. PONDR VL-XT integrates
These are carried out on a series of snapshots collected from a moleculathree feed forward neural networks: the Variously characterized Long,

dynamics simulation. The binding free energy is expressed as version 1 (VL1) predictor from Romero et & which predicts
nonterminal residues, and the X-ray characterized N- and C-terminal
AGy g = AGyyy + AGZ’cﬁv _ AGsPoIv _ AG;)'V 1) predictors (XT) from Li et al*? which predicts terminal residues. Output

for the VL1 predictor starts and ends 11 amino acids from the termini.
The XT predictors’ output provides predictions up to 14 amino acids
from their respective ends. A simple average is taken for the overlapping
predictions and a sliding window of 9 amino acids is used to smooth
the prediction values along the length of the sequence. Unsmoothed
prediction values from the XT predictors are used for the first and last
4 sequence positions. The recently developed Various Shortg,
version 1 (PONDR-VSL1) algorithm is an ensemble of logistic
regression models that predict per residue ordésordert®4! Two
where AEyw is the difference in the sum of bond, angle, dihedral, mgdels predict either long or short disordered regiegater or less
electrostatic, and van der Waals energies between products and reactantgan 30 residuesbased on features similar to those used by VL-XT.
computed with the AMBER force field. The solvation free energy is - The algorithm calculates a weighted average of these predictions, where
composed of two terms, namely, electrostatics and nonpolar, and iSthe weights are determined by a meta-predictor that approximates the
given by likelihood of a long disordered region within its 61-residue window.
Predictor inputs include PSI-bldsprofiles and PHE? and PSI-pretf
= AGpg + AGgnpolar ®3) secondary structure predictions.

where AGying is the binding free energyAGuw is the free energy of
association of the protein and ligand in the gas phase,mﬁ,,v,
AGS,,, and AGLy, correspond to the solvation free energies of the

CAP (P), cAMP (L), and the CAP-cAMP complex (PL), respectively.

AGyy = AEy — TAS )

AG

solv

In this work, a total of 2200 snapshots were extracted from the Results

aforementioned molecular dynamics simulations of CAP and CAP/  Conformational Change in CAP. Molecular dynamics
DNA complexes for binding energy calculation, and a subset of 880 gjmy|ations provide coordinates with respect to time and hence
snapshots were used for normal mode analysis. The eleCtrOStat'CenabIe a detailed analysis of the conformational evolution of a
contribution to the solvation free energy is determined using the PBSA . .
) : . . : system. Starting with the crystal structure of CAPthree
program in the AMBER 9 suite which numerically solves the Poisson L . .
separate 40 ns of explicit-solvent molecular dynamics simula-

Boltzmann equations to determine the electrostatic contribution to the > ) - )
solvation free energy. A 0.5 A grid size was used, and the dielectric iONS were carried out. This consisted of three separate 40 ns

constant for the solute and solvent were set to 1 and 80, respectively.trajectories for the protein in its three liganded states, namely
The optimized atomic radii set in AMBER 9 were used, and partial apo (CAP-APO), singly liganded (CAP-cAMPR and doubly
charges were taken from Cornell et3&ffor standard residues. The liganded (CAP-cAMB). An analysis of the conformations
nonpolar contribution to the solvation free energy was determined using sampled by the systems was conducted by determining the root-
the Molsurf program, which is part of the AMBER 9 suite of programs.  mean-square (rms) deviation of snapshots from the crystal
The entropy was computed for each snapshot from normal mode girycture. Larger rms deviations signify a greater degree of
analyses by using the Nmode program within the AMBER package. gictyral deviation from the original crystal structure. They were
The generalized order paramet&fsdefined as the long time limit determined for (i) the N-terminus ligand-binding domain (Figure

of internal motion autocorrelation functio@i(t),>>%¢ were evaluated - . . . .
from the trajectories using the-N\H vectors of all backbone N atoms 1A) and (ii) the entire protein (Figure 1B). Figure 1A reveals

based on the following expression:

(37) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14 (1),
33-38.
(31) Jorgensen, William L.; Jeffry, J. C.; Madura, D.; Impey, R. W.; Klein, (38) DeLano, W. LPyMOL; DeLano Scientific: Palo Alto, CA, U.S.A002.

