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ABSTRACT: Aspartic proteases regulate many biological
processes and are prominent targets for therapeutic inter-
vention. Structural studies have captured intermediates along
the reaction pathway, including the Michaelis complex and
tetrahedral intermediate. Using a Ramachandran analysis of
these structures, we discovered that residues occupying the P1
and P1′ positions (which flank the scissile peptide bond) adopt
the dihedral angle of an inverse γ-turn and polyproline type-II
helix, respectively. Computational analyses reveal that the
polyproline type-II helix engenders an n→π* interaction in
which the oxygen of the scissile peptide bond is the donor. This interaction stabilizes the negative charge that develops in the
tetrahedral intermediate, much like the oxyanion hole of serine proteases. The inverse γ-turn serves to twist the scissile peptide
bond, vacating the carbonyl π* orbital and facilitating its hydration. These previously unappreciated interactions entail a form of
substrate-assisted catalysis and offer opportunities for drug design.
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■ INTRODUCTION

Aspartic proteases (EC 3.4.23) have played a central role in the
history of protein science. The human digestive enzyme pepsin
was the subject of seminal studies in mechanistic enzymology
and protein crystallography.1 Fueled by aspartic proteases
being therapeutic targets, endothiapepsin and HIV-1 protease
emerged as model systems and together account for over 1,000
entries in the Protein Data Bank. In accord with a common
reaction mechanism, aspartic proteases share susceptibility to
inhibition by the peptidic natural product pepstatin. Its
hydroxyethylene pharmacophore, which mimics an intermedi-
ate in the enzyme-catalyzed reaction, forged the route to
clinical inhibitors of aspartic proteases.2

Aspartic proteases employ a pair of aspartic acid residues to
activate a water molecule for nucleophilic attack on a peptide
bond. This catalytic dyad arises from a pair of “DTG” motifs at
the interface between two globular domains (Figure 1A).3

Eukaryotic aspartic proteases are monomeric and consist of
two unique domains,4 whereas retroviral homologues are
homodimeric (Figures 1B and 1C).5 In addition to the DTG
motifs, aspartic proteases share other structural elements,
including a β-barrel domain and flap that close upon
polypeptide substrates. The enzymes vary, however, in their
substrate promiscuity and biological niche. For example, renin
cleaves angiotensinogen with exquisite specificity to elicit
vasoconstriction,6 whereas HIV-1 protease recognizes a variety
of substrates to enable maturation of new virions.7

The catalytic mechanism of retroviral proteases has been
informed by the use of substrate mimetics8 and, especially,

inactive variants. In seminal work, Wlodawer and co-workers
employed site-directed mutagenesis to inactivate FIV protease
and then determined the structure of the inactive variant
bound to an actual substrate.9 Schiffer and co-workers
extended this strategy to HIV-1 protease while developing
their shape-complementary model of side chain recognition.10

Typically, the main chain conformation of the substrates of
aspartic proteases is thought to resemble that of a β-strand.11

We have examined the structures of inactivated protease·
substrate complexes, focusing on the main chain. We have
discovered that the substrates do not resemble a β-strand near
the scissile peptide bond. Instead, the substrate adopts a
conformation in which the oxygen of the scissile peptide bond
donates electron density via an n→π* interaction to the next
carbonyl group in the main chain. The discovery of this
interaction, as well as the formation of an inverse γ-turn within
the substrate, suggests that aspartic proteases rely on substrate-
assisted catalysis14 to effect the cleavage of peptide bonds.

■ RESULTS AND DISCUSSION
We began our investigation of the role of main chain
conformation in the mechanism of aspartic proteases by
gathering structures of substrates bound to inactivated
enzymes.15 Since 1997, 35 structures of inactivated retroviral
proteases with flaps closed on peptidic substrates have been
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deposited in the PDB (Table S1).9,10,16 Next, we measured the
ϕ and ψ angles of residues in the P1 and P1′ position to
generate a Ramachandran plot (Figure 2). The peptide bond

between these two residues is the one cleaved by the enzymes.
We found distinct clusters of P1 and P1′ residues, with mean
values of ϕ = −95.5° ± 10.1° and ψ = 44.9° ± 10.4° for P1
residues, and ϕ = −56.3° ± 14.5° and ψ = 140.0° ± 7.5° for
P1′ residues.
Conformation of the P1 Residue. The P1 residue of

