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at either the S1 or S2 binding pocket, this also agrees with two recent studies that 

illustrate a requirement for asymmetric binding to the eye site.103,242 

 

Figure 4-10: Representative structures from the MD simulation of the HIVp+α complex, taken from the 
last 5ns of each 25ns trajectory. The α ligand is shown in green, the S1/S1’ site is shown in yellow, and the 
S2/S2’ site is shown in purple. The conformational families for the α ligand illustrate its strong preference 
for forming one interaction between the naphthyl ring and the eye site, while the other naphthyl ring flips to 
interact at the S1/S1’ or S2/S2’ site, and the pyrrole maintains a hydrogen-bonding interaction with the 
catalytic aspartic acids. 

There is moderate deviation from the average ligand position in simulations of 

HIVp+α over the last 5ns, with a range of 1.78 to 5.86 Å. The loss of one naphthyl ring 

from an eye site results in the difference from the crystallographic pose. A low standard 

deviation of 0.73 Å validates the greater stability of this binding pose. RMSD values for 

the two naphthyl rings were calculated to better demonstrate alterations in ligand binding 

over time for the α-only case. RMSD traces were created to detail the ligand’s naphthyl 
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ring position over time. The α ligand was fairly stable over time (Figure 4-10), and the 

RMSD of the naphthyl rings clearly shows the continued binding of one ring in the eye 

site (Figure 4-11a) and the absence of binding at the other eye site (Figure 4-11b). In the 

least populated conformational family, both sides of the ligand do flip down into the 

traditional binding pocket (Figure 4-10e). This indicates that sufficient sampling has 

occurred and that this pose is less preferred than asymmetric binding to the eye and S1 or 

S2 site.  

 

Figure 4-11: The overall RMSD from the crystal pose calculated for each naphthyl ring of the ligand in 
HIVp+α over the length of the production run. Trajectories were first fit to the Cα core of the 3BC4 crystal 
structure. Each color represents a single production run; and denotes the same run for each plot. A) 
highlights the RMSD of the first naphtyhl ring over time, (B) highlights the RMSD of the second naphthyl 
ring over time. As noted in figure 1, we have used the convention of labeling monomers 1 and 2 based on 
the behavoir of the ligand, where better agreement with the initial position in the eye is oriented to the right 
in the figures and labeled as monomer 2 in the graphs. An RMSD of 6.2-7.9 Å indicates occupation of the 
S2/S2’ site, while an RMSD of 7.8-10.1 Å indicates occupation of the S1/S1’ site. 

4.3.4. HIVp+α’.  

Of course, it is possible that we observed incomplete sampling, and the inhibitor 

could actually prefer to be “extended” with both naphthyl rings occupying S1 and/or S2 

sites. To determine this, we conducted a fourth series of MD. This system, HIVp+α’, was 

obtained by modifying the HIVp+α crystal pose to flip both naphthyls into the S2/S2’ 

pockets. HIVp+α’ was subjected to hydrogen minimization in the gas phase with 

AMBER to ensure that the MD simulations commenced from an unstrained system. After 

this, the set-up and simulation of the HIVp+α’ complex followed the previously 

described protocol for complexes HIVp+α, HIVp+β, and HIVp+αβ. Again, eight 

independent simulations were conducted, and the last 5 ns of each simulation were 

examined.  
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Figure 4-12: A) The initial minimized conformation of the α’ ligand. B-F) Representative structures from 
the 200ns MD simulation of the HIVp-α’ complex. The α’ ligand is shown in cyan, the S1/S1’ site is shown 
in yellow, and the S2/S2’ site is shown in purple. Although the simulations were initiated with the naphthyl 
rings occupying traditional subsites of the active site, one naphthyl ring moves to form interactions at the 
eye site over the course of all eight independent simulations. The second ring remains in contact with the 
S1 or S2 site.  

These additional simulations, beginning with both naphthyl rings interacting at the 

S2/S2’ pockets, resulted in at least one ring altering its position during simulation to 

interact with the eye region (Figure 4-12). The most populated family type is extremely 

similar to the most populated families from HIVp+α complex simulations; wherein one 

ring interacts at the eye region while the other interacts at the S2 pocket. It is possible that 

the naphthyl rings are positioned one up, one down in solution. NMR data might show 

whether or not there is symmetry of the two rings’ environment in solution. We found 

that in the ternary complex, even in the presence of the β ligand, one side of α flips down 

to occupy a similar position to known inhibitors.  
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It is interesting to note that all of the protease conformations in the clustered families 

display flaps with the same handedness as the closed state. This signifies that the protease 

is occupying similar conformational space of the bound form, even though the flaps are 

typically in the semi-open position (also seen in the close-handed, wide-open structure 

1TW7)252. However, this does not mean the flaps cannot flip handedness during the 

simulations, only that we do not observe it in the majority conformations. The flaps do 

display the type of curling commonly observed during flap transitions. It may require 

more simulation time for the flaps to flip handedness simply because of the presence of 

an inhibitor molecule bound in the flap region.  

Despite the relative instability of the crystal conformation during MD simulations, the 

placement of moieties in the eye site intrigued us due to our previous work. We find that 

αβ and β probably do not exist because of the instability of β and poor contacts available 

to β. Considerable flexibility in the flap region is observed in simulations with the 

alternate ligand (αβ and β) as compared to the simulations with α-only. Although these 

molecules have a unique crystallographic conformation, the structure in solution most 

likely resembles a conformer similar to the HIVp+α complex. The α pose is far more 

stable, and it most likely contacts one eye site as well as the traditional active site. Our 

results provide strong support for further exploration of the eye site as a new mode of 

inhibition for HIVp.  

 

4.4 Conclusion 

Although the original crystal structure of the pyrrolidine inhibitors is unlikely to exist 

in solution, we were interested in exploring the potential shown by this mode of binding 

because of its relationship to the eye site. Naphthyl groups are not ideal because of 

solubility and metabolic issues, but these inhibitors show that we can take advantage of 

the eye site in inhibitor design. The binding assays performed by Klebe and co-authors1 

show the potential of these compounds for targeting HIVp. Investigating all of the 

potential bound states of this complex – HIVp+αβ, HIVp+β, HIVp+α, and HIVp+α’ – 

allows for an accurate study of the impact these ligands may have on flap conformation, 

and therefore, protease activity. 
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Our study utilized 200ns of simulation time per system to examine the conformational 

stability of several HIVp-ligand complexes based on a symmetric inhibitor from Klebe 

and co-authors10. Our present results support previous findings that indicate the existence 

of an alternate binding site for HIVp: the eye site11. Furthermore, our data supports a 

preference of asymmetric binding at the eye site, as previously suggested.11,26 The 

representative structures of the HIVp+α and HIVp+α’ complexes illustrate that only one 

eye site tends to be occupied, while the other naphthyl ring prefers binding at the S1 or 

S2 site. This implies that traditional inhibitors could be modified to take advantage of this 

interaction and/or targeting the eye site may be improved by including some traditional 

S1 or S2 contacts. Inhibitors with improved contacts would be an important step towards 

demonstrating the viability of the eye site as a target for protease inhibition. 

 

This work was published as: Lexa KW and Carlson HA. Binding to the Open 
Conformation of HIV-1 Protease. Proteins. 2011, 79, 2282-90. 
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Chapter 5  

Clarifying Allosteric Control of Flap Conformations in the 1TW7 Crystal Structure of 

HIV-1 Protease 

5.1 Introduction 

A recent crystal structure of a multidrug-resistant HIVp (1TW7) showed the flaps 

were wider and more open than in other apo, semi-open structures.252 Crystal packing 

created contacts between the flap tips in the neighboring unit cell and the elbow region of 

HIVp (Figure 5-1). These contacts were proposed to be experimental corroboration of 

allosteric control. LD simulations by Layten et al. showed that the conformation of HIVp 

seen in 1TW7 relaxed into the typical semi-open conformation in the absence of the 

crystal contacts.253 When all packing neighbors within 15 Å of the central dimer were 

replicated and restrained to their location, the unrestrained central HIVp sampled only the 

wide-open conformation seen in 1TW7. Layten et al. definitively showed that the crystal 

contacts cause the deformation, but they were astute not to claim that those contacts 

proved or disproved allosteric modulation of the flaps.  

