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Abstract The two retroviruses human T-lymphotropic
virus type I (HTLV-I) and human immunodeficiency virus
type 1 (HIV-1) are the causative agents of severe and fatal
diseases including adult T-cell leukemia and the acquired
immune deficiency syndrome (AIDS). Both viruses code
for a protease that is essential for replication and therefore
represents a key target for drugs interfering with viral
infection. The retroviral proteases from HIV-1 and HTLV-1
share 31% sequence identity and high structural similarities.
Yet, their substrate specificities and inhibition profiles differ
substantially. In this study, we performed all-atom molec-
ular dynamics (MD) simulations for both enzymes in their
ligand-free states and in complex with model substrates in
order to compare their dynamic behaviors and enhance our
understanding of the correlation between sequence, struc-
ture, and dynamics in this protein family. We found
extensive similarities in both local and overall protein
dynamics, as well as in the energetics of their interactions
with model substrates. Interestingly, those residues that are
important for strong ligand binding are frequently not
conserved in sequence, thereby offering an explanation for
the differences in binding specificity. Moreover, we
identified an interaction network of contacts between
conserved residues that interconnects secondary structure
elements and serves as a scaffold for the protein fold. This
interaction network is conformationally stable over time
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and may provide an explanation for the highly similar
dynamic behavior of the two retroviral proteases, even in
the light of their rather low overall sequence identity.
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CA/NC cleavage site

HIV-PR
HTLV-PR
MA/CA cleavage site

MD
p2/NC cleavage site

PDB
RMSF
TSP/HAM
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Adult T-cell leukemia

Protease cleavage site in HTLV-I
polyprotein precursor between the
capsid and nucleocapsid proteins
HIV-1 protease

HTLV-I protease

Protease cleavage site in HIV-1
and HTLV-I polyprotein precur-
sors between the matrix and cap-
sid proteins

Molecular dynamics

Protease cleavage site in HIV-1
polyprotein precursor between the
p2 and nucleocapsid proteins
Protein Data Bank
Root-mean-square fluctuation
Tropical spastic paraparesis

In 1980, human T-lymphotropic virus type I (HTLV-I) was
the first human retrovirus to be isolated [1], and it was later
identified as the causative agent of severe diseases such as
adult T-cell leukemia (ATL) [2] and tropical spastic para-
paresis (TSP/HAM) [3], as well as a variety of other
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diseases [4—7]. Ten to twenty million people are estimated
to be infected with HTLV-I worldwide [8], of whom about
10% are at high risk of developing ATL or TSP/HAM [9,
10]. Human immunodeficiency virus type 1 (HIV-1),
another member of the retrovirus family, was also first
discovered in the early 1980s [11], and was quickly linked
to another devastating disease in humans: the emerging
worldwide pandemic of acquired immune deficiency
syndrome (AIDS) [12].

Many antiviral drugs for the treatment of HIV-1 have
been developed and released. Today, treatment options for
HIV-1 patients are based on a variety of substances that use
different strategies to block the viral life cycle and have
dramatically improved life expectancy. The largest and
most efficient group of drugs is directed against the viral
protease—the enzyme that is essential for processing viral
proteins from a polyprotein precursor [13]. However, the
problem of the rapid emergence of resistant strains still
poses a challenge to researchers and clinicians.

There is still no specific antiviral agent available for the
treatment of HTLV-I infections, as most anti-HIV drugs
have proven to be ineffective. ATL patients can be treated
with Zidovudine (AZT), a nucleoside analog and inhibitor
of HIV reverse transcriptase, but inhibition of HTLV
replication has not been shown to date [14]. Available PR
inhibitors also do not appear to block HTLV-I protease
(HTLV-PR) in therapeutic doses [15]. Targeting HTLV-PR
therefore requires the development of new drugs against
HTLV-I. When the crystal structure of HTLV-PR was
solved, this was an essential step towards rational drug-
design approaches [16]. Despite the low sequence identity
of 31% between HIV-1 protease (HIV-PR) and HTLV-PR,
the folds of the two proteases are very similar (Fig. 1). Yet,
similarities and differences between the two enzymes have
not been sufficiently characterized, and no new inhibitors

Fig. 1 Structures of HIV-PR (a) a
in yellow and HTLV-PR (b) in

orange, both shown in ribbon
representation. Positions of con-
served residues are indicated by

a dark blue color. ¢ Structure-

based sequence alignment of

HIV-PR and HTLV-PR sequen-

ces. Conserved residues are

shown in yellow; background

color indicates secondary struc-

ture: (3-sheets in turquoise, «- c

helix in magenta
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that specifically target HTLV-PR have been identified to
date. In our study, we aim to compare the dynamic behavior
and underlying structural features of HIV-PR and HTLV-PR
in order to provide a comprehensive picture of the two
retroviral proteases regarding similarities and differences.
Here, we examine for the first time the dynamics of HTLV-
PR and propose that a stable interaction network of
conserved residues form the basis for the common
structural and dynamic features in HTLV-PR and HIV-PR,
and possibly other retroviral proteases.