Michael L. J. Chem. Phys1983 79 (2), 10. (39) Romero, P.; Obradovic, Z.; Li, X.; Garner, E. C.; Brown, C. J.; Dunker,
(32) Ryckaert, J. P.; Ciccotti, G.; Berendsen, J. JJOQComput. Phys1977, A. K. Proteins2001, 42 (1), 38-48.

23, 15. (40) Li, X.; Romero, P.; Rani, M.; Dunker, A. K.; Obradovic, @enome Inform
(33) Darden, T.; York, D.; Pedersen, L. Chem. Phys1993 98 (12), 10089~ Ser Workshop Genome Inforb®99 10, 30—40.

10092. (41) Obradovic, Z.; Peng, K.; Vucetic, S.; Radivojac, P.; Dunker, APtoteins
(34) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M; 2005 61 Suppl 7176-82.
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Figure 1. (A) Plot of the rms devation that is experienced by the N-terminus
ligand binding domain over the course of the trajectories for CAP-APO
(blue), CAP-cAMP1 (yellow), and CAP-cAMP2 (red). (B) Same as (A),
except that the rms deviation values are for the entire protein.

that the N-terminus domains of CAP-cANMBnd CAP-cAMB
remain structurally stable over the course of the trajectory, as
evidenced by rms deviation values that consistently fall within
2 A. The structure of the apo protein, on the other hand, showed
larger StrKCtural variation with a final rms deviation reaching Figure 2. Stereoview of the three-dimensional structure of (A) doubly
nearly 4 A. ) o liganded CAP with the red arrow pointing ¢éehelix C and the green arrow

In the case of the full-length protein, the rms deviations pointing toa-helix D; (B) singly liganded CAP; (C) unliganded CAP. In
suggested that large conformational change was occurring ineach case, the protein is shown in ribbon representation (blue for the

R R : : N-terminus and orange for the C-terminus), while the ligand is shown in

the CAP_APO and CAP-cAMPsystems, V\_”th Value_s reaching sphere representation (yellow, blue, and red correspond to carbon, nitrogen,
15 A, while the CAP-cAMB structure remained relatively stable  ang oxygen, respectively). (D) Stereoview of the crystal structure of heme-
with ~2—3 A values. The stark contrast between the structural binding catabolite activator protein CooA (PDB code 1FT9). The protein
flexibility of the N-terminus ligand binding domain and the full is depicted in ribbon representation (blue for the N-terminus and orange

tei ts that th f ti | ch ith for the C-terminus), and the heme domain is shown in capped-sticks
protein suggests that the conformational change either wasq,esentation and color-coded pink.
concentrated on the DNA-binding module or perhaps occurring
in a region between the C- and N-terminus. To gain better the N- and C-termini of CAP known as the hinge domain
insight into this structural change, the trajectories CAP-APO, (residues 136139) suddenly unravels, leading to the detach-
CAP-cAMPy, and CAP-cAMB were rendered into animations, ment of the C-terminus DNA-binding module and its separation
which were captured in MPEG files that are provided in the from the N-terminus ligand-binding domain (Figure 2B). In the
Supporting Information. Visualization of the CAP-cAMP final structure, the hinge domain is seen as unstructured, but
trajectory revealed that CAP retained a conformation that is ana-helix (o-helix D, residues 146150) from the C-terminal
similar to its crystal structure over the course of the trajectory, DNA binding module also unraveled (see Figure 2A for location
albeit the DNA binding module appears to experience a greaterof a-helix D). The N-terminus modules largely maintain their
degree of motion relative to the N-terminus domain (Figure 2A). structural integrity during the process. Visualization of the CAP-
In sharp contrast, results from the CAP-cAMRBajectory APO trajectory reveals the same remarkable dissociation of the
revealed a remarkable event: a region that serves to connecC-terminus DNA-binding module, but unlike the CAP-cAMP

J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007 15671
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1.0 — Ligand-binding domain  — DNA-binding domain seems that the entire structural elememtielix C—hinge-a-
helix D—p-hairpin” is stabilized via the interaction of-helix
D with the remainder of the molecule. This interaction is
0.8 responsible for holding the DNA-binding domain bound to the
@ ligand-binding domain. When it is lost, the DNA-binding
§ 06 domain is set free, and modules dissociate.
;:" Ligand Binding Induces Change in Motion. In NMR, the
[a) order parametels, is often used to probe motion in the ps/ns
g 0.4 regime. The values fd# typically range from 0 to 1. Whe®
o = 1, the vectors that represent NH bonds from the protein
0.2 backbone have little motion, and wh&h= 0, the bond vectors
rapidly sample multiple orientations. Since molecular dynamics
simulations sample motions in the ps/ns regime and provide
0.0 snapshots with respect to time, it is possible to use coordinates
0 50 ¢ 100 150 p 200 from these snapshots to estimate the order pararffeie