 
Figure 5-1: The 1TW7 structure of HIVp, showing crystal contacts between neighboring flap tips and the 
elbow. The flap-tip residues in direct contact with the elbow cleft (residues 49-52) are shown in black. 

The tips of the flaps are the regions that make contact with elbow residues in 

neighboring cells. The structure may be deformed through “pulling” the flap tips into the 
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next cell, or they may be “pushed” through allosteric contact with the elbow. In order to 

provide evidence of allosteric control, altered dynamics of the flaps must be 

demonstrated when the contacts are made solely with the elbows. Furthermore, these 

contacts should be allowed full conformational freedom. 

 
Figure 5-2: (A) The GIGG sequence makes no contacts into the base of the elbow cleft, but (B) using D-
Ile50 and D-Phe51 (green) increases the peptide’s contact with the sides and bottom of the cleft by ~100 
Å2. 

In this study, we truncated the points of contact to create small peptides associated to 

the elbow region of dimeric HIVp. The peptides failed to restrict the conformation of the 

flaps. When the peptides were restrained from dissociating from the elbow, the flaps still 

sampled the semi-open and open conformations. Even modifying the peptides to create 

more contact within the cleft failed to improve their control of the flaps (Figure 5-2). 

When unrestrained, all peptides quickly dissociated from the elbow in multiple 

simulations, showing that the contact seen in the 1TW7 crystal structure is simply 

opportunistic crystal packing, not allosteric control. Lastly, experimental testing of short 

model peptides failed to inhibit HIVp. 

 

5.2 Methods  

Two small peptides were created based on the flap residues of HIVp that were in 

contact with the elbows in the 1TW7 structure. The first peptide consisted only of the 

residues in direct contact with the protease: Ac-Gly49-Ile50-Gly51-Gly52-NMe (GIGG). 

The complementarity is relatively poor and the contact skims the surface with no 

functional groups placed in the elbow cleft itself (Figure 5-2a). Therefore, another 

tetrapeptide, Asp-D-Ile-D-Phe-Gly (DifG), was designed from the backbone of residues 
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49-52, using D-amino acids to better orient side chains directly into the cleft region and 

increase complementary contact (Figure 5-2b). The use of D-Ile and D-Phe was 

suggested by solvent-mapping aromatic and hydrophobic functional groups into the 

binding cleft of the protease elbow.103,211-213 The initial L-Asp was used to improve 

solubility and facilitate subsequent experimental testing of the model peptide. 

The two GIGG tetrapeptides occupied 1087 Å2 of the total solvent accessible surface 

area (SASA) of HIVp, and the DifG peptides occupied 1283 Å2. Changing the chirality of 

the Ile increased the contact of each peptide by ~22 Å2, and adding the Phe side chain in 

the D- orientation added ~77 Å2 of contact, resulting in each DifG peptide having almost 

100 Å2 of increased contact with the elbow cleft of HIVp. SASA was measured in 

NACCESS2.1.254  
Both implicit and explicit solvent simulations were performed. A total of 16 

simulations were carried out. Twelve independent implicit-solvent LD simulations were 

performed, six for each tetrapeptide and initiated from random number seeds. Two 

simulations of GIGG restrained in the elbow cleft were run, one implicit LD and one 

explicit-solvent MD. As a control, one implicit LD and one explicit MD simulation of 

apo HIVp were also performed; these simulations were unrestrained and started from the 

1TW7 crystal pose. Each simulation with GIGG or DifG was constructed as a 2:1 

complex such that each HIVp dimer contained two peptide ligands, one in each elbow. 

This generated trajectory data for 12 DifG-HIVp associations (the six unrestrained LD) 

and 16 GIGG-HIVp associations (six unrestrained LD, one restrained LD, and one 

restrained MD) for analysis. Figure 5-3 shows the individual restraints applied for the 

simulations of GIGG restrained in the elbow. In the restrained simulations, an upper 

bound of 32 kcal/mol-Å2 and a lower bound of 0 kcal/mol-Å2 were used (weight was 

increased from 0.1 to 1.0 during the first phase of equilibration and then held constant at 

1.0 for the extent of the simulation). Restraints kept the peptides associated to the elbow 

region but still allowed some flexibility for the peptides. It was desirable for the peptides, 

not the artificial restraints, to control the conformational sampling of HIVp. 



 

104 
 

 
Figure 5-3: Distance restraints employed in the LD and MD simulations of the GIGG-HIVp complex. The 
Ac-G1-I2-G3-G4-NMe ligand was held in the elbow cleft with restraints woven between the elbow and the 
cantilever regions: A) I2(O) – Q61(O) = 6.17Å, B) I2(N) – R41(N) = 4.83 Å, C) I2(N) – D60(N) = 7.55 Å, 
D) G3(O) – V62(O) = 10.42 Å, E) G3(N) – P39(O) = 4.08 Å. These values are upper limits of the allowed 
distances; there is no penalty for forming closer contacts. This prevents dissociation but allows for some 
freedom in sampling and adaptation outside the crystalline environment of 1TW7. 

The implicit-solvent simulations used the LD protocol of Simmerling and co-

workers,253,255,256 while explicit-solvent protocol was based upon work by Meagher et al.243 

All simulations were initiated from 1TW7 crystal structure of apo HIVp. PyMol257 was 

used to propagate the unit cells and obtain the two protein chains in contact with the 

elbow region. Truncation of those chains into peptides was performed in MOE2006.08;258 

the side chains modifications to create DifG were also done in MOE. Hydrogens were 

added in the tLEaP module in AMBER8,259 and the FF99SB force field260 was used. The 

time step was 1 fs and bonds to hydrogens were constrained with SHAKE. Temperature 

was controlled for LD simuations with a collision frequency of 1 ps-1. A modified GB 

solvation model9 was implemented to represent aqueous solvation in the LD simulations. 

The explicit-solvent MD protocol was similar to the implicit setup. TIP3P waters 

were used to solvate the system as an octagonal box (14,190 waters in the GIGG-HIVp 

complex and 10,492 waters around apo HIVp from 1TW7). Chloride ions were added to 

neutralize, and the Particle Mesh Ewald (PME) method was used to calculate long-range 
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electrostatic interactions.232 A cutoff of 10 Å for non-bonded vdW interactions was 

employed.  

Equilibration was accomplished over a series of six phases. The system was gradually 

heated from 100-300 K over the first two steps and remained at 300 K thereafter. 

Restraints were placed on all heavy atoms and gradually removed over the first four 

phases using force constants from 2.0 to 0.1 kcal/mol-Å2. In the fifth phase, only the 

backbone atoms were restrained with a force constant of 0.1 kcal/mol-Å2. Phases one 

through three were each 10 ps; phases four and five were 50 ps. In the last phase of 

equilibration, all atomic force restraints were removed, and the system sampled 200 ps at 

300 K. For the unrestrained simulations, the subsequent production phase was performed 

under the same conditions, sampling 1.5 ns for unrestrained DifG and 3 ns for 

unrestrained GIGG. For the restrained LD and MD simulations of GIGG and the LD and 

MD simulations of apo HIVp from 1TW7, setup and equilibration occurred as before, 

except that the final temperature was 310 K. These systems were equilibrated during 

phase six for 2 ns and the production run lasted 16 ns. 