Methods

The starting structures of the proteases in complex with
substrate analogs were taken from the Protein Data Bank
(PDB) [17]. The PDB entry used for HIV protease
complexed with a substrate analog was 4HVP [18]. The
HIV protease of the 4HVP file containing the substrate
analog Ac-Thr-Ile-Nle-(CH,-NH)-Nle-Gln-Arg (MVT-101)
was modified as described previously [19] by replacing the
uncleavable CH,-NH bond between Nle and Nle by a Met—
Met peptide bond, yielding a natural p2/NC cleavage site
for the HIV protease (Ac-Thr-Ile-Met-Met-Gln-Arg). The
PDB entry used for HTLV protease was 2B7F [18], where
HTLV-PR protease is in complex with the substrate analog
Ac-Ala-Pro-Gln-Val-Sta-Val-Met-His-Pro, which is based
on the natural MA/CA cleavage site of HTLV-I protease.
The unliganded forms of both proteases were generated by
removing the ligand present in the crystal structure
following an approach already performed in previous
studies [19-21]. Protonation of one active site aspartate in
each protease was performed based on the calculation of the
aspartates’ protonation states using PROPKA [22]; this
protonation state is also consistent with a previous
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experimental study [23]. All molecular dynamics (MD)
simulations presented in this work were performed using
AMBER 9 [24-26] with the parm99SB force field [27, 28]
and the TIP3P water model [29]. For the y-amino acid
statine (Sta), the general AMBER force field (gaff) [30]
was used. Missing parameters and partial atomic charges
for statine were generated using a protocol also described in
a previous work [19]. Simulations were performed in a
periodic water box with at least 10 A of solvent around
every atom of the solute. An appropriate number of
counterions was added to neutralize the charges of the
systems, and the particle mesh Ewald summation method
[31] was employed to calculate the long-range electrostatic
interactions. All structures were minimized in a three-step
procedure using the SANDER module of AMBER follow-
ing a previously established protocol [19-21]. MD simu-
lations were performed using the SHAKE procedure [32] to
constrain all bonds involving hydrogen atoms. The inte-
gration time step of the simulation was 1 fs, and an 8.5 A
cutoff was used for the nonbonded interactions, which were
updated every 15 steps. The temperature of each system
was gradually heated to 298 K during the first 10 ps.
Subsequently, 50 ns MD simulations were performed for
data collection. The plot of the potential energy in the initial
stages of the simulation is shown in Fig. S1 of the
“Electronic supplementary material.”

Correlation matrices of backbone C, atoms were
computed using the AMBERY ptraj routine on 500 snap-
shots extracted every 100 ps from the trajectories. For
visualization and for structural and energetic analysis of the
trajectory data, the programs Sybyl 7.3 [33], DS ViewerPro
Suite 6 [34], AMBER [26], and LIGPLOT [35] were used.

Results and discussion
Substrate-binding properties of HIV-PR and HTLV-PR

HIV-PR and HTLV-PR exhibit highly similar folds (Fig. 1),
but nevertheless differ significantly in their substrate-
binding properties [15, 36]. These differences are also
reflected in the drug-binding profiles, as HTLV-PR cannot
be inhibited by therapeutic doses of HIV-PR inhibitors such
as saquinavir, indinavir, ritonavir, nelfinavir or amprenavir
[15, 37].

In order to assess similarities and differences in
protease—substrate interactions on the molecular level, we
performed 50 ns all-atom molecular dynamics simulations
in explicit solvent of HIV-1 and HTLV-I proteases in their
free and substrate-bound states. From the simulation
trajectories, we determined mean van der Waals interaction
energies with the substrate analogs over the course of
simulation for each residue of HIV-PR and HTLV-PR

(Fig. 2). The main interactions occur in equivalent regions
of the two proteases: The N-terminus (HIV-PR R8; HTLV-
PR R10), the active site (HIV-PR L23-D30; HTLV-PR
L30-D36), the flap region (HIV-PR M46-150; HTLV-PR
S55-A59), and the lateral loops of the ligand-binding site
(HIV-PR P81-184; HTLV-PR N97-1100). At a first glace, it
might be surprising that the two catalytic aspartates (D32/
D32’) of HTLV-PR exhibit slightly repulsive interactions
with the substrate (Fig. 2). Inspection of the electrostatic
interaction energy, however, reveals a large attractive
electrostatic interaction of D32/D32’ with the substrate that
overcompensates for the repulsive van der Waals interac-
tions (Fig. S2).

The profile for the interaction energy (Table 1) also
shows that the contributions of the residues at equivalent
sequence positions are highly similar in HIV-PR and
HTLV-PR. Interestingly, although several well-conserved
amino acids have strong quaternary interactions with the
substrates (R8/R10, A28/A35, D29/D36, G49, G58, and
184/1100), many of the amino acids at the strongest
interacting sequence positions are not conserved between
HIV-PR and HTLV-PR (see for example D30/M37, 147/
V56, G48/L57, 150/A59, and V82/W98 in Table 1). These
differences in amino acid sequence at identical positions of
the ligand binding pocket allow the formation of tight
interactions to different types of substrates, thereby explain-
ing the differences in binding specificity.

