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Abstract Cyclic AMP response element binding protein
(CREB) is involved in activation of transcriptional
DNA machinery by binding to the coactivator CREB-
binding protein (CBP). The interactions between CREB
serine phosphate (pSer133) and specific CBP residues
(Tyr658 and Lys662) play a crucial role for the ther-
modynamic stability of the CREB-CBP complex. Here
we use ab initio methods to investigate the dynamics and
energetics of a relatively large, fully hydrated model
complex representing pSer133 and its counterparts of
the CBP domain. The calculations suggest that: (1) key
contributions to the stabilization of the complex arise
not only from electrostatics (as previously proposed) but
also from a previously unrecognized “low-barrier hy-
drogen bond” between pSerl133 and Lys662; (2) hydra-
tion plays a crucial role for the stabilization of the
phosphate charge; (3) formation of the complex involves
a significant degree of reorganization of the electronic
charge density.
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Introduction

Cyclic AMP (cAMP) response element binding protein
(CREB) activates transcription of targeted genes
(Hunter and Karin 1992). Activation is achieved by
CREB kinase inducible domain (KID) binding to the
KIX domain of the CREB-binding protein (CBP)
(Chrivia et al. 1993; Kwok et al. 1994; Parker et al.
1996). An essential phosphorylated serine side chain
belonging to KID (pSer133) promotes assembly of the
KID-KIX complex by interacting with Tyr658 and
Lys662 side chains of the KIX domain (Fig. la)
(Radhakrishnan et al. 1997). pSer133 and Lys662 are
partially inaccessible to the solvent whereas Tyr658 is
completely buried inside the protein.

An elegant recent NMR investigation has shown that
the contribution of phosphorylation to the overall sta-
bility of the complex is as large as —1.5(2) kcal/mol
(Mestas and Lumb 1999). This is striking, as electro-
static interactions usually provide little net favorable
contribution to subunit-subunit binding free energies
(Hendsch and Tidor 1994; Lumb and Kim 1995). In-
deed, the energy of the salt bridge, presumably very
high, must be balanced against the partial or total hy-
dration energy (which is also very high) of the groups
involved. Furthermore, formation of salt bridges is
unfavorable entropically. It has been postulated
(Radhakrishnan et al. 1997; Mestas and Lumb 1999)
that the unusual stabilization of the complex could arise
from a combination of effects, including the reduced
desolvation penalty of the KIX side chains upon binding
to KID and the large phosphate-KIX electrostatic
interactions in a low-dielectric medium.

To investigate the nature of the intriguing interac-
tions between pSer133 and KIX, we have carried out
quantum chemical calculations on a relatively large
model (105 atoms). This complex contains all the groups
interacting with pSer133 and it is fully hydrated
(Fig. 1b). Our tool is the Car-Parrinello ab initio
molecular dynamics (MD) method (Car and Parrinello
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Fig. 1 a KID-KIX complex [entry 1kdx of PDB (Bernstein et al.
1999)]. pSer133, Tyr658, and Lys662 side chains are displayed in a
ball-and-stick model [figure made with the MOLSCRIPT program
(Kraulis 1997)]. b Fully hydrated quantum-mechanical model used
in the calculations; dashed lines represent hydrogen bonds

1985). The approach appears to be favorable to inves-
tigate this problem in several respects. Based on density
functional theory with gradient corrections, it allows a
rather accurate description of relatively large systems at
the ab initio level. Furthermore, it fully incorporates
temperature effects, which are crucial for biological
systems (Karplus and Petsko 1990). Finally, it has al-
ready been shown to reproduce accurately the structural
and dynamical properties of phosphate esters moieties
(Alber et al. 1999; Alber and Carloni 2000).