Snapshots were taken every 1 ps for analysis in the ptraj module of AmberTools 

1.0.10,249 For each snapshot, the RMSD to the 1TW7 conformation was calculated to the 

Cα core of the protease (all residues except 43-58 and 43’-58'). The RMSD of flap Cα 

atoms was measured from the core-overlaid frame of reference. Snapshots from the 

simulation were also manually viewed to confirm that the peptides were dissociating and 

not simply finding an alternative-binding mode. The percentage of native contacts 

between HIVp and the tetrapeptides were calculated over the course of the unrestrained 

LD, using the MMTSB code.261 The root-mean-squared fluctuation (RMSF) of the 

backbone heavy atoms was calculated in ptraj for each residue (Figure 5-4). 
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Figure 5-4: The rmsf of the backbone heavy atoms is presented for the simulations of restrained GIGG-
HIVp and apo HIVp (noted 1TW7). The restrained MD is often the most restricted, but the restrained LD is 
often the least - flaps are highly mobile in each simulation. 

A FRET-based assay was used to determine the inhibition constants of GIGG and 

DifG against HIVp.103,262,263 The substrate in the assay was a labeled oligopeptide, 

RE(EDANS)SQNYPIVQK(DABCYL)R, purchased from Molecular Probes (Cat. No. H-

2930); recombinant HIVp was purchased from BaChem Biosciences (Cat. No. H-

9040.0100), and the tetrapeptides GIGG and DifG were synthesized by the Peptide Core 

at the University of Michigan Medical School. Pepstatin A (PepA) was used as a positive 

control for inhibition of HIVp (USB, lot #110018). The fluorimetric assays were 

performed in triplicate in 384 well plates (Corning No. 3676) and read using a 

SpectraMax M5 (Molecular Devices). Protease cleavage of the substrate released 

EDANS from DABCYL, and EDANS fluorescence was monitored with 

excitation/emission wavelengths of 340/490nm with a cutoff filter at 475nm.  

To help prevent peptide and protease precipitation, PEG-400 was diluted in Buffer A 

(20mM phosphate, 1 mM DTT, 1 mM EDTA, 20% glycerol, and 0.1% CHAPS at pH 

5.1); 1 μL was added to each well (PEG-400 final concentration, 0.1%). 2 μL of 

compound was diluted in water and then added to the wells to provide final 

concentrations ranging 50-250 μM, followed by dilution of 5 μL HIVp in Buffer A (final 

concentration of 30 nM). The peptide and protease were incubated for 45 min at room 
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temperature; then, 12 μL of substrate (diluted in Buffer A to a final concentration of 2 

μM) was added to initiate the assay.  

 

5.3 Results and Discussion 

5.3.1. Unrestrained LD simulations of peptide-HIVp complexes 

Twelve independent LD simulations of HIVp complexed with peptide ligands were 

initiated from the 1TW7 crystal structure (6 for GIGG and 6 for DifG). The tetrapeptides 

were unrestrained and allowed to freely associate with the protease. HIVp itself remained 

stable, with flap tips sampling freely. Throughout the first five steps of equilibration, the 

peptides remained in contact with the structure, with a maximum RMSD of 2.5 Å to their 

initial location based on 1TW7. However, all of the peptides dissociated from the 

protease during the production phase, as demonstrated by the percentage of native 

contacts lost over the simulation (Figure 5-5). Although run 2 and 4 of the GIGG-HIVp 

complex still retain some of the native contacts at 3 ns, the peptides are no longer 

positioned in the protease elbow (Figure 5-6). None of the unrestrained tetrapeptides 

remained in the binding cleft throughout the simulation. The additional contacts provided 

by the DifG modifications provided no improvement. 
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Figure 5-5: Percent of native contacts over the course of the unrestrained LD for (A,B) GIGG or (C,D) 
DifG bound to HIVp. 

 

Figure 5-6: The 3-ns snapshot of runs 2 and 4 from the unrestrained LD simulations of the GIGG-HIVp 
complex. These images demonstrate that while some of the native contacts are retained, the tetrapeptide is 
no longer associating with the elbow pocket (compare to contacts in Figure 5-1). 

5.3.2. LD and MD of restrained GIGG-HIVp and unrestrained apo HIVp 

There are many reasons a ligand can be unstable in a simulation, so it was important 

to establish if conformational control of the flaps was possible in the event that the 
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peptides remained in the elbow. As outlined in methods, we restrained GIGG to remain at 

the elbow for an explicit MD and implicit LD simulation of 16 ns each. As a control 

system, two 16 ns simulations of apo HIVp (initiated from 1TW7 with ligands removed) 

were performed and analyzed in comparison to the complex. The LD simulations were 

performed to access greater sampling of conformational states, while the MD were 

generated to more accurately sample the motion of the system in the native state.  

Over the course of sampling, all trajectories demonstrated stability of the core HIVp 

residues. However, both the free and bound systems displayed considerable motion in the 

flap region. In these simulations, the flaps moved away from their wide-open position in 

the crystal structure of 1TW7 and sampled the semi-open conformations. In fact, the apo 

handedness of the semi-open state was obtained for both the restrained and free LD 

simulations (the wide-open flaps have the handedness of the bound state). Sampling was 

reduced in explicit-solvent, and neither the restrained or unrestrained simulation changed 

flap handedness.  

To quantify the sampling, snapshots from every 1 ps of the 16-ns simulation were 

clustered into 20 distinct conformational families, using the means algorithm within 

ptraj.249 Our analysis of the conformational behavior of the families focused on the 

flexible flaps. The core of each conformation was overlaid to the 1TW7 conformation 

based on Cα RMSD. The flexibility across families was then measured as the Cα RMSD 

(without fitting) for the flap residues 43-58/43’-58’. The core of the protein was very 

stable and similar across all of the simulations, but the flaps were quite mobile. For both 

the LD and MD simulations, the conformations from the restrained GIGG-HIVp complex 

showed nearly identical sampling to those from the unrestrained apo HIVp. The RMSD 

of the Cα of the flaps were 5.26 ± 0.56 Å and 5.32 ± 0.66 Å for the LD of the restrained 

GIGG-HIVp and unrestrained apo HIVp, respectively (Table 5-1). For the MD, flap 

RMSDs were 3.17 ± 0.60 Å and 3.61 ± 0.74 Å for the restrained and unrestrained 

simulations, respectively ( 
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 Table 5-2). Although the restrained simulations showed slightly less sampling, this 

was insignificant when compared to the range of RMSD across the 20 conformational 

families. We also considered the impact of only the most densely populated states. The 

conformational families with the most occupants were chosen such that the largest 

families that represented ~85% of each trajectory were used (11 conformational families 

from the MD and LD of the restrained complex; 12 from the unrestrained LD and MD). 

The conformational sampling across 85% of the LD and MD trajectories was quite 

marked (Figure 5-7; note that the RMSD values are slightly different than those given 

above, as these reflect the variation across a subset of the conformational sampling). 