Residue number

Figure 3. PONDR VLXT (red line) and VSL1 (pink line) score distribu-
tions for CAP. Localizations of ligand-binding and DNA-binding domains

computeds’ values for the CAP-APO, CAP-cAMPand CAP-
CcAMP; trajectories to assess the effect of ligand binding on the
ps/ns regime. We find that the binding of the first ligand resulted

are indicated as green and pink boxes, respectively. Structural elementsin an increase of the mean order parame]bS{Dz 0.15). This

discussed in the text are also showax:helix C (residues 111129, cyan
box marked C and cyan shading), hinge region (residues-139, red
box and light pink shadingji-helix D (residues 140150, cyan box marked
D and cyan shading), antthairpin (residues 152156 blue box and light
blue shading).

simulation,bothmodules dissociate, again due to the unraveling
of the hinge region that connects the N- and C-terminus
domains. However, more significant unraveling than the CAP-
CcAMP; is observed here. In addition to-helix D, theo-helix
along the interface between the CAP monomexshélix C,
residues 11%£129) also undergoes some degree of unraveling.

Furthermore, another conformational change is observed, where

the p-hairpin (residues 152156) separates from-helix C,
leading to additional exposure of the cAMP binding pocket to
solvent. This opening is likely necessary to enable cAMP to

access the active site, as the crystal structure in the doubly
liganded form does not show a suitable path that the ligand can

follow to adopt its final bound state.

To understand whether the mechanisms of the observed
behavior are encoded in the CAP primary structure, we have

evaluated the distribution of intrinsic disorder propensities in
CAP amino acid sequence using two predictors of intrinsic
disorder, members of the PONDR family, VLXT and VSLL1.
PONDR VLXT was chosen because this predictor is known to
find some function-related features in proteins (e.g., potential
protein—protein interaction sites'f, 47 whereas the choice of
PONDR VSL1 was determined by the fact that this algorithm
is the most accurate predictor of intrinsic disorder developed
so far#® Figure 3 shows that-helix C (residues 113129) and
p-hairpin (residues 152156) are located in regions with
increased flexibility as predicted by both algorithms, whereas
the hinge region (residues 13@39) anda-helix D (residues
140-150) have boundary positions and are located at “slopes
of PONDR curves. The localization ofhelix C ands-hairpin

to regions with increased probability to be disordered suggests

that these segments potentially possess internal flexibility. It
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Inform Ser Workshop Genome Infortf99 10, 41—50.

(46) Oldfield, C. J.; Cheng, Y.; Cortese, M. S.; Romero, P.; Uversky, V. N.;
Dunker, A. K.Biochemistry2005 44 (37), 12454-70.

(47) Mohan, A.; Oldfield, C. J.; Radivojac, P.; Vacic, V.; Cortese, M. S.; Dunker,
A. K.; Uversky, V. N.J. Mol. Biol. 2006 362 (5), 1043-59.

(48) Peng, K.; Radivojac, P.; Vucetic, S.; Dunker, A. K.; ObradovicBKIC
Bioinformatics2006 7, 208.
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suggests a tightening of the protein structure. The binding of
the second cAMP molecule also resulted in an increas®, in

but not as significant as the binding of the first ligand ¥=
0.11). The systematic increase &f that we find from our
trajectories is consistent with what is observed fréhvalues

from NMR.16 The NMR results, however, showed a larger
increase in the order parameters upon binding of the second
ligand. This difference could be due to the fact that our
simulations are based on the full structure of CAP, while the
NMR experiments were conducted on the truncated structure
that does not include the DNA-binding domain.