Materials and methods

Structural model

The structure of the KID-KIX complex in aqueous solution has
been solved by NMR spectroscopy (Radhakrishnan et al. 1997). A
family of 17 structures has been deposited in the Protein Data Bank
(PDB) (Bernstein et al. 1999). We chose conformer 12, as in this
structure pSer133 interacts both with Tyr658 [whose essential role
for KIX-KID molecular recognition has been recently deciphered
by site-directed mutagenesis experiments (Radhakrishnan et al.
1997)] and Lys662 [whose electrostatic interactions with pSer133
have been postulated to be crucial for KIX-KID binding (Mestas
and Lumb 1999)]. Argl31 was also included to ensure electroneu-
trality in the system, although it belongs to the KID domain and
does not participate in KIX-KID binding. pSer133, Tyr658,
Lys662, and Argl31 side chains were modeled as 2-amino-1-
phosphatoethane, phenol, 1-butylamine, and 1-propylguanidinium
cation, respectively.

The final system also included 14 water molecules, equilibrated
by classical molecular dynamics simulations and H-bonding to the
complex (Fig. 1b). The initial positions of the water molecules
(Fig. 1b) were obtained as follows. The complex was immersed in
an orthorhombic box of 17.9 x 13.3 x 14.3 A® edges containing
92 water molecules. Then 100 ps of classical MD were carried out
using the Dreiding 2.1 force field (Mayo et al. 1990). This simula-

tion was performed in the canonical ensemble by coupling the
system to a Nosé-Hoover thermostat (Nos¢ 1984; Hoover 1985) at
a frequency of 500 cm™'. Periodic boundary conditions were used,
the electrostatic interactions being calculated with the Ewald
summation method (Darden and York 1993). At the end of the
simulation, all the molecules H-bonding to any group of the
complex were included in the quantum-chemical model. The re-
sulting number of water molecules was 14. During the dynamics the
heavy atoms of the complex were kept fixed.

Quantum chemical calculations

AbD initio density functional theory calculations were carried out
with two generalized gradient approximaton (GGA) exchange-
correlation functionals. The first is the BLYP functional (Becke
1988; Lee et al. 1988), which has been shown to provide a reliable
description of structural and dynamical properties of a variety of H-
bonded systems (Sprik 1996; Alber et al. 1999; Carloni et al. 2000).
However, it is known to underestimate energy barriers towards
proton transfer (Sirois et al. 1997). The second is the new HCTH
GGA functional (Hamprecht et al. 1998). Although HCTH has
been tested in H-bonded systems to a lesser extent than BLYP, it has
been shown to provide reliable reaction barriers in a variety of re-
actions and it is here used for comparison with the BLYP results.

The valence shell electrons are described by a plane wave basis
set up to an energy cutoff of 70 Ry. The interaction between
valence shell and core electrons is described by norm-conserving
pseudopotentials of the Troullier-Martins type (Troullier and
Martins 1991). The r. values are reported below!. The complex
was inserted in an orthorhombic supercell of 18.9 x 16.0 x 14.3 A*
and was treated as an isolated system, following the method of
Barnett and Landman (1993).

Ab initio density functional theory-based MD calculations (Car
and Parrinello 1985) were performed in the canonical ensemble by
coupling the system with a Nosé-Hoover (Nos¢ 1984; Hoover 1985)
thermostat at a frequency of 500 cm ™' (Piana and Carloni 2000). A
timestep of 0.121 fs and a fictitious electron mass of 1000 a.u. were
used. We have imposed rigid position constraints on the terminal
heavy atoms (Fig. 1b) in order to mimic the presence of the rela-
tively rigid protein frame (De Santis and Carloni 1999; Piana and
Carloni 2000).

'BLYP GGA TM pseudopotential r. (expressed in A): r{(0)=1.27
(s), 1.27 (p); r(C)=1.23 (s), 1.23 (p); re((N)=1.12 (s), 1.12 (p);
r«(P)=1.45(s), 1.60 (p), 1.60 (d). HCTH GGA TM pseudopotential
ro (expressed in A): r.(0)=1.27 (s), 1.27 (p); r(C)=1.23 (s), 1.23
(p); re((N)=1.12 (s), 1.12 (p); r(P)=1.40 (s), 1.40 (p), 1.40 (d).