 
Table 5-1: Snapshots from the implicit-solvent LD simulations were clustered into 20 conformational 
families.  Below, Cα-rmsd is used to compare each representative to the dimer of HIVp in the 1TW7 
structure. The “RMSD All” is the standard comparison by global overlay of all residues in the dimer; the 
other two metrics are obtained by overlaying only the core of HIVp to the 1TW7 structure and then 
measuring RMSD for the flaps and core separately (measurement, not additional overlays). The flap 
residues are 43-58 and 43’-58’, and all other residues are included in the core. 
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Occupancy RMSD All RMSD Flap RMSD Core Occupancy RMSD All RMSD Flap RMSD Core
14.9% 2.82 5.01 2.25 13.4% 2.78 5.39 2.00
10.6% 3.18 5.72 2.53 12.0% 2.65 5.03 1.94
9.8% 2.88 4.85 2.40 11.0% 2.93 5.20 2.31
9.0% 2.54 4.46 2.04 9.5% 2.83 5.56 2.01
8.5% 2.88 5.11 2.25 9.2% 3.33 6.29 2.43
7.6% 2.55 5.06 1.78 5.9% 2.90 4.77 2.40
6.6% 2.49 4.57 1.88 4.6% 2.85 6.14 1.75
6.5% 2.97 4.98 2.47 4.3% 2.87 4.84 2.36
5.4% 3.02 5.63 2.37 4.0% 2.41 5.25 1.87
3.6% 2.64 5.03 1.93 4.0% 2.64 4.08 1.98
2.9% 3.48 6.25 2.70 3.8% 2.80 4.28 2.45
2.4% 3.15 5.71 2.50 3.0% 2.64 4.96 1.97
2.4% 2.79 4.69 2.34 2.6% 3.05 5.73 2.28
2.2% 2.83 4.74 2.40 2.5% 3.02 5.06 2.48
1.8% 3.11 4.87 2.73 2.3% 2.96 5.96 2.03
1.6% 3.31 6.09 2.54 2.1% 3.13 5.82 2.34
1.2% 2.81 5.18 2.23 1.9% 3.30 5.37 2.76
1.1% 3.52 6.21 2.85 1.5% 3.08 5.71 2.31
1.1% 2.89 5.04 2.40 1.4% 3.14 6.49 2.08
0.9% 3.30 5.92 2.69 1.2% 2.42 4.38 1.90

Average 2.96 5.26 2.36 Average 2.89 5.32 2.18
St. Dev 0.30 0.56 0.29 St. Dev 0.25 0.66 0.26

Restrained, GIGG-HIVp Complex LD Unrestrained, Apo HIVp LD

 

 

 

 

 

 

 Table 5-2: Snapshots from the explicit-solvent MD simulations were clustered into 20 conformational 
families. Below, Cα-rmsd is used to compare each representative to the dimer of HIVp in the 1TW7 
structure. The “RMSD All” is the standard comparison by global overlay of all residues in the dimer; the 
other two metrics are obtained by overlaying only the core of HIVp to the 1TW7 structure and then 
measuring RMSD for the flaps and core separately (measurement, not additional overlays). The flap 
residues are 43-58 and 43’-58’, and all other residues are included in the core. 
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Occupancy RMSD All RMSD Flap RMSD Core Occupancy RMSD All RMSD Flap RMSD Core
12.3% 2.07 3.60 1.65 22.5% 2.49 4.72 1.78
10.7% 1.94 3.61 1.44 11.7% 2.31 4.19 1.75
10.3% 1.75 3.11 1.37 10.9% 2.16 3.80 1.68
9.9% 1.90 3.34 1.50 10.4% 2.51 4.51 1.90
7.6% 1.71 3.00 1.34 6.5% 2.08 3.73 1.59
7.5% 1.72 3.04 1.35 5.2% 2.46 4.61 1.79
6.6% 1.85 3.60 1.32 3.9% 1.34 2.18 1.13
5.5% 2.17 4.30 1.52 3.5% 2.16 4.52 1.35
5.2% 1.52 2.78 1.13 3.3% 1.88 4.11 1.12
4.8% 1.55 2.98 1.12 2.9% 1.49 2.60 1.17
3.3% 1.88 3.95 1.24 2.7% 1.57 2.97 1.12
3.1% 1.89 3.58 1.41 2.5% 1.53 2.54 1.26
2.6% 1.67 3.22 1.20 2.5% 1.75 3.27 1.34
2.0% 1.65 3.50 1.04 2.5% 1.84 3.35 1.40
1.8% 1.27 2.33 0.99 2.1% 1.98 4.01 1.40
1.6% 1.47 2.81 1.05 1.7% 1.70 3.03 1.36
1.6% 1.53 2.89 1.10 1.6% 2.06 3.90 1.50
1.5% 0.94 1.45 0.82 1.5% 1.72 3.29 1.24
1.1% 1.70 3.18 1.23 1.3% 1.90 3.82 1.26
0.9% 1.60 3.06 1.15 0.9% 1.58 3.06 1.10

Average 1.69 3.17 1.25 Average 1.93 3.61 1.41
St. Dev 0.28 0.60 0.21 St. Dev 0.35 0.74 0.26

Restrained, GIGG-HIVp Complex MD Unrestrained, Apo HIVp MD
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Figure 5-7: Representative cluster families display the conformations sampled in 85% of each simulation. 
Each set is overlaid to the crystal structure conformation of 1TW7 (in black): (A) LD of the restrained 
GIGG-HIVp, (B) LD of unrestrained apo HIVp, (C) MD of restrained GIGG-HIVp, and (D) MD of 
unrestrained apo HIVp. The structures are overlaid by the Cα of the core residues (all residues except the 
flaps 43-58 and 43’-58’), and the RMSD of the flap region is noted. 

There was little difference in flap mobility between the unrestrained apo HIVp and 

HIVp-GIGG complex; both freely sampling flap conformations between 3-11 Å RMSD 

of the placement in the 1TW7 structure. One of the standard metrics for assessing the 

conformational state of the flaps has been the distance between Asp25 and Ile50. In 

1TW7, the skewed-open structure has a distance of 18.8 Å. The semi-open structure 

1HHP has a distance of 17.2 Å and the closed structure 1PRO has a distance of 14.1 Å. 

The flaps in both the restrained and unrestrained LD simulations clearly sample semi-

open and open conformations (Figure 5-9). The presence of explicit solvent reduced the 

degree of sampling and biased flap conformations towards the closed position (Figure 
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5-10). However, the restrained and unrestrained simulations were not significantly 

different in their conformational sampling. 

 
Figure 5-8: A wide degree of conformational sampling is seen in the LD simulations, whether GIGG is 
present or not. Both flaps of the restrained GIGG-HIVp (yellow and green lines) and unrestrained apo 
HIVp (red and black lines) simulations are shown. The snapshots were overlaid with respect to the Cα 
atoms of the core of the dimer in 1TW7, and the RMSD of only the flap Ca (residues 43-58 and 43’-58’) are 
shown above. 

 

Figure 5-9: The distance from the flap tips Ile50/50’ to the catalytic Asp25/25’ during the implicit-solvent 
LD of (A) the restrained, GIGG-HIVp complex and (B) the unrestrained, apo HIVp. The individual flaps 
have different colors in each plot. Horizontal, black lines note the distances seen in different 
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conformational states: the skewed-open 1TW7 is 18.8 Å, the semi-open 1HHP is 17.2 Å, and the closed 
1PRO is 14.1 Å. 

5.3.3. Experimental testing of peptides 

To further support our conclusions, we conducted experimental inhibition assays. A 

fluorimetric assay was used to discern the inhibitory potency of the GIGG and DifG 

peptides. Consistent with our simulations, we found no inhibition of HIVp by either 

tetrapeptide at concentrations of 250 µM (Fig. 2-7). 

 
Figure 5-10: The activity of HIVp in the presence of 250 μM peptides is given: DifG (blue circle) and the 
model peptide for GIGG (Ac-GIGGK, orange triangle). The IC50 curve of the control PepA is also shown 
(purple circles). 

5.4 Conclusion 

As demonstrated by both unrestrained and restrained simulations of protease-ligand 

complexes, the contacts seen in the 1TW7 crystal structure do not exemplify allosteric 

control. The peptide-HIVp complexes were unstable and freely dissociated. The 

interactions appear too weak, even when modified to improve the contacts. Despite 

restraints to maintain contacts to the elbow region, their association with HIVp had no 

significant affect on flap mobility. Perryman et al. have used restraints within the elbow 

region to control flap dynamics10, but it appears that maintaining only the elbow contacts 

in 1TW7 is not able to force this control. Furthermore, experimental testing showed no 

inhibitory activity by small peptides representing those crystal contacts. This study 

further refines the conclusions of Layten et al253 to show that the altered conformation in 
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1TW7 is solely the result of packing effects and not the result of a symmetric 

environment which fortuitously presents allosteric contacts. 

