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The fumctions of proteins can be directly related to specific atomic interactions within and

‘between proteins and other molecular components of cells, which are the basic orgamzanonal unit

of living systems. A detailed description of these atomic interactions is essential fqr a

comprehensive understanding of biomolecular function. Many of the outstanding issues related to
the fumction of bioloéical systems are difficult to address by using experimental methods alone.
@@m simmlations based on physical and chemical principles can complement laboratory
experiments and provide novel insights into the atomc basis of molecular behavior.

a) Pbotodissociation dynamics
The distribution of carbon monoxide after photodissociation in the myoglobin haem pocket

was investigated using molecular dynamics simulations at 300 K [1). The results show that both
intermediates (one close to the haem iron and one further away) observed in low temperanne x-ray
studies of photodissociated CO have a high probabﬂity of occurrence, even at ambient temperatures.
The fact that the O of CO is oriented toward the haem jron in tbe closer mtexmedlat eprovides an
explanation for the sdow rate of CO geminate rebinding. A refinement against x-ray data generated
from the molecular dynamics simulations indicated that the CO has a broader distribution in the
haem pocket than is apparent from the experimental electron density. This effect is likely to be

% general for systems containing highly mobile groups.
2 b) Extensions of QM/MM methodology )
§ ~ .Analytical second derivatives for combined QM/MM calculations were formulated and
‘g 3 iﬁplemwd in the CHARMM program interfaced with the ab initio quanturn mechanical
SE’ §’§8 GAMESS and CADPAC programs [2]. This makes possible evaluation of vibrational frequencies
g §§§ andinﬂamdimensiﬁesinlargef systerns thgg cannot be treated effectively by QM or MM alone;
g‘} -;cg | ga %? g examples are polarizable molecules in solution and substrates or transition states in enzymes. Test
£ g o g § & calculations on & number of systems, inchuding formamide in water, butanol, a model transition state
SPIEES structure for triosephosphate isomerase and the active site model of myoglobin, showed that the
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MM description of the erivironment can capture much of its polarization effects on the QM region.
Thus the implementation of analytical second derivatives within the QM/MM framework. has
considerable potential for the study of large systems.

A method for calculating the chemical shielding tensor of any atom with the QM/MM
approach was developed [3]. The method wes described and applied to 2 numbef of model systems
including the water dimer, NMA-water complexes, cytosine monophosphate, paired and stacked
nucleic acid bases, imidazole—metal complexes, and 1'-deoxyribose—-metal jon complexes. The

* results demonstrated that with an sppropriate QM/MM partition, good descriptions of the

environmental effects on chemical shift tensors are obtained. The typical error compared to full
QM calculations was 1-2 ppm for heavy atoms. At distances below 2.5 A, such as occur in
hydrogen bond, larger errors arise due to the lack of Pauli repulsion and magnetic susceptibility of
the nearby groups in the current QM/MM mode); including the hydrogen bonded molecules as part
of the QM tegion as a way of solving this problem. |

- ©) Eﬁyme mechanisms .

Three mechanisms proposed for the triosephosphate isomerase (TIM) catalyzed reactions
were studied with the QM/MM approach using B3LYP/6-31+G(d,p) as the QM method [4]. The
two pathways that involve an enediol species were found to give similar values for the barriers and
the calculated rates are in satisfactory agreement with experiment. By contrast, the mechanism that
involves intramolecular proton transfer in the enediolate was found to be energeﬁcallj unfavorable
due to electrostatic interactions with His 95,  conserved residue in TIM from different organisms.
A perturbation analysis was used to determine the res1dues that make the major contribution to

; Choristmate mutase acts at the first branch-point of aromatic amino acid biosynthesis and
catalyzes the conversion of chorismate to prephenate [5]. The results of molecular dynamics
simulations of the substrate in solution and in the active site of chorismate mutase were reported.
Two nonreacﬁve conformers of chorismate were found to be more stable than the reactive

pseudodiaxial chair conformer in solution. It was shown by QM/MM molecular dynamics
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simulations, which take into account i_he motions of the enzyme, that when these inactive conformers
are bound to the active sihe; they are rapidly converted to the reactive chair conformer. This result
suggested that one contribution of the enzyme is to bind the more prevalent nonreactive conformers
and transorm them into the active form in & step before the chemmical reaction. The motion of the
reactive chair conformer in the active site calculated by using the QM/MM potential generated

transient structures that ae closer to the tansition state than is the stable CHAIR conformer.

d) RNA recognition

The diversity of RNA tertiary structures provides the basis for specific tecbgniﬁoﬁ by
proteins or small molecules [6]. To investigate the structural basis and the energetics which control
RNA-ligand interactions, favorable RNA binding sites were identified using the MCSS method,
which bas been employed previously only for protein receptars. ‘Two different RNAs for which the
suumneshavebeendeﬁenninedbyNMRspecuoswpy were examined: twosu'uctm'esoftthAR
RNA wlnch contains an arginine binding site, and the structure of the 16S rRNA which contains an
annno-glyoosxde binding site (paramomycin). In accord with the MCSS methodology, the
functiopal groups representing the entire hgand or only part of it (one residue in the case of the
aminoglycosides) were first replicated and distributed with random positions and orientations
ground the target and then energy minimized in the force field of the target RNA. The Coulombic
term and the dielectric constant of the force field were adjusted to approximate the effects of
solvent-screening and counterions. Optimal force field parameters were determined to RNA. The
more favorable binding sites for each residue of the eminoglycoside ligands were then celculated
andcomparedmththebmdmg sites observed experimentally. Thepzedzcwbihty ofmemethodwas
evaluated and refinements were proposed to improve its accuracy.
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