To gain further insight into the changes in the motions due
to ligand binding, we investigated the correlation between the
motions of residues in all three CAP trajectories. A convenient
way to illustrate these correlations is through the construction
of a dynamical cross-correlation map (normalized covariance
matrix). These maps were constructed for the CAP-APO, CAP-
cAMP;, and CAP-cAMB trajectories, as shown in Figure 4.
We exploited the symmetric nature of these maps and used the
upper quadrant to show correlation coefficients of one monomer,
while the lower quadrant corresponds to the correlation coef-
ficients of the other monomer. These coefficients provide
information about the correlation between the fluctuations of
the positions of the residues and secondary structure elements
in the protein; it is worth mentioning that these coefficients do
not reflect on the degree of motion experienced by residues.
These values range froml (anticorrelated motion) to 1 (highly
correlated motion). Negative values correspond to anticorrelated
motion, where residues are generally moving in opposite
directions, and positive values correspond to correlated motions,
during which residues are generally moving in the same

,» direction. All three maps show correlations that range from

highly anticorrelated (blue) to highly correlated (red). In the
case of the CAP-APO simulation (Figure 4A), a greater degree
of correlated motion is observed, as evidenced by the large
number of red patches on the surface. This is in contrast to the
CAP-cAMP; and CAP-cAMB maps (Figure 4B and 4C) that
indicate a dampening of the highly correlated motions that were
observed in the CAP-APO simulation. Closer scrutiny of the
CAP-cAMP; trajectory resulted in a notable observation: the

(49) Case, D. AAcc. Chem. Reg002 35 (6), 325-331.
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Figure 4. Dynamical cross-correlation maps illustrating the correlation of
motion between residues in (A) CAP-APO, (B) CAP-cAMBNd (C) CAP-
CAMP.

dampening of the correlation coefficients occurredbioth
quadrants of the CAP-cAMRnap, despite the fact that binding
of cAMP occurs in only one of the monomers. These results
indicate that the binding of a single CAMP is able to propagate

change in motion across the dimeric interface and hence is a(s1)

direct reflection of the cooperative nature of the CAP system.

They also suggest that ligand binding to one monomer is capable
of altering the motion of the unliganded monomer across the

dimeric interface.

Further analysis of the dynamics of the CAP systems was
conducted by using the three 40 ns nanosecond trajectories to
project the type of motions that are likely experienced by the
system beyond the nanosecond regime. The approach we follow
is to extract collective motions with the use of principal
component analysis (PCA), which consists of the diagonalization
of the covariance matrix and the projection of the resulting
eigenvectors onto the structure of the protein. This approach
has been widely used in the pd%Recently, an extensive study
showed that short nanosecond trajectories were sufficient to
reproduce most of the motions that occur at longer time séales.

It is worth noting that such an analysis results in a large number
of possible motionsN), as it is based on aN x N covariance
matrix, whereN corresponds to the number of heavy atoms in
the system. It has been shown that 90% of the total atomic
motion is described by less than 5% of all degrees of
freedom®2-54 Consequently, we focused on the motions cor-
responding to the lowest frequency from the CAP-APO, CAP-
cAMP;, and CAP-cAMB trajectories since those motions make
the most significant contribution to the dynamics. We color-
coded the residues in the structures using the magnitude of the
eigenvectors averaged over all heavy atoms in each residue to
illustrate the degree of motion experienced by each residue
(Figure 5). A general inspection of the images in Figure 5 clearly
shows that the three states of CAP experience different types
of motions on the longer time scale, which is in full agreement
with a recent NMR study showing that ligand binding results
in a change in these motions. In the apo structure, the large
number of red residues near the hinge domain confirms the
observations from the molecular dynamics simulations of an
unstructured hinge domain. Figure 5B shows that these motions
are significantly dampened upon binding of the first ligand, as
evidenced by the reduction in the red color-coded regions in
the protein. Further dampening of the motion is observed as a
result on the binding of the second ligand.

To provide insight into the direction of motion that the
residues in each system were experiencing, the essential
dynamics were captured into MPEG animations, which are made
available in the Supporting Information. These animations were
created by mapping the eigenvectors obtained from the essential
dynamics analysis onto the crystal structure of CAP. Visualiza-
tion of the animations confirmed the differences in the motions
that were initially suggested by Figure 5. These differences
clearly indicate that ligand binding has an effect not only on
ps/ns motions but also on the longer time scale motions.

