Dehydrons as HIV-1 drug targets
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   Two proteins, HIV-1 protease and HIV-1 integrase, have been targeted for inhibitor design in efforts to prevent full assembly and maturation of HIV-1 virions. The enzymatic mechanism of these proteins involves groups which serve as general acids or bases. Furthermore, catalytic activity requires that water be removed from the microenvironment surrounding the chemical reaction, or be severely constrained to serve as an activated nucleophile. Here we report on newly found structural features that favor water removal from the polar catalytic regions. Thus, packing defects in the form of under-wrapped backbone hydrogen bonds, now termed dehydrons, are strategically placed in the structure to induce dehydration of the enzymatic pathway. Their effectiveness arises as dehydrons become strengthened and stabilized upon water removal. Thus, packing defects act synergistically with polar active groups to enhance the enzymatic electrostatics. On the other hand, since dehydrons are inherently sticky, they constitute highly specific targets for inhibitor drug design, especially on the polar regions directly interacting with the substrate. We noticed that effective inhibitors attach to polar surfaces by wrapping the dehydrons, with a net effect of blocking the catalytic or mechanically active sites. The dehydrons are thus needed for functional reasons, which in turn make them suitable targets. The significant differences in success when targeting HIV-1 protease, FIV protease and HIV-1 integrase are rationalized here in terms of the dehydron distribution around the active sites, in turn revealing possible improvements in the targeting strategy. Mutations conferring drug resistance are shown to affect the wrapping of functional dehydrons. Thus, new principles of design optimization are proposed to create an inhibitor that can only be neutralized at the expense of the loss of catalytic function.
    The removal of water molecules surrounding backbone hydrogen bonds is required to guarantee the integrity of protein structure (1-4) and also places constraints on the folding pathways (5, 6). Thus, backbone hydrogen bonds typically prevail provided nonpolar groups are clustered around them. This wrapping (4) provides a microenvironment that approaches in vacuo conditions. Soluble protein structure prevails by keeping its hydrogen bonds “dry in water”. On the other hand, the backbone hydrogen bonds which are intramolecularly under-dehydrated, the dehydrons (2), constitute structural markers for protein interactivity. This was demonstrated experimentally (7) as well as statistically, by examination of protein-protein interfaces and supramolecular assemblies (1,2). Dehydrons are inherently sticky (7), a property that finds an energetic and a thermodynamic basis: the partial amide and carbonyl charges are de-screened as surrounding water is removed, and in turn, water removal destabilizes the nonbonded state (or equivalently stabilizes the bonded state) by preventing the hydration of the amide and carbonyl groups. 
   Many enzymatic reactions involving nucleophilic attack on scissile bonds become more efficient when some surrounding water can be removed to enhance the electrostatic interactions. Occasionally, especially in hydrolysis, a few water molecules must be selectively confined to participate in the reaction. Since dehydrons favor removal of surrounding water without necessarily involving hydrophobic residues, it is expected that they could play a significant role in shaping the microenvironments at the active site. We shall explore this aspect in this paper, especially in connection with the possibility of designing inhibitors of catalytic function.
   Many enzymes involve polar side-chain groups that can serve as general Lowry-Bronsted acids and bases as they interact with the substrate in a concerted or multi-step fashion. The aspartyl proteinase HIV-1 protease (8-10) and the HIV-1 integrase (11-13) are examples of such enzymes. These proteins have been targeted in inhibitor drug design geared at preventing the full assembly and maturation of HIV-1 virions (14,15) in AIDS therapy. Partial water exclusion from the microenvironment around the chemical reaction, be it hydrolysis, trans-phosphoesterification, proton donor-acceptor chemistry, etc., is important to ensure the efficiency of the enzymatic mechanism. In this regard, surface nonpolar groups flanking the active groups might be useful, but when the groups interacting with the substrate are themselves polar, an alternative structural feature, the dehydron, could become a primary contributor to shape the functional microenvironment. 
    This implies that dehydrons, which favor water removal, can act concurrently and synergistically with polar catalytic groups at the active sites by inducing the de-screening of the charges. At the same time, since the dehydron is sticky, it is expected that it should represent a highly specific and efficient target for inhibitor drug design, as the evidence presented here reveals. This novel structural marker may aid drug design and improve its efficiency, in particular optimizing the resilience of the inhibitor to resistant mutation.
Methods

   To identify the dehydrons in a domain fold, multi-domain chain or protein complex in one-chain or multiple-chain PDB entries, we used a program called YAPView (http://sosnick.uchicago.edu/aifoldlab/YAPView/YAPView.html) which detects dehydrons in PDB structure according to the following premises: The extent of intramolecular hydrogen-bond desolvation in monomeric structure is quantified by determining the number of nonpolar carbonaceous groups within a desolvation domain. This domain is defined as two intersecting balls of fixed radius centered at the -carbons of the hydrogen-bonded residues (2). If we examine complexes or multimers, the count includes nonpolar groups from the monomer as well as those from its binding partner(s). The statistics of hydrogen-bond wrapping vary according to the desolvation radius adopted, but the tails of the distribution invariably single out the same dehydrons in a given structure over a 6.0-7.4Å range in the adopted desolvation radius. In this work the value 6.2Å was used for consistency.
   In most (~92% of PDB entries) stable protein folds, at least two thirds of the backbone hydrogen bonds are wrapped on average by r=27.1±7.5 nonpolar groups (or 14.0±3.7 counting only side-chain groups and excluding those from the hydrogen-bonded residue pair). Dehydrons are then identified as hydrogen bonds in the tails of the distribution, i.e. with 12 or less nonpolar groups in their desolvation domains (their r-value is no greater than the mean minus two Gaussian dispersions). 
   The dehydron is then identified as an insufficiently wrapped hydrogen bond. A more rigorous characterization takes into account the sensnitivity of the hydrogen-bond coulombic energy to removal of surrounding water or decrease in solvent polarizability (2). Thus, our adopted criterion introduces a sufficient condition for the existence of a dehydron. While being a satisfactory approximation, this criterion may miss the specific case where the number of nonpolar wrappers exceeds 12 but they are very unevenly distributed in space around the bond.

Results
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Table 1 

	Mutation
	Wrapping effect
	Probable functional consequence

	V32N
	Further underwraps dehydron  G78-T80
	Favors dehydration at active core 

	M46I
	Wraps dehydron G49-G52
	Rigidifies the flap, reduces its stickiness

	I47F
	Wraps dehydron G49-G52
	Rigidifies the flap, reduces its stickiness

	I50V
	Decreases wrapping for dehydron G49-G52
	Destabilizes the flap, increases stickiness

	T80V
	Wraps dehydron G78-T80 
	Favors hydration of active core 

	P81A
	Further underwraps dehydron G78-T80
	Favors dehydration of active core

	V82A
	Further underwraps dehydron G78-T80
	Favors dehydration of active core

	I84A
	Underwraps dehydrons G78-T80, D29-N88
	Favors dehydration of active core and provides stickiness at substrate-harnessing region

	N83V
	Wraps dehydron G78-T80
	Favors hydration of active core

	N88V
	Wraps dehydrons D29-N88, A28-R87
	Reduces stickiness at substrate- harnessing region

	T91V
	Wraps dehydrons D29-N88, A28-R87, T91-G94
	Partially impairs dimerization, reduces stickiness at substrate-harnessing region
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