bound substrates adopts conformations in the broad region of
the Ramachandran plot associated with β-strands. An analysis
by Rose and co-workers identified a subset of this region with
ϕ angles between −100° to −70° and ψ angles between 50° to
100° populated by members of a coil-library that contains an
inverse γ-turn, called the “γ-basin” (Figure 3A).17 Its signature
inverse γ-turn motif was described nearly a half-century ago18

and is characterized by a hydrogen bond between the i − 1
main chain oxygen and i + 1 main chain nitrogen, forming a 7-
membered ring.19 The donor−acceptor angle deviates from
linearity, making the hydrogen-bond energies of inverse γ-turns
weaker than those of other secondary structural elements, such
as β-turns and β-sheets. The inverse γ-turn centered on the P1
residue results from the P2 (i − 1) residue accepting a
hydrogen bond from the P1′ (i + 1) residue (Figure 3B). β-
Branched amino acids are excluded from inverse γ-turns, as
their side chain would clash with the main chain nitrogen of
residue i.17 Notably, the incorporation of β-branched residues

at the P1 position yields inefficient substrates for HIV-1
protease, consistent with the importance of an inverse γ-turn
conformation for catalysis.20

An inverse γ-turn is incompatible with the 1 of endogenous
HIV protease substrates that contain a P1′ proline residue,
which lacks the requisite main chain N−H.21 Segregating the
P1 Ramachandran plot based on sequence revealed to us that
substrates with a P1′ proline residue have expanded ϕ angles
that move the conformation of the P1 residue out of the γ-
basin (Figure 3A). These structures have intramolecular
hydrogen bonds between the side chains of the P2 and P4
residues (Figure 3C). Their proline-containing substrates all
have P2 and P4 residues with polar groups, which could serve
to increase the ϕ angle and move the P2 carbonyl group away
from the P1′ pyrrolidine ring. An asparagine residue is found
most commonly at the P2 position of substrates with a P1′
proline residue but is also found at the P2 position of those
substrates known as “p1/p6”. In p1/p6 substrates, the side
chain oxygen of the asparagine residue, rather than its main
chain oxygen, accepts a hydrogen bond from the i + 1 main
chain nitrogen (Figure 3D).16g In addition to an increased ϕ
angle, the P1 residue of p1/p6 substrates exhibits a reduced ψ
angle, which serves to rotate the main chain N−H toward the
side chain of the asparagine residue in the P2 position (Figure
3A).
The inverse γ-turn in the main chain of P1 residues has not

gone unnoticed. Medicinal chemists, guided by knowledge that
proline is often found in inverse γ-turns, discovered that
replacing the main chain of substrates at the P2 to P1′
positions with a seven-membered ring can generate potent
inhibitors of HIV protease.22 Although this strategy was
intended to mimic the inverse γ-turn, structural analyses
revealed that the ring shifted by a “half” residue relative to that
in substrates.23

Conformation of the P1′ Residue. The main chain of
the P1′ residue occupies a region of the Ramachandran plot
associated with the polyproline type-II (PPII) helix (Figure
4A) and exhibits structural features conducive for preorganiza-
tion (Figure 4B, Table S1). Comparing the main chain
dihedral angles of P1′ residues (Figure 4C) with the structure
of a PPII helix solved by Wennemers and co-workers using
direct methods reveals a striking similarity (Figure 4D).24 The
lack of hydrogen bond-donating groups in the main chain of
polyproline entices donation of oxygen electron density to an
alternative acceptorthe π* orbital of the i + 1 carbonyl
group.25 (For reviews of the n→π* interaction, see ref 26.) In

Figure 1. Structural features of aspartic proteases. (A) Aspartic proteases share the “DTG” motif with an interdomain hydrogen bond. Here, the
residues from a eukaryotic pepsin (PDB entry 1pso12) and HIV-1 protease (PDB entry 5hvp13) are aligned with an RMSD of 0.272 Å. (B) The
eukaryotic pepsin consists of two unique domains and has only one flap. (C) HIV-1 protease consists of identical monomers that associate with 2-
fold symmetry.