Ab initio MD simulation with the BLYP GGA exchange-cor-
relation functional was carried out for 1.0 ps at 150 K and 2.6 ps at
300 K. The last 2.5 ps were collected for analysis. The ab initio MD
simulation with the HCTH functional was carried out for 0.05 ps at
150 K and 0.5 ps at 300 K.

We used a version of the Car-Parrinello code developed by
Hutter et al. (1996), running on an SGI Origin 2000 parallel machine.
One ab initio MD step required about 60 s of CPU time on 32 nodes.

Calculated properties
Electronic properties

Polarization effects are estimated by calculating the electronic
density rearrangement upon complex formation: Ap=py —
Ppser133 — PLys662 — PTyr6s8 — Pwater- 1he electronic structure is
analyzed in terms of (1) Kohn-Sham orbitals; (2) electronic local-
ization function (ELF) (Becke and Edgecombe 1990; Silvi and
Savin 1994); and (3) the spread of the maximally localized Wannier
orbitals (Marzari and Vanderbilt 1997; Silvestrelli et al. 1998).

Electrostatic interactions

Tyr658- and water-pSer133 electrostatic potential energies were
calculated with the central multipolar expansion up to the second
term. As the charge-charge terms are zero, E reads:

_ qucosl

Elg.n) = s (1)

where R is the absolute value of the distance vector (R) between the
centers of charges of pSer133 and Tyr658 or the water molecules, ¢
is the net charge of phosphate group, u is the absolute value of the
dipole moment (i) of Tyr658 or the water molecules, and 6 is the
corresponding angle between R and u vectors. The multipolar ex-
pansion is rigorously valid only for large R (Leach 1996). Its use
here is limited to a qualitative comparison of energetics.

Structural properties

Coordination numbers () of phosphate oxygens are calculated as
an integral of the radial distribution function (RDF) up to the first
minimum (Sprik 1996).

Results

In this section we present results obtained with the
BLYP (Becke 1988; Lee et al. 1988) gradient correction.
Comparison is also made with results with the HCTH
functional.

During the ab initio molecular dynamics, the Tyr658-
and Lys662-pSerl33 H-bonds are well maintained.
Table 1 compares selected MD-averaged distances with

Table 1 Comparison between MD-averaged intermolecular dis-
tances (A) and NMR data (Radhakrishnan et al. 1997). Labels as
in Fig. 4

Ab initio MD?* NMR

N(Lys662)-O1(pSer133) 2.9(3) 29
N(Lys662)-P(pSer133) 4.0(4) 3.8
H(Tyr658)-02(pSer133) 1.8(1) 1.7
H(Tyr658)-P(pSer133) 3.1(1) 3.1
C(Argl31)-P(pSer133) 6.4(6) 5.8

#The MD averages refer to the simulation with the BLYP gradient
correction
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respect to the NMR data. Notably, proton hopping
between pSerl133 and Lys662 H-bond donors occurs
already in the picosecond timescale (Fig. 2a). This type

a
i |
20 i f | :
| h ! ! [} |
||'= \ i -I.l.l \
i ! \ ™ .‘ W / I IlllI i II
1 1 1 | L |
- | ¥
S’ 1.6 i I| llr i W T
8
=
A
2 H-N{K662)
—— H.O(pS133)

K662

Fig. 2a—c pSer133-Lys662 salt bridge dynamics and electronic
structure from BLYP GGA calculations (Becke 1988; Lee et al.
1988). a Plot of H-N(Lys662) and H-O(pSer133) distances versus
time. b Electron localization function plotted on a plane containing
the pSer133 oxygen, the proton, and Lys662 nitrogen during
proton transfer. ¢ Kohn-Sham molecular orbital for the same
snapshot; in yellow (light blue) is represented positively (negatively)
isodensity surface (10 a.u.)
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Fig. 3 pSer133-Lys662 salt bridge: results from the HCTH GGA
calculations (Hamprecht et al. 1998). Plot of H-N(Lys662) and H-
O(pSer133) distances versus time

of interaction is usually referred to as a “low-barrier
hydrogen bond” (LBHB) (Cleland and Kreevoy 1994).
As BLYP is known to underestimate proton transfer
barriers (Sirois et al. 1997), we have carried out test
calculations using the recently developed HCTH func-
tional (Hamprecht et al. 1998), which provides a good
description of hydrogen abstraction barriers. Figure 3
shows that the proton hopping occurs also with this
gradient correction functional in the simulated time
investigated (~0.5 ps).