It must be emphasized that this study does not refute the possibility of allosteric 

control via the elbow region, but it does indicate that peptide-based molecules may be 

less appropriate for these efforts. Hornak et al. showed that it was possible for the small 

inhibitor XK263 to correct itself during LD sampling after initial improper placement.255 

That result does not mean that all ligands can correct poor contacts during an LD 

simulation, but we may have expected at least one of the 12 peptides to correct their 

placement into a stable alternative location if peptide ligands were appropriate. Our 

results could explain why no allosteric inhibitors have been found serendipitously, 

despite a significant effort to develop competitive inhibitors using peptide scaffolds.264 

It is possible that effective allosteric inhibitors will require more contacts between the 

structural features of HIVp. The contacts in 1TW7 placed the flap tip in contact with only 

the elbow and cantilever (residues 59-75) regions. As such, these were the only contacts 

maintained in our simulations. However, the nearby “fulcrum” region (residues 11-22) 

has also been shown to be correlated with flap motion.190,205,265,266 It is possible that a small 

molecule will have to contact all three regions to gain adequate allosteric control of a 

region as large as the flaps.  

 

This work was published as: Lexa KW, Damm KL, Quintero JJ, Gestwicki JE, 
Carlson HA. Clarifying Allosteric Control of Flap Conformations in the 1TW7 Crystal 
Structure of HIV-1 Protease. Proteins 2009, 74, 872-80.  
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A.1     Exploring the Potential for Allostery at the Elbow Region of HIV-1 Protease 

A.1.1.  Introduction 

Studies have shown that the conformational flexibility of these flaps is highly anti-

correlated to other regions on the protease, particularly the elbow (residues 35-42/35’-

42’).190,196,204,205,253,256,265-271 Perryman et al. performed a series of harmonic restraint coarse-

grained and MD simulations that held a pair of atoms in the elbow region a set distance 

apart.190,205,265 These studies demonstrate that constraining movement at the elbow region 

impacts the conformational sampling of the flaps. Although this research is limited in that 

distance restraints were used rather than a small molecule, it laid the groundwork for the 

theory of allosteric regulation of HIVp activity via the elbow region. To demonstrate that 

allosteric control through the elbow site is a valid therapeutic path to pursue for 

controlling the flexibility and therefore activity of HIVp, further studies were necessary 

to examine the impact of a small molecule bound at the elbow region. 

Using the MPS technique101,272,273, we flooded the elbow region of two different HIVp 

conformations, using MD snapshots of semi-open protease (PDB ID 1HHP274) as well as 

NMR structures of closed protease (PDB ID 1BVE275). Pharmacophore models for each 

of these conformations were generated with MPS, however the models consisted mostly 

of hydrophobic elements, demonstrating a lack of specific contacts available in the elbow 

region necessary for realistic drug design. The pharmacophore model resulting from the 

semi-open structure displayed only four elements between the elbow and cantilever. The 

closed conformation pharmacophore displayed a larger binding site, with five available 

contact elements, including a hydrogen bonding element. While the semi-open model 

highlighted contacts between the elbow and cantilever, the closed protease model 

illustrated the importance of contacts between the elbow, cantilever, and fulcrum (Fig. 3-

1). This closed flap pharmacophore model implied that small molecules with affinity for 

the elbow region should not only form interactions the elbow and cantilever residues, but 

also the fulcrum residues. These additional contact regions should improve specificity for 

the elbow site and also contribute to allosteric regulation of the flap region. 
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Figure A-1: The pharmacophore models of HIVp based on MD snapshots of the semi-open 1HHP structure 
is shown to the far left. In the middle is the MPS model based on NMR structures (1BVE) of closed HIVp 
showing the V-shaped binding pocket in the elbow region.   In these figures, cyan represents an aromatic 
element and green an aromatic/hydrophobic element. The image to the right demonstrates the character of 
the elbow region binding site with an analytic Connolly surface: hydrogen bonding regions are shown in 
pink, hydrophobic in gray and mildly polar in dark blue.  

We set out to elucidate this region of space at the elbow site through MD studies. 

Distance restraints as well as small molecule mimics were implemented to better 

understand the link between the cantilever-elbow-fulcrum triangle and the flaps. To 

further our understanding of the elbow region as an allosteric site with therapeutic 

potential, it was necessary to identify the appropriate conformational space that must be 

controlled in order to induce a shift in the flap position. To this end, we utilized distance 

restraints and ligand mimics at the elbow region. 

To further clarify the nature of allosteric regulation, we also performed LD and MD 

simulations of HIVp tethered at the β-sheet region. Both an apo and bound tethered HIVp 

were crystallized by Pillai276 and Bhat277 respectively. The tether attaches the C-terminus 

of the first monomer to the N-terminus for the second monomer (Figure A-). Both 

structures were shown to adopt the closed conformation. These studies demonstrated 

another possible target for allosteric control of HIV-1p. While these simulations 

examined the importance of contacts at the dimer interface, they simultaneously provided 

a mechanism for exploring correlations between flexible residues. The β-sheet linker 

enabled us to study how allosteric regulation at the dimer interface might correlate with 

motion at the elbow as well as the flaps. 
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Figure A-2: The tethered HIVp, with the linker shown at the base of the dimer in red. 

Methods 

MPS 

The MPS methodology originally developed by Carlson et al. was employed to create 

pharmacophore models of the allosteric sites. The 1BVE structural ensemble was 

downloaded from the PDB278 and the 1HHP structural ensemble were generated through 

MD in AMBER8259. These files were prepared in PyMol257,279, MOE2006.08258 and 

tLEaP. Hydrogens were minimized in AMBER8 while constraining the movement of all 

other atoms.  

Each structure file underwent an initial multi-unit search for interacting conformers 

(MUSIC)280 run using BOSS280,281 in preparation for flooding. Once prepared, these files 

were imported into PyMol and the region for flooding was centered at the elbow (Gly41) 

with a radius of 15 Å. The files were then flooded with small molecule probes three 

separate times: once with 500 benzenes, once with 500 ethanes, and once with 500 

methanols. The resulting files were then run through MUSIC a second time to 

simultaneously minimize all 500 probes of a single type to the binding surface. The 

probe-probe interaction energy was ignored, allowing for clustering of the small 

molecules into groups of probes that represented potential binding interactions. Probes 

were clustered into groups by a Jarvis-Patrick algorithm developed in the Carlson lab.282 

All clusters with at least eight members were retained. The probe with the lowest energy 
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from each cluster was chosen to represent the cluster as a single parent probe. Then the 

coordinate files were aligned using the wRMSD code from the Carlson lab283 and 

examined in PyMol. For the 28 coordinate files containing parent probes of benzene, 

clusters of parent probes with at least 14 probes were retained. The same was done for the 

coordinate files containing ethane and methanol. A pharmacophore table was created 

based on the clusters of parent probes, resulting in a final pharmacophore model of 

important features at the binding site. 

AutoDock 

AutoDock4.0284 was used to perform grid-based docking of the ligand mimics into the 

allosteric binding pocket. To calculate partial charges on the atoms, AutoDockTools was 

used to assign Gasteiger (PEOE) partial charges. Lamarckian GA sampling285 was 

implemented for searching the conformational space.  