Figure 2. Ramachandran plot of P1 and P1′ residues in substrates
bound to the active site of inactivated aspartic proteases.
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α-helices, donor carbonyl groups employ n→π* interactions
with the si face of the adjacent carbonyl group, whereas in PPII

helices the interaction is with the re face. Previous systematic,
energetic analysis by our group estimated that a residue
occupying the dihedral angle near the average for residues in
the P1′ position (ϕ = −55° and ψ = 140.0°) has an n→π*
interaction with an energy of 1.0 kcal/mol.27

The PPII-helical conformation is not limited to proline-rich
sequences. Unfolded protein sequences likewise occupy this
conformation.28 Protease substrates must be sufficiently
disordered to avoid adopting a secondary structural element
such as an α-helix or β-sheet, which would preclude binding,
but must adopt a conformation complementary to the enzymic
active site.29 An analysis by Brown and Zondlo identified
proline, leucine, and alanine as the residues with the greatest
propensity to form PPII helices when flanked by pairs of
proline residues.30 These three amino acids constitute half of
the P1′ residues in endogenous substrates. Their analysis also
identified β-branched and small polar residues as being

Figure 3. Main chain conformation of the P1 residue. (A)
Ramachandran plot of P1 residues in substrates bound to the active
site of inactivated aspartic proteases. Data points are colored by the
presence of a proline residue at the P1′ position and an asparagine
residue at the P2 position (red), an asparagine residue at the P2
position (blue), or neither (black). All data points are shown relative
to the γ-basin. (B) The P2, P1, and P1′ residues engage in an inverse
γ-turn (NC/p1 substrate; PDB entry 1tsq).16b (C) A proline residue
at the P1′ position precludes the formation of an inverse γ-turn but is
found with polar residues at the P2 and P4 positions that form
hydrogen bonds (MA/CA substrate; PDB entry 1mt7).16a (D) The
side chain of an asparagine residue at the P2 position forms a
hydrogen bond with the nitrogen of the scissile peptide bond (p1/p6
substrate; PDB entry 4obf).16g

Figure 4. Main chain conformation of the P1′ residue. (A)
Ramachandran plot of P1′ residue substrates bound to the active
site of inactivated aspartic proteases (black) and the residues in a PPII
helix (red).24 (B) Parameters used to assess n→π* interactions
between adjacent main chain carbonyl groups in a protein (Tables S1
and S2). (C) Structure of a P1 residue bound to an inactivated HIV-1
protease and showing its n→π* interaction (PDB entry 1kjh; d = 3.0
Å, θ = 95.4°).10b (D) Structure of a polyproline fragment showing its
n→π* interactions (CSD entry SOWJUL; d = 3.1 Å ± 0.1 Å, θ =
97.4° ± 7.2°).24
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disfavored in a PPII helix, and those residues lead to inefficient
substrates of HIV-1 protease when in the P1′ position.31
Mechanistic Insights. Informed by our bioinformatics

analysis, we sought insight on the catalytic mechanism of
aspartic proteases. The catalytic mechanism of amide
hydrolysis proceeds first via nucleophilic attack of water at
the P1 carbonyl group to generate a tetrahedral intermediate
that is a geminal diol (Figure 5). Proteolytic cleavage is
completed upon protonation of the P1′ nitrogen and
subsequent C−N bond scission. To investigate this mecha-
nism, we performed quantum chemical calculations on
coordinates extracted from high-resolution cocrystal structures
of a substrate and a gem-diol intermediate bound to HIV-1
protease. To represent the Michaelis complex, we chose a

recent cocrystal structure of a highly efficient substrate bound
to an inactivated protease (PDB entry 6bra32), which has the
highest resolution of any such structure. To represent the gem-
diol intermediate, we chose a structure by Weber and co-
workers that employed threonine as the P1′ residue (PDB
entry 3b8031).
When extracting coordinates, we sought to preserve

noncovalent interactions between the P2/P1 and the P1′/
P2′ carbonyl groups near the scissile peptide bond. To do so,
we extracted the coordinates of the P1 and P1′ residues to the
β-carbon of their side chains, the distal amides and Cα atoms
from the P2 and P2′ residues along with a conserved water
molecule, the main chain amides of the protease flap that form
hydrogen bonds with the conserved water molecule, and the

Figure 5. Putative mechanism of catalysis by HIV-1 protease. The hydrolysis reaction proceeds through at least three discrete steps. Upon binding
the peptidic substrate and lytic water, Asp25 of one monomer deprotonates the water while Asp25′ of the other monomer transfers a proton to the
oxygen of the scissile peptide bond. This oxygen also forms an n→π* interaction (red dashed line) with the main chain carbonyl group of the next
residue in the substrate. The n→π* interaction is even stronger in the tetrahedral intermediate. The inverse γ-turn (blue dashed line) disturbs the
planarity of the scissile peptide bond and orients the nitrogen lone pair for protonation by Asp25.