Binding Thermodynamics. The availability of calorimetry
data for the binding of the first and second cAMP molecule to
CAP provided an impetus to carry out post-trajectory free energy
calculations in the spirit of the MM-PBSA methodologfy26
This method is highly suitable as it can be implemented on a
standard molecular dynamics simulation. It is also highly
insightful as it provides the various components of the binding
free energy, including the energy due to Coulombic and van
der Waals interactions, electrostatics and nonpolar components

(50) Amadei, A.; Linssen, A. B. M.; Berendsen, H. J. Bxoteins: Struct.,

Funct., Genet1993 17 (4), 412-425.

Lange, O. F.; Grubmuller, Hl. Phys. Chem. BR006 110 (45), 22842~

22852.

(52) Hayward, S.; Kitao, A.; Hirata, F.; Go, N.. Mol. Biol. 1993 234 (4),
1207-1217.

(53) Kitao, A.; Go, N.Curr. Opin. Struct. Biol.1999 9 (2), 164-169.

(54) Berendsen, H. J. C.; Hayward, Gurr. Opin. Struct. Biol.200Q 10 (2),
165-169.
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Figure 5. Stereoview of CAP colored-coded based on the magnitude of the eigenvector corresponding to the largest eigenvalue obtained from diagonalizing
the covariance matrix of (A) APO-CAP, (B) CAP-cAMPRand (C) CAP-cAMR. Red corresponds to high flexibility while blue corresponds to low flexibility.

Table 1. Free Energy Calculations for the Binding of cAMP to CAP and CAP/DNA Complex?
AEvw AEeke AG™ AGH TAGmode AGe TAAS™®  TAAS™ AAGHEe AAG

CAP-cAMP, —-35.0+£0.7 —77.3+15 77.0+15 -39+01 -204+12 -188+15
CAP-cAMP, —-37.3+05 —-68.2+10 71.2+10 —-42+01 -223+13 -161+14 -194+18 -39 27+21 2.8
CAP/DNA-  —419+0.2 -1079+04 98.0£03 —-47+01 -201+10 -364+11
CAMP,
CAP/DNA-  —405+0.1 —-92.6+05 748+03 —-47+01 -203+11 —-427+12 -02+15 —6.3+ 1.6
CAMP;

aUnits in kcal/mol; AEY9%, van der Waals potential energkfEe'ec electrostatic potential energykGPB, electrostatic contributions to the solvation free
energy calculated with PoisseiBoltzmann equationAGSA, nonpolar contributions to solvation free energy™de: entropy calculated with normal mode
analysisTAAS™de change in the calculated entropic contribution to the free energy of bintixyyS™?, change in the experimentally determined entropic
contribution to the free energy of bindingAG®a, change in the calculated free energy of bindingsGe*®, change in the experimentally determined free
energy of binding.

of the solvation free energy, and the entropy. The results from The calculations also reveal an entropy change of 1.9 kcal/mol.
this exercise are provided in Table 1. These calculations werelt is worth mentioning that, by definition, the thermodynamic

carried out for the three liganded states of CAP, in both the cycle that is constructed to carry out the MM-PBSA calculations

presence and absence of DNA. In the absence of DNA, the assumes that the calculated entropy is that of the system in the
calculated free energy change due to binding of the secondabsence of solvent. Hence, it is not a surprise that the computed
cAMP is 2.7 kcal/mol, in excellent agreement with the free value does not show a high degree of agreement with the ITC
energy change measured from isothermal titration calorinietry. measured value of 3.9 kcal/mol. Nevertheless, it appears that
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both free energy changes due to entropy changes are positive(Table 1) but also in the overall structure of the ligand binding
suggesting that the binding of the second cAMP results in a domain as detected by rms deviation analysis of the trajectories.
tightening of the overall structure. The molecular dynamics Additional flexibility was detected with a remarkable dissocia-
simulations also made it possible to compute the conformational tion of the DNA binding module of the ligand binding module
entropy change due to ligand binding and compare with values (Figure 2). This dissociation was found to be directly coupled
that were computed from NM[. Order parameters that were to the presence of cAMP, despite the lack of direct interaction
computed from the trajectories revealed a systematic decreasdetween the two. This strongly suggests an entropic effect,
as a result of each binding event. The results are consistent withwhereby the presence of the cAMP stabilizes the system, as
the trend observed from NMR, evidenced by a reduction in the entropy upon binding of a
An attractive feature of MM-PBSA calculations is that it Second cAMP (Table 1). Entropic effects were also observed
provides insight into the components of the free energy. Table from the dynamical changes that were detected within the
1 reveals that the binding of the second ligand results in a non- ligand-binding module of CAP. For example, a shift in the
negligible change in the van der Waals energ§£@"), nearly correlation of motions is seen as a result of binding of cCAMP
2 kcal/mol. This change is likely due to minor alterations in 0n both subunits of CAP, despite the fact that cAMP only binds
the structure that are introduced as a result of the ligand to one of the subunits. In addition, essential dynamics analyses
occupying the binding site on the second subunit. The structuralindicate changes in motion in the longer time scale. The
change is likely occurring away from the ligand site, since Preponderance of our data supports a more complex view of
cAMP binds to both CAP subunits in an identical manffer.  allostery in the CAP system, revealing an interplay between
The calculations revealed little change in the nonpolar compo- enthalpic and entropic effects that are responsible not only for
nent of the free energy of solvatioAGSA). Despite the slightly ~ the cooperative effect of cCAMP binding but also for CAP’s
favorable contributions from nonpolar effectsg'dv+ AGSA), ability to bind DNA and perform its function as a transcriptional
the electrostatic contributions as a result of binding of a second activator.
cAMP molecule play a destabilizing role, mainly due to The remarkable detachment of the C-terminal DNA-binding
unfavorable contributions from the Coulombic interactions domain from the N-terminus ligand binding domain that occurs