To investigate the chemical bonding involved in the
LBHB we calculate the electron localization function
(ELF) during the proton transfer (Becke and Edge-
combe 1990; Silvi and Savin 1994). The ELF efficiently
illustrates chemical concepts such as localized bonds and
electron lone pairs. Figure 2b indicates a high degree of
electron localization between N(Lys662) and phosphate
oxygen O(pSerl33), suggesting that the interaction is
partly covalent (De Santis and Carloni 1999).

Analysis of the bonding in terms of Kohn-Sham
molecular orbitals on the same snapshot indicates that a

covalent, three-center molecular orbital is formed
(Fig. 2¢). Consistent results are obtained by a calculation
of the spread of maximally localized Wannier functions
(Marzari and Vanderbilt 1997; Silvestrelli et al. 1998;
Silvestrelli and Parrinello 1999). The calculated spreads
increase from ~0.7 to ~0.8 a.u. during the proton
transfer, confirming the delocalized nature of the bond.
The covalency of the interaction, already postulated in
different contexts (Gilli et al. 1994; Schiott et al. 1998),
imposes a high level of directionality to the interaction,
which could be important for the molecular recognition
process.

The conformation of the phosphate moiety in
pSer133 compares well with previous ab initio calcula-
tions and experimental data on the chemically similar
dimethyl phosphate (Schneider et al. 1996; Alber et al.
1999). Table 2 shows that selected calculated structural
parameters are in good accord with the two sets of data,
except (as expected) for P-O1, which is involved in the
proton hopping with Lys662.

pSer133 is highly hydrated. Integration of the
O(pSer133)-O(water) RDF provides the coordination
number (n.). It turns out that, on average, 4.5 water
molecules H-bond to phosphate during the dynamics.

pSerl133-water interactions involve not only H-
bonding but also electrostatics: water dipoles are par-
tially aligned towards the phosphate oxygen atoms
during the entire dynamics simulation (Fig. 4). Table 3
reports the energetics of the water molecules, which H-
bond to phosphate for the entire simulation.

The double negative charge of pSerl133 is further
stabilized by H-bonding and electrostatic interactions
with Tyr658. Figure 4 shows the optimal alignment of
the Tyr658 electric dipole towards the phosphate charge,
which is well maintained during the dynamics. However,
Table 3 indicates that the order of magnitude of Tyr658-
pSer133 interactions is much smaller than that of
phosphate hydration.

All these interactions involve substantial polariza-
tion effects, as evidenced by the rearrangement of
the electronic structure upon complex formation

(Fig. 5).

Table 2 Comparison between
selected MD-averaged structur-

Ab initio MD?*

(Alber et al. 1999) (Schneider et al. 1996)

al parameters, previous ab ini-

tio DFT calculations with the Bond distances (A)

same computational setup 58; 12383 1.49 1.51

(Alber et al. 1999), and experi- P-O3 1'52(2)

mental values obtained by a PO 1.66(4) 1.68 162

statistical analysis of crystal Cc-0 1'47(4) 1'44 1'43

structures of the chemically Bond les (d )

similar dimethyl phosphate 08 Pag% es (deg) 104(3 105 107

(Schneider et al. 1996). Labels -P- )

as in Fig. 4 0O-P-02 105(4) 105 107
0-P-03 110(3) 105 107
01-P-02 111(3) 118 113
02-P-03 118(3) 118 113
03-P-0O1 107(4) 118 113
C-O-P 122(4) 119 119

?The MD averages refer to the simulation with the BLYP gradient correction



Fig. 4 Water and Tyr658 di-
polar moments (u) are super-
imposed on the molecular
structure. The angle 6 describes
the relative orientation between
the dipoles and the pSer133
center of charge