Figure 6. Orbital interactions of the scissile peptide bond during catalysis by HIV-1 protease. An n→π* interaction occurs within the substrate (A)
and tetrahedral intermediate (B). An inverse γ-turn likewise forms within the substrate (C) and tetrahedral intermediate (D). The hydrogen bond
of the inverse γ-turn enforces a hydrogen bond between the lone pair of the nitrogen of the scissile peptide bond and an active-site aspartic acid
residue (E), despite a competing hydrogen bond of the aspartic acid residue with the gem-diol (F).
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aspartic acid or asparagine side chains of protease residues 25
and 25′. Next, we optimized the positions of hydrogen atoms
with density functional theory (DFT) calculations. Hydrogen
atoms were added to the structure to create a neutral structure
of the Michaelis complex and a monoanionic structure of the
tetrahedral intermediate. There was no ambiguity in assigning
hydrogen atoms in the substrate structures. The protonation of
the gem-diol intermediate was modeled to match neutron
diffraction structures in which both hydroxy groups form
hydrogen bonds with an aspartate residue,33 as is proposed for
the tetrahedral intermediate. Finally, we performed Natural
Bonding Orbital (NBO) analysis of the ensuing models to
estimate the strength of noncovalent interactions.34

In the Michaelis complex, the inverse γ-turn−PPII-like motif
activates the π* orbital of the P1 carbonyl group for
nucleophilic attack by water. The two flanking carbonyl groups
(i.e., those of the P2 and P1′ residues) form hydrogen bonds,
either with a conserved water molecule in retroviral proteases
or with the flap of monomeric proteases. The ensuing
constraint increases the electrophilicity of the P1 carbonyl
group by both enhancing the n→π* interaction with the P1′
carbonyl group and preventing n→π* donation from the P2
carbonyl group, which would otherwise raise the energy of the
π* orbital of the P1 carbonyl group and diminish its
electrophilicity.35

As the reaction proceeds to the tetrahedral intermediate, the
n→π* interaction grows stronger, increasing from 0.66 to 2.01
kcal/mol. This latter energy, which is remarkably high, serves
to delocalize developing negative charge (Figure 6A and 6B).
Thus, the n→π* interaction between the P1 and P1′ carbonyl
groups effectively acts like the renowned oxyanion hole of
serine proteases, which delocalizes developing negative charge
through the formation of a pair of hydrogen bonds with
enzymic N−H groups.36 As has been postulated for hydrogen-
bonding with the oxyanion hole,36a,37 the n→π* interaction is
stronger in the tetrahedral intermediate than in the Michaelis
complex. This differential binding of the Michaelis complex
and tetrahedral intermediate is likely to enhance catalysis.38

Like the n→π* interaction, the inverse γ-turn is important in
the enzymatic reaction mechanism. In the first step, amidic
resonance must be overcome. At first glance, a hydrogen bond
to the main chain nitrogen of the P1′ residue might be thought
to increase amidic resonance and thereby decrease the
electrophilicity of the scissile peptide bond. Upon forming
the inverse γ-turn, however, the scissile peptide bond is twisted
out of plane, decreasing amidic resonance and increasing
electrophilicity.39 In the Michaelis complex, the amide nitrogen
is pyramidalized slightly and the lone pair hybridizes to a small
degree (∼3% s-character, versus <1% s-character in adjacent
amides) because of the inverse γ-turn hydrogen bond, which
has an energy of a 0.66 kcal/mol (Figure 6C). This interaction
is absent in substrates that have proline in the P1′ position, and
these substrates are cleaved only slowly by the protease.40

Similarly, the asparagine side chain in the P2 position of the
p1/p6 substrate competes for the γ-turn, resulting in efficient
cleavage.41

In the tetrahedral intermediate, the energy of the inverse γ-
turn hydrogen bond is maintained at 0.67 kcal/mol (Figure
6D). Although the scissile peptide bond is now hydrated, its
nitrogen lone pair still contains only ∼7% s-character, which is
much less than the 25% s-character of an sp3-hybridized orbital.
We find that the low hybridization is due to the presence of the
neighboring gem-diol, in which a higher energy p-rich lone pair

of the nitrogen is a better donor of electron density to the two
σ*C−O orbitals. Nonetheless, the inverse γ-turn also aligns the
nitrogen lone pair toward the protonated oxygen of Asp25,
resulting in a hydrogen bond with an energy of 0.79 kcal/mol
(Figure 6E). This aspartic acid residue also maintains a
hydrogen bond of energy 5.36 kcal/mol with the gem-diol
(Figure 6F). As the proton transfer to the N−H proceeds, the
energies of the two nN→σ*C−O interactions likely decrease and
the energy of the nO→σ*C−N interaction likely increases,
promoting C−N bond scission to form the products.
Computational chemists have devoted much attention to the

catalytic mechanism of aspartic acid proteases, especially that
of HIV-1 protease.42 These studies have tended to employ a
hybrid quantum mechanical/molecular mechanical (QM/
MM) approach in which the higher level of theory is used to
describe molecular fragments that are smaller than those
analyzed herein.43 Our findings suggest that previous analyses
have missed critical details: the n→π* interaction and inverse
γ-turn. New computational strategies are needed to select
fragments that capture all of the interactions that make
significant contributions to catalysis by aspartic acid proteases
and other enzymes.44