(AE®®9. The increase in the free energy due AE®ec s in the unoccupied monomers of CAP during the molecular
compensated by a decrease in the desolvation eme@} as dynamics simulations leads to three distinct conformational
a result of binding of a second cAMP. states of CAP. This is in accordance with biochemical analyses

To determine the role of DNA in the binding of cAMP, we that have shown that CAP exists in three different conformations
conducted a series of 5 ns simulations in the presence of DNA depending on the concentration of cAMF? Support for the
for CAP-APO, CAP-cAMR, and CAP-cAMB. Results from conformational change can also be found in other experimental
free energy calculations from snapshots collected from theseinvestigations. Proteolytic s_tudies have revealec_i that exposure
simulations are presented in Table 1. The results were highly Of CAP to proteases at micromolar concentrations of cAMP
intriguing as the free energy change due to binding of a secondresults in the separation of C- and N-terminus domains due to
CAMP was very favorable. This change suggests that, in the cleavage along the hinge dom&kiThis suggests a disordered
presence of DNA, cAMP binding to CAP is positively coopera- hinge domain region, which is consistent with observations from
tive. The van der Waals energy appears to be slightly unfavor- the molecular dynamics simulations and intrinsic disorder
able when two cAMP molecules are bound, suggesting less Predictions. Further evidence of the unraveling of the hinge
contacts. The electrostatic interactions were also highly unfavor- égion comes from NMR studies, which reveals significant
able in the doubly liganded form. But these unfavorable differences in the structure between the apo-CAP and CAP-
interactions are compensated by the favorable electrostaticscAMP1 hinge domain$? The most compelling experimental
component of the solvation free energy. The nonpolar compo- ewdence_ of the conforr_nahonal change experienced in the
nent of the free energy showed no change. Similarly, there wasunoccupied CAP subunits stems from a crystal structure of
no observed change in the entropy. It thus appears that the@nother heme-binding catabolite activator protein, namely CooA,
presence of DNA leads to less tightening of the structure and which was crystallized with a heme bound to only one subtnit.

hence a more favorable contribution from the entropy. Coo0A shares a significant structural resemblance to CAP. The
structure reveals the same remarkable displacement of the
Discussion C-terminus DNA binding module, which occumly in the

) o o unoccupied subunit (Figure 2DBJ.
The large separation between the cAMP binding sites in the 5, physiological conditions, the concentration of cAMP

CAP dimers has made it difficult to identify the causes for the i tates that CAP exists in its apw singly liganded state

negative cooperativity between the sites, as electrostatic Orsuggesting that CAP binds to DNA while adopting one of these

bonding interactions are ruled out as the cause. It has been, ¢ mational state® But crystal structures have unanimously
proposed that the basis of cooperativity is enthalpic in n&&te, 51y that the doubly liganded form of the protein is required
suggesting changes in the internal energy of the system due 0, hinging to DNA?7 This apparent contradiction led us to

structural alterations. Others have suggested that these Changeﬁypothesize that CAP first binds to DNA in its singly liganded
are due to alterations in the dynamics of the syste@ur
simulations of the CAP system in its various liganded states (55) Kolb, A.; Bushy, S.; Buc, H.; Garges, S.; Adhya,/inu. Re. Biochem.