Amber Paramterization of Ligand Mimics 

Force field parameters were created for the ligand mimics consisting of three or five 

artificial atoms by developing special libraries through antechamber and xLeAP using the 

gaff force field245. The atomic weight, radius, bond length, bond stretch, torsional angles, 

ε value and σ value were used to describe the artificial atom (Eq. 1-2). The depth of the 

Lennard-Jones well potential is signified by ε and the well width by σ. These atoms were 

created as vdW spheres with radii of 1.9 (SML), 2.2 (MD), or 3.55 (LRG) Å, linked by a 

3.5 Å bond, and docked to the elbow region of apo 1HHP or apo 1PRO. The size of the 

effective van der Waals radius (rmin) was varied to fully explore the effect a small 

molecule could have upon flap movement through the elbow region. Additionally, we 

chose to use very loose force constants for bond stretching, angle bending and torsions to 

allow the ligand mimics to fully sample the area available for binding at the elbow 

region. The atoms were uncharged, but the well depth (ε) was set to five times that of 

oxygen, causing the surrounding atoms to preferentially interact with these artificial 

atoms (Table A-1). 
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Table A-1: Parameters used for artificial atoms in ligand mimics simulations compared to values for 
aromatic C. 

 

Elbow MD Simulations 

The restrained elbow simulations were initiated from semi-open (1HHP) and closed 

(1PRO) conformations following preparation in MOE2006.08258 and PyMol257,279. MOE 

was used to check partial charges and protonation states of Asp, Glu, and His residues. 

PyMol was used to propagate symmetry contacts, remove crystallographic ligands, and 

ensure the neutralizing ions and ligand mimics were appropriately positioned. All of the 

explicit simulations followed the procedures outlined by Meagher et al.243.  

Hydrogens and neutralizing ions were added in the tLEaP module in AMBER and 

simulations were performed in AMBER8245 according to the PME232 method with the 

FF99SB force field256 and TIP3P waters215. The waters were added as a truncated 

octagonal box extending 12 Å beyond the protein and the vdW cut-off was 10 Å. A 

timestep of 2 fs was employed and bonds to hydrogen were restrained with SHAKE4. The 

hydrogen atoms and water molecules were equilibrated before the protein was allowed to 

move to prevent system collapse.243 The total simulation length was 35 ns per run at a 

constant temperature of 310K. 

A series of six equilibration phases were performed for each simulation; during the 

first two, the temperature of the system was increased over 20 ps from 110K to 310K. 



 

123 
 

The temperature was then held constant for the duration. Restraints were placed on the 

heavy atoms and then gradually removed over the course of equilibration, from an initial 

force constant of 2.0 kcal/mol* Å 2 to 0.1 kcal/mol*Å2 during the fourth phase. During 

the fifth phase, restraints were only placed on the backbone atoms, with force constants 

of 0.1 kcal/mol* Å2. After the fifth phase, restraints were removed and the system was 

able to sample freely. Phases one through three were each 10 ps, while phases four and 

five were both 50 ps. Phase six was the final step before production, allowing the system 

to freely equilibrate over 2ns.  

NMR Distance Restraints 

The NMR restraint option in AMBER was implemented to restrict distances across 

the elbow cleft. The distances across Gly40Cα-Gln61Cα and Gly17Cα -Pro39Cα were 

held stable at 7.7 Å (open) or 10.5 Å (closed). The distance across Gly17Cα-Gln61Cα 

was held at 14.8 Å (closed) or 17.3 Å (open). The energy penalty for exceeding the upper 

or lower bound was set at 32 kcal/mol*Å or 60 kcal/mol*Å. These simulations are 

hereafter referred to as Closed1, Closed2, Open1, and Open2. These systems were 

minimized in sander to relax bad contacts prior to application of restraints across the 

elbow. Following phase five of equilibration (3.2.4), the NMR force restraints were 

applied with a weight multiplier of 0.1 to allow the system to adjustment to the restraints. 

This prevented system blow-up and any major structural violations. The weight multiplier 

was increased to 1.0 over 5000 steps and then maintained at 1.0 for the rest of the 

simulation.  

This method of ramping up the weight of force constants worked for opening the 

protease, but we found that closing restraints required a more gradual application. In 

these cases, we began applying weights following the inital 800 ps of equilibration step 

six, starting with a value of 0.1 and increasing to 0.8 by incrementing plus 0.1 every 200 

ps. The weight was further increased from 0.8 by 0.1 every 2000 ps until a constant of 1.0 

was reached. The force constants were then maintained at a weight constant of 1.0 for the 

duration of the simulation. 

Tethered β-sheet MD 

Since the tethered apo structure (PDB ID 1G6L276) was disordered at the linker 

region, the starting structure was generated from the tethered holo HIVp crystal structure 
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(PDB ID 1HVC277) following ligand removal. All MD simulations were performed in 

AMBER8 with FF99SB. Hydrogens were added in the tleap module and minimized over 

10,000 steps. The minimized structure was solvated by a 15 Å octahedral box of TIP3P 

waters, the long-range interaction cut-off was set to 10 Å, and chloride ions were added 

based on the electrostatic surface potential248 to neutralize the charge. Equilibration was 

performed as described in 3.2.4. The production run was carried out over 18 ns.  

Calculated Properties 

Success for each of our studies was defined as modified flap motion. To identify 

modified flap motion, several analytical methods were employed. Ptraj10,249 was used to 

analyze and cluster simulation trajectories to give a picture of the flexibility inherent in 

our various protein-ligand and protein-restraint simulations. Commonly used metrics in 

the HIVp literature were calculated in order to quantify the extent of flap opening, flap tip 

curling, core stability, duration of the protein-ligand mimic bound state, and RMSF. The 

distances for the flap opening were calculated based on the distance between 

Asp25/25’Cα and Ile50/50’Cα. However, this metric only portrays the opening of one 

side of the protease and may not accurately reflect whether the active site is available for 

ligand binding. Therefore, an additional metric was used based on the center of mass 

(COM) between the two flap tips Ile50/50’Cα and catalytic Asp25Cα. Flap tip curling 

was measured by evaluating the angle between residues Gly48-Gly49-Ile50. Stability was 

assessed from the RMSD of the protease core from the starting structure. RMSF was 

calculated by ptraj using the atomicfluct command, where (8/3)π2*RMSF2 = B-factor. 

Clustering was based on the means algorithm available through ptraj. The ideal number 

of families to use for clustering our trajectories was based on the criteria for DBI, pSF, 

and SSR/SST as described by Shao et al.249 For our tethered HIVp simulations, we 

generated cross-correlation plots with ptraj and Carlson group scripts to describe 

correlated motion over time. 

 

Discussion 

The Elbow 

The triangle of space at the elbow region where the elbow, cantilever and fulcrum 

come together is mostly hydrophobic in nature. From our MPS model of closed HIVp, we 
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found that this binding site features one aromatic element, one donector element, and 

three aromatic/hydrophobic elements (Fig. 3-1). Due to the lack of specific contacts 

available in this region, performing VS to find novel leads that target this site may not be 

the best approach. The highly hydrophobic character of the elbow region would lead to 

the identification of many false positives. Instead, we performed a more complete 

exploration of the space by expanding our understanding of how a small molecule bound 

at the elbow might impact flap movement with the future goal of designing novel leads. 

Elbow Restraint Simulations 

By performing a series of simulations with distance restraints across the elbow-

cantilever-fulcrum region (Figure A), it was possible to demonstrate where the most 

important interactions in the elbow region were occurring in order to modulate flap 

movement. This allowed the allosteric mechanism of action to be explored in-depth prior 

to performing virtual screening and structural biology experiments. 

 

Figure A-3: Terminology for the topology of HIV-1 protease. Dark blue: flaps, residues 43-58. Yellow: flap 
tips, residues 49-52. Orange: fulcrum, residues 11-22. Lime green: cantilever, residues 59-72. Cyan: eye 
(active site), residues 23-30. Blue: whiskers (dimer interface), residues 1-5, 95-99.  Hot pink: elbow, 
residues 35-42. Light blue: helix, residues 86-90. Red: wall turn, residues 79-84. Violet: nose, residues 6-
10. 