K662

Table 3 Water- and Tyr658-pSer133 electrostatic interactions (E)
derived by the charge-dipole term in the multipolar expansion.
Values must be interpreted only for a qualitative comparison (see
Materials and methods section). Only the energies of the three
water molecules closest to phosphate (WAT1, WAT2, WATS3; see
Fig. 4) are reported. 6 and p are defined in the Materials and
methods section; Fig. 4 displays them for Tyr658

E (kcal/mol)* 0 (deg) u (Debye)
WATI —11.0(5) 9(3) 2.2
WAT2 —8.0(6) 4(3) 2.1
WATS3 -4.8(5) 21(3) 2.1
Tyr658 -2.5(4) 32(5) 1.2

#The calculated values refer to the simulation with the BLYP
gradient correction

Discussion

Our calculations suggest that a LBHB is formed between
pSer133 and Lys662. This interaction turns out to be
partly covalent in nature, as found in other contexts
(Gilli et al. 1994; Schiott et al. 1998). This LBHB could
be a key factor of the unexpectedly large stabilization of
the pSer133-KIX complex. Indeed, this type of interac-
tion is known to provide large stabilization energies
(Cleland and Kreevoy 1994). Furthermore, the LBMB,
by modifying the chemical environment and chemical
properties of pSer133, could account for the decrease of
the pSer133, pK, by 1.1 units upon complex formation
(Mestas and Lumb 1999).

A comment is due on the requirement of pK,
matching between H-bond donor and acceptor in
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Fig. 5 Polarization effects: plot of electron density difference (Ap =

Prot = PpSer133 — PTyr658 — PLys662 — Pwater) OF the model complex.
Positively (negatively) isodensity surfaces (0.005 a.u.) are drawn in
yellow (light blue). Results obtained with the BLYP (Becke 1988;
Lee et al. 1988) recipe for the exchange-correlation functional

LBHBs (Cleland and Kreevoy 1994). The pK,s of Lys
and l-amino-2-phosphatoethane (our model for
pSer133) differ by more than 3 units, yet the difference in
pK, could be dramatically reduced in the presence of a
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low-dielectric medium such in the KID-KIX interface
(Mestas and Lumb 1999). Similar considerations have
been invoked to explain a LBHB between Aspl102 and
His57 in the active site of serine protease and a specific
H-bond pattern in the active site of Zn carboxypeptidase
(Mangani et al. 1992; Frey et al. 1994).

In the LBHB, the proton hops already in the
subpicosecond timescale. This high proton hopping
frequency may be due to the limited size of the protein
complex used here (Piana and Carloni 2000). We may
expect that the use of larger models and/or of
QM/MM approaches could affect the timescale of the
process.

Our calculations allow also for identifying the nature
of the interactions between pSer133 and the other sur-
rounding groups. The phosphate negative charge is
stabilized by charge-dipole and H-bonding interactions
with Tyr658 (Fig. 4). Loss of these interactions with
Y658F (and Y658A) KIX mutants provides the physical
origin of the reduced (abrogated) complex affinity
(Radhakrishnan et al. 1997).

Hydration stabilizes the phosphate even more. Fig-
ure 4 shows a high degree of alignment of water dipoles
towards the phosphate oxygens, similar to what has
been found in force-field molecular dynamics simula-
tions of a phospholipid membrane bilayer (Tu et al.
1996). Thus, hydration emerges as a key factor for
phosphate charge stabilization.

In conclusion, the ab initio quantum chemical cal-
culations presented here suggest that a low-barrier H-
bond — an interaction other than electrostatic — may play
a crucial role for the striking stability of the pSer133-
KIX complex. Thus, phosphorylation could use the
large LBHB stabilization to help promote complex for-
mation. Furthermore, hydration appears to play a cru-
cial role for the stabilization of the phosphate charge.
Finally, complex formation involves a substantial rear-
rangement of the electronic charge density (Fig. 5).
Hence, analysis of the molecular interactions of the
KID-KIX complex in terms of simple electrostatic
models might therefore require an explicit description of
polarization effects.
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