have revealed both structural and dynamical changes. The(ss) \1/822 i‘iizvg‘,‘?(;?]fézaki T Lee, T. W.; Yoon, M. K.; Park, S. H.; Kyogoku
structural changes occur not only in the immediate region Y.; Lee, B. J.Biochemistry200Q 39 (45), 13953-13962. ’
Surrounding the binding sites of cAMP as illustrated by Changes (57) Lanzilotta, W. N.; Schuller, D. J.; Thorsteinsson, M. V.; Kerby, R. L.;

X . Roberts, G. P.; Poulos, T. INat. Struct. Biol.200Q 7 (10), 876-80.
in the van der Waals and Coulombic terms of the free energy (58) Harman, J. GBiochim. Biophys. Act2001, 1547 (1), 1-17.
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Figure 6. Schematic illustration of the new mechanism of CAP in the
transcription activation process.

form, and DNA would favor the formation of the doubly
liganded form of CAP. Results from our free energy calculations
in the presence of DNA strongly supported this hypothesis, as
we found that the affinity of the second cAMP to CAP increased
significantly. Hence, CAP appears to switch from a negative
cooperative system to a positive cooperative system in the
presence of DNA.

These findings prompted us to propose a new mechanism
for the role of CAP in the transcription activation process, as
illustrated in Figure 6. In the apo form, both DNA modules of
CAP are displaced (Figure 2C), and it is widely accepted that
there is no binding to DNA in this state (Figure 6A). Upon an
increase in concentration of cAMP to micromolar levels, due
to a drop in glucose concentration, for example, one cAMP
molecule will bind to each CAP resulting in the singly liganded
state of CAP (Figure 6B). The lack of [experimentally observed]
binding to DNA in the apo form and the strong binding in the
singly liganded form, coupled with the observation from our
simulations that the binding of cAMP to the N-terminus domain
stabilizes the complex between the-Nind C-termini (Figure
6C), suggests that binding to DNA only occurs when the C-
and N-termini of CAP are bound. This is illustrated in Figure
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6D, which shows that only the monomer with bound N- and
C-termini binds to DNA, while the other remains free in
solution. But the presence of DNA will strongly favor binding
of another cAMP, as we have shown from free energy
calculations in the presence and absence of DNA (Figure 6E).
The binding of another cAMP to the disordered monomer will
cause the N- and C-termini to come together and the second
module to bind to DNA (Figure 6E). As our simulations have
shown, the presence of cCAMP has a tendency to stabilize the
binding of the DNA binding module to the ligand-binding
module of CAP (Figure 6F). The resulting complex then binds
to DNA and leads to the necessary bending of DNA for RNA
polymerase to bind and initiate transcription.

The extensive molecular simulations and free energy calcula-
tions carried out in this study show that molecular dynamics
simulations and ensuing free energy calculations can be used
as effective tools to detect and analyze allosteric events in
macromolecular-ligand interactions. These results reveal that
CAP’s role as a transcription activator is inextricably linked to
the cooperativity that the protein exhibits. Our results show,
for the first time, that the experimentally observed disorder in
the hinge region results in complete separation of the N- and
C-terminus domains of CAP, which is tightly controlled by the
binding of cAMP. We find that DNA binding to CAP in its
singly liganded form leads to a switch in cooperativity that
promotes binding of the other cAMP, leading to the essential
events that are required for initiation of transcription activation.
These results show that (i) allostery in CAP is due not only to
alterations in dynamics but also to conformational changes that
are controlled by cAMP binding and (ii) DNA plays an active
role in the initiation of the activation process, rather than simply
serving as a mere receptor for the doubly liganded form of CAP.
While this study has shed light into the mechanism of cooper-
ativity in the CAP system, it remains to be seen whether the
conformational changes detected follow an induced-fit or pre-
existing complex/conformational selection mechanism. Only an
extensive free energy profile, such as a molecular dynamics-
based potential of mean force analysis using a targeted dynamics
approach, will identify the barriers that are required to inter-
convert between these conformations and hence support one of
these mechanisms. This work is currently ongoing in our
laboratory.
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