The effect of a combination of distance restraints at the elbow region was examined 

over a series of simulations. The distances used for each pairwise restraint were based on 

a comparison of the crystallographic distances seen between the four atoms used to 
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define the elbow cleft (Gly17, Pro39, Gly40, Gln61) as well as the distances used by 

Perryman et al.204 We tried several alternate combinations of distance restraints because 

of the diverse distances observed in crystallographic structures of similar HIVp states. 

Additionally, the range of observed distances had overlap for the closed and semi-open 

conformations. The well width of the force restraints was also varied to examine the 

impact of a loose range of distances versus a more tightly controlled distance sampling. 

Combinations of one, two, or three restraints across the elbow region were used to 

explore the impact of constraining these secondary structural elements upon flap 

movement.  

Eight LD simulations were performed over 15 ns to examine the effect of a 

combination of distance restraints at the elbow region. Although LD required less 

computational power, the difference between open and closed restraints was not 

significant (Figure A-). The most promising results were run in explicit solvent MD for 

35 ns. 

 

Figure A-4: Distances from the base of the active site to the flap tips as a measure of flap opening in the 
LD simulations. The typical distance for a closed conformation is shown as a black line, and the typical 
distance for a semi-open conformation is shown as a gray line. 

Using a combination of two restraints, one across either the elbow-fulcrum or elbow-

cantilever region, and another across the fulcrum-cantilever, led to a skewed 

conformation. Using two restraints across the elbow-fulcrum and elbow-cantilever did 

allow for flap closure. This indicated that the small fulcrum-cantilever cleft offers less 

important interactions when compared to the larger cleft between the elbow-fulcrum or 

the elbow-cantilever. Our MPS models of HIVp in the closed and semi-open state 
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reinforce this idea. Neither pharmacophore model displayed an element that took 

advantage of the small cleft available between the fulcrum and cantilever.  

A full triangle of restraints led to normal closed, semi-open, and open conformations. 

We found it necessary to have all three distances restricted to a narrow well width to 

achieve significant flap closure. In addition, we found that the closed conformation was 

most frequently sampled and more stable when restraints across the elbow region were 

gradually applied. On the other hand, it was considerably easier to open the flaps, even 

without applying gradual restraints and without such a narrow well width. Furthermore, a 

heavier force constant of 60 kcal/mol*Å allowed for better flap closure than a lighter 

force constant of 32 kcal/mol*Å. The lower force constant led to more frequent sampling 

of semi-open flap positions. However, the lighter force constant did not perturb the flap 

conformation, whereas the higher force constant caused skewed-open flap conformations 

when used with opening restraints. 

 

Figure A-5: Distances from the base of the active site to the flap tips as a measure of flap opening. The 
typical distance for a closed conformation is shown as a black line, and the typical distance for a semi-
open conformation is shown as a gray line. 

We found that Open1 and Open2 promoted full flap opening (Figure A-5). Both of 

the flap tip-to-catalytic site metrics quantitatively showed that the open restraints 

effectively pushed the semi-open conformation from 1HHP into an even more open 

conformation. The closed restraints shifted the ensemble toward the closed conformation 

when heavier force restraints were used. These metrics illustrated that our tighter closed 

restraints shifted the populated ensemble of conformations from the semi-open to the 
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closed conformation. We were able to successfully promote flap opening and flap closing 

from the semi-open conformation of 1HHP with three distance restraints. We also ran 

simulations from the closed conformation to illustrate forcing the closed flaps open. 

 
Table A-2: In the semi-open crystal structure the Ile50-Asp25 distance was 17.8 Å. In the closed crystal 
structure the distance was 14.1 Å. In the semi-open structure of 1HHP, this COM distance measures 17.31 
Å and in the closed structure of 1PRO it measures 13.1 Å. 

Simulation 
Distance (Å) 

Asp25-Ile50 

Distance (Å) 

Asp25’-Ile50’ 

Distance (Å) Asp25–

COM Ile50/50’ 

Distance (Å) 

Asp25’-COM 

Ile50/50’  

Open1 23 ± 2.64 23.59 ± 2.51 22.89 ± 1.94 23.19 ± 1.95 

Open2 22.15± 3.58 22.97± 3.04 22.22 ± 2.26 22.02 ± 2.37 

Closed1 17.39 ± 1.43 20.66 ± 1.48 19.37 ± 1.52 18.17 ± 1.50 

Closed2 13.93 ± 1.35 12.20 ± 1.63 14.06 ± 1.24 12.51 ± 1.5 

 

RMSD and RMSF values were calculated to ensure that the distance restraints did not 

warp the structure of the protease (Figure A-6). We found that the core of the protease 

(all residues excluding the flaps) remained stable in all simulations with an average of 

1.41 Å for the closed restraint simulations and 2.29 Å for the open restraint simulations. 

The average RMSD of the core for a 35 ns explicit MD simulation of apo 1HHP was 1.92 

Å. We also found that the RMSF values were quite low with the exception of the flap 

residues. As would be expected, the simulations with closing restraints demonstrated far 

less fluctuation of flap residues. 
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Figure A-6: The overall RMSD and RMSF calculated for the core (all residues but the flaps 43-58/43'-58') 
of HIVp over the length of the production run.  The mean RMSD of the HIVp core for a simulation of apo 
1HHP over 35ns was 1.92 ± 0.43Å. The core remains stable for the duration of the trajecories. 

 

Our MD simulations were clustered into 15 families based on the last 10 ns of each 

35 ns trajectory. The 85% most populated families were chosen to illustrate the most 

frequently occupied conformations present (Figure A-7). By the last 10 ns of the 

trajectory, the simulations were completely equilibrated and indicated the effect a small 

molecule bound between the cantilever-elbow-fulcrum regions may have on flap 

mobility. The combination of three distance restraints effectively kept the flaps in an 

open state or a closed state. The stronger force constant simulations demonstrated a more 

significant shift towards the desired flap conformation, particularly in the case of the 

closing restraint simulations. 

 

Figure A-7: The last 10 ns of each 35 ns production trajectory were clustered into 15 representative 
families based on the means algorithm in ptraj. These images show the front and top view of all 15 families 
from the closed restraint2 and open restraint1 MD simulations. These structures are overlaid with the 
crystal structure of a semi-open conformation (1HHP) in light gray and a closed conformation (1PRO) in 
black. 
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Ligand Mimic Simulations 

We furthered our understanding of controlling flap motion through the elbow by 

constructing a model system with ligand mimics, allowing a small molecule to freely 

sample the elbow region, and testing for control over flap mobility. The ligand mimics 

SML, MED, LRG were introduced via AutoDock4 to the elbow region of 1HHP and 

1PRO, according to our MPS model of closed HIVp. The SML and MED beads were 

meant to illustrate the effect of an allosteric flap opener204 by causing the elbow region to 

contract and forcing the flaps to open, thereby elongating the time required for substrate 

binding. We hypothesized that the LRG beads would push the secondary structural 

features at the elbow site apart, similarly to the closed distance restraints, causing flap 

closing. The incorporation of explicit TIP3P waters allowed for realistic competition 

between solvent, ligand, and protein for forming favorable interactions.  

 
Table A-3: The mean distances found for flap movement over the duration of our 35ns simulations initiated 
from the semi-open (1HHP) and closed (1PRO) conformations with ligand mimics LRG5, MED5 or SML5 
bound at each elbow region. The typical distance for Asp25/25’ - Ile50/50’ in a 35-ns simulation started 
from apo 1HHP was 23.32±1.03 and 23.56±0.71 Å. For Asp25/25’ - COM Ile50&50’ the average was 
22.93±0.98 and 23.85±1.06 Å. 