■ CONCLUSIONS

Ramachandran analysis of the residues in substrates bound to
aspartic proteases has revealed previously unappreciated
noncovalent interactions. When bound, the substrate adopts
a conformation with an n→π* interaction and an inverse γ-
turn, both of which activate the scissile peptide bond for
nucleophilic attack by a water molecule. To our knowledge, the
use of these interactions in substrate-assisted catalysis had not
been described previously. Notably, these findings extend the
reach of n→π* interactions between adjacent main chain
carbonyl groups to enzymatic catalysis.45

■ EXPERIMENTAL SECTION

Structural Analyses. The atomic coordinates of X-ray
crystal structures that were deposited in the Protein Data Bank
as of August 9, 2018 and that contain inactivated retroviral
aspartic proteases were downloaded. The structure SOWJUL24

was downloaded from the Cambridge Structural Database.
Angles and distances in these structures were measured to the
nearest 0.1 Å and 0.1°, respectively, with the program PyMOL
from Schrödinger (New York, NY). Structures containing
multiple protease dimers in the asymmetric unit or alternative
conformations within a single protease molecule were
measured individually and given equal weight in calculations
of the mean. PDB codes and chain identifiers are listed in
Table S1 along with the measured values. Structures were
depicted with the program PyMOL.

DFT Optimization. Atoms important for determining the
conformation of the scissile peptide bond in the Michaelis
complex and gem-diol intermediate were extracted from PDB
entries 6bra32 and 3b80,31 respectively. All termini were made
into amides. Hydrogen atoms were added to extracted
structures in idealized geometries with the program GaussView
6 from Gaussian (Wallingford, CT) and optimized at the M06-
2X/6-311+G(d,p) level of theory along with the integral
equation formalism variant of the polarizable continuum model
(IEFPCM) for water-solvation46 by using Gaussian 16,
Revision A.03 software from Gaussian.47 Optimized structure
coordinates are listed in Tables S3 and S4.
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NBO Analysis. Optimized structures were subjected to
natural bonding orbital analysis using the NBO 6.0 software
from the Theoretical Chemistry Institute of the University of
Wisconsin−Madison (Madison, WI).48 Orbital interaction
energies were calculated by second-order perturbation analysis.
Orbitals were depicted with the program NBOView 1.1.49
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Braś, N. F.; Fernandes, P. A.; Ramos, M. J. Reaction Mechanism of
Human Renin Studied by Quantum Mechanics/Molecular Mechanics
(QM/MM) Calculations. ACS Catal. 2014, 4, 3869−3876.
(44) Calixto, A. R.; Ramos, M. J.; Fernandes, P. A. Influence of
Frozen Residues on the Exploration of the PES of Enzyme Reaction
Mechanisms. J. Chem. Theory Comput. 2017, 13, 5486−5495.
(45) Recently, we described a role for S···CO n→π* interactions
in catalysis by thioredoxin and other enzymes that employ a CXXC
motif (Kilgore, H. R.; Raines, R. T. n→π* Interactions Modulate the
Properties of Cysteine Residues and Disulfide Bonds in Proteins. J.
Am. Chem. Soc. 2018, DOI: 10.1021/jacs.8b09701).
(46) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical
Continuum Solvation Models. Chem. Rev. 2005, 105, 2999−3093.
(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, Revision A.03; Gaussian, Inc.: Wallingford, CT, 2016.
(48) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J.
E.; Bohmann, J. A.; Morales, C. M.; Landis, C. R.; Weinhold, F. NBO
6.0; Theoretical Chemistry Institute, University of Wisconsin−
Madison: Madison, WI, 2013.
(49) Wendt, M.; Weinhold, F. NBOView 1.1; Theoretical Chemistry
Institute, University of Wisconsin−Madison: Madison, WI, 2001.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b04142
ACS Catal. 2019, 9, 1464−1471

1471

http://dx.doi.org/10.1021/jacs.8b09701
http://dx.doi.org/10.1021/acscatal.8b04142