Simulation Distance Asp25-
Ile50 (Å) 

Distance Asp25’-
Ile50’ (Å) 

Distance Asp25-
COM Ile50/50’ 

(Å) 

Distance Asp25’-
COM Ile50/50’ 

(Å) 
1HHP LRG5 13.99±1.95 13.52±1.93 14.28±1.53 13.62±1.58 
1HHP MED5 14.34±2.84 15.36±1.95 15.37±2.10 15.59±2.06 
1HHP SML5 19.83±4.10 18.32±3.47 18.44±2.85 20.59±3.59 
1PRO LRG5 13.23±1.50 13.25±0.96 12.20±1.27 13.02±1.13 
1PRO MED5 13.92±0.80 14.31±0.99 12.96±0.71 12.97±0.79 
1PRO SML5 14.83±0.79 15.45±1.20 14.34±0.80 13.28±0.84 

 

For all ligand mimic simulations, the RMSD of the core region was compared to the 

position of the starting structure in order to ensure stability over the course of the 

simulation (Figure A-8). Our analysis showed that, excluding the flap region, there was 

relatively little deviation over the 35ns simulation time from the starting conformation. 

Distances from the COM of the flap tips to the catalytic Asp25/25’ as well as the distance 

from flap tip Ile50/50’ to catalytic Asp25/25’ were also calculated and are presented in 

Table A-3. The differences between the extent of flap opening seen in simulations with 

1PRO and 1HHP may indicate that MD initiation from the closed structure requires 
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longer simulation time for full exploration of the conformational space compared to 

simulations beginning from the semi-open structure.  

 
Figure A-8: Dissociation of ligand mimics from the bound position. An RMSD of approximately 11 Å or 
greater can indicate either dissociation from the elbow region or movement into a different area of the 
pocket. At an RMSD of about 15 Å, the ligand has dissociated from the elbow region. 

Clustering of the last 10 ns from each 35 ns trajectory showed that the SML mimics 

had mostly dissociated from the elbow (Figure A-9). In the simulation of 1HHP-SML, 

the ligand mimics from both elbows dissociated and the structural symmetry was no 

longer preserved. Oddly, although the mimics have mostly dissociated in the 1PRO-SML 

simulations, the flaps are still closed. This could be explained by the position of one of 

the ligand mimics on the top of a flap. A crystallography study of darunavir identified a 

secondary binding site for the PI that the authors hypothesized could contribute to 

efficacy against MDR HIVp. One SML mimic was bound at that site, potentially 

explaining the continued flap closure. 
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Figure A-9: Representative structures of the ligand mimic simulations obtained by clustering the 
trajectories of each run into 15 separate families to describe the conformations adopted by the protease 
when a ligand mimic is placed in the elbow region. Clustering was performed in ptraj according to the 
means algorithm on the final 10ns of the 35ns production run. The ligand mimics are displayed in white. 

In our simulation of 1HHP-MED, the ligand mimics were still bound at the elbow 

region, although they shifted in position to occupy the space between the elbow and 

fulcrum. However, the flaps of this structure sampled the semi-open and open 

conformations and exhibited flap tip curling. For the 1PRO-MED system, on one side the 

ligand mimics have dissociated from the elbow, and on the other they have moved to 

occupy the cleft between the elbow and fulcrum. The flaps of this structure are closed. 

The 1HHP-LRG and 1PRO-LRG runs showed greater binding stability at the elbow 

site. The flaps sampled a reduced number of semi-open conformations relative to the 

flexibility of the flaps seen in a simulation of 1HHP in explicit solvent. The simulation of 

1PRO-LRG demonstrates higher stability of the ligand mimics and flaps than the 1HHP-

LRG run. This could be because the simulation commenced in the closed structure, so the 

necessary space for binding was already available at the elbow region whereas starting 

from a semi-open conformation (narrower elbow cleft) required extra time for the protein 

to sample the space needed. 

The SML and MED mimics were less likely to remain associated with the elbow 

region. Additionally, they were less capable of forcing flap opening. RMSD values for 

each ligand mimic were calculated compared to the starting docked conformation. 

However, these values did not accurately reflect the distance of the ligand mimic from 
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the binding site, as RMSDs of 8-13 Å could either indicate complete dissociation of the 

mimic from the elbow or a shift from occupying the V-shaped cleft between the 

cantilever-elbow-fulcrum to the cleft between the elbow-cantilever or elbow-fulcrum. 

Instead, the percent accessible surface area was calculated with NACCESS2.1.1. The 

accessible surface area for each family representative was calculated and then compared 

to the initial accessible surface area for the starting structure to gain an understanding of 

how our ligand mimic had moved in the elbow region. 

These studies showed that it seems more tractable to keep the flaps closed with a 

ligand mimic inserted into the elbow region than to keep them open. These mimics did 

remain bound to the elbow region for a longer period; however, typically only one ligand 

mimic remained bound in the elbow region over time, while the other dissociated. This 

may indicate that the elbow region is an asymmetrical binding site. 

 

Tethered Protease Simulations 

The tethered HIVp form was the first evidence for conformational change of the 

protease flaps that was not driven by crystal packing. Therefore, sampling of the 

structure’s energy landscape offered another approach for studying behavior modification 

of the flaps. As a result of the tether, the two monomers are no longer equivalent; each 

has a difference relationship to the tether. Behavior of monomer A reflects the constraints 

imposed by restraining the C-terminus of the monomer, while the behavior of monomer 

B reflects the effects of restraining the N-terminus of the monomer. 

 We found that throughout the entire 18 ns explicit MD simulation, tethered protease 

remained in its closed form, despite being unliganded. To further understand the potential 

flexibility of this system, we initiated several shorter (10 ns) implicit LD simulations. In 

our LD simulations, one flap covered the entire active site with its tip interacting at the 

eye site. The other flap sampled randomly. No open or semi-open flap conformations 

were seen in the trajectory snapshots from LD or explicit MD simulation.  

Based on these results, we sought the corresponding distances that were the key for 

modifying flap behavior. To relate flexibility and conformation, cross-correlation plots 

were constructed from 500 ps – 1000 ps snapshots of the trajectory. These plots clearly 

illustrated the link between the β-sheets, the elbow region, and the flaps. Unfortunately, 
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how the conformational change demonstrated by these studies relates to inhibition is 

unclear given that the tethered mutant retains activity (~60%). 

 

Conclusion 
Our studies show that there is a V-shaped cleft made up of the space between three 

secondary structural elements: the cantilever, fulcrum and elbow. This region has been 

previously studied by applying one distance restraint to a pair of atoms at this region in 

all-atom MD and coarse-grained MD. We have expanded upon this work to demonstrate 

the relative importance of associations amongst the three secondary structures features at 

the proposed allosteric site. We found that distance restraints could both force flap 

closure as well as flap opening. This was the first time these three structural elements 

have been evaluated together to examine the relative significance of each sub-site within 

this region. We also showed that the small cleft between the fulcrum and cantilever is not 

as important for granting allosteric control over the flaps as the regions between the 

elbow and cantilever and the elbow and fulcrum.  

We were the first to definitively show with a small molecule that flap closing is easier 

to achieve than flap opening. We found that flap mobility was affected by the range of 

flexibility available to the elbow region. From our studies with ligand mimics, and based 

on previous work in the Carlson lab, we believe the elbow region may be an 

asymmetrical binding site. Our ligand mimic simulations indicated that flap closing could 

be better controlled by a bigger ligand at the elbow site than flap opening could be by a 

small ligand. This makes intuitive sense, as it is generally easier to push two regions apart 

than encourage them to come closer together. After this research was completed, a 

similar study was published using carbon nanotube beads.286 

Further work still needs to be performed to translate these studies into 

pharmaceutically-relevant small molecules that allosterically target the protease. 

Although the conformational restriction imposed by the tethered protease is quite 

interesting, the retained activity of the enzyme limits the applicability of our studies. 

However, we have shown that bulky small molecules do restrict flap movement when 

bound at the elbow region. Our development of simple 5-element van der Waals spheres 
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and our elucidation of the necessary elements to control at the elbow site will lead to 

more fruitful studies using specific small molecules to target the elbow region. 
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