Strong ligand interactions are also observed for
corresponding nonconserved residues comprising the flap
tips of HIV-PR and HTLV-PR. An experimental study
showed that exchanging these residues in HTLV-PR with
the HIV-PR sequence results in a dramatic reduction of the
protease’s capability to cleave the HTLV CA/NC cleavage
site [38]. According to our data, the nonconserved
residues HIV-PR D30/D30" and HTLV-PR M37/M37’'
also contribute strongly to the binding of the substrate
analogs in both proteases. These amino acids have
previously been described as possible determinants of
substrate specificity [38, 39].

Our results concerning binding energies of HIV-PR and
HTLV-PR with selected substrate analogs are in line with
the findings of previous studies which have demonstrated
that substrate specificities and inhibition profiles differ
considerably between the two proteases [15, 36]. For
example, it was shown earlier that a HIV p2/NC peptide,
which is the basis for our model HIV-PR substrate, could
not be cleaved by HTLV-PR [40].

Despite the differences described above, the average
sequence identity of the substrate binding pocket (~50%) is
still higher than the overall sequence identity (31%). This is
mainly due to the fact that the floor of the active site (HIV-
PR: L23-D29; HTLV-PR: L30-D36) is entirely conserved
to ensure catalytic activity (Fig. 1).
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Fig. 2 Mean van der Waals
interaction energies of each
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sured over 50 ns of simulation
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allow a direct comparison of
equivalent sequence positions,
the sequences of HIV-PR and
HTLV-PR have been adjusted
according to the structure-based
sequence alignment in Fig. lc
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In summary, we found that interactions occur at the same
spatial sites and with similar binding energies (Fig. 2), but
are frequently formed by different types of amino acids
(Table 1). The latter observation offers an explanation for
substrate specificity. Due to different side-chain properties,
substrate binding can be modulated by providing a unique
steric and physicochemical microenvironment, thereby
determining ligand binding specificity.

Next, we addressed the question of whether the dynamic
behavior is preserved between the two enzymes, since
dynamic properties are likely to influence substrate binding
and catalytic activity.

]

75 100 116 25' 50' 79

residue # HTLV-PR

Dynamics of the protease flaps

With respect to protease dynamics, the flaps represent
functionally important segments that allow substrate access
to the active site and interact with the ligand [41]. In the
unliganded HIV protease, the flaps are rather flexible [42,
43] and have been shown to open to a semi-open
conformation [44, 45]. When a ligand is bound, however,
the flaps of the bound protease close [41, 46] to allow for
substrate cleavage. Therefore, the dynamics of the flaps
play a critical role in the proteases’ ability to bind and
process their substrates.

Table 1 Mean van der Waals interaction energies (kcal mol ") between residues of HIV-PR /HTVLP with the substrate over the course of a 50 ns

MD simulation

Subunit 1 Subunit 2
HIV-PR HTLV-PR HIV-PR HTLV-PR
Residue Interaction energy Residue Interaction energy Residue Interaction energy Residue Interaction energy
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
RS —2.84 R10 -3.70 RS’ -1.67 R10’ -3.38
L23 -1.16 L30 -1.52 L23’ -0.93 L30’ —-1.06
L24 -0.10 L31 -0.12 L24 -0.10 L31’ —-0.11
D25 -1.99 D32 0.59 D25’ -1.24 D32’ 0.13
T26 -0.18 T33 —0.32 T26 -0.14 T33' —0.33
G27 -1.17 G34 -2.93 G27' —-0.80 G34/ —2.45
A28 -3.02 A35 -3.17 A28’ -1.57 A35’ -3.61
D29 -2.32 D36 =5.11 D29’ -1.23 D36’ -4,20
D30 —2.84 M37 -3.03 D30’ -0.59 M37 -2.92
M46 —0.43 S55 -1.13 M46 -0.31 S55 —1.81
147 -3.31 V56 -3.39 147’ -3.51 V56’ -4.79
G48 -2.58 L57 —4.67 G48’ -1.39 L57 —6.47
G49 -3.23 G58 -2.62 G49’ —2.28 G58' -2.23
150 —5.38 A59 -3.21 150 -4.19 A59’ -1.84
T80 —0.69 N96 —0.02 T80’ —0.71 N9¢’ —0.01
P81 —2.44 N97 -0.17 P81’ —1.44 N97' —-0.09
V82 -3.43 W98 -3.52 V82’ -1.76 w9’ —2.06
184 —2.88 1100 -2.09 184 —2.41 1100 —1.48
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In our study we analyzed the dynamics of the protease
flaps by measuring the flap—Asp distance [45] over the
course of simulation to characterize the opening and closing
motions of the flaps. To this end, we calculated the
interatomic distances between the Cg atom of the catalytic
aspartate of each subunit (D25/D25’ in HIV-PR and D32/
D32" in HTLV-PR) and the C, atom of the flap tip residue
in the respective subunit (150/150" in HIV-PR and A59/A59’
in HTLV-PR) for the free and ligand-bound states of both
proteases (Fig. 3a-f).

The flaps of both free proteases are rather flexible.
Reversible opening motions to distances of about 20 A are
observed in the HIV-PR subunit 2 after about 15 ns and in
the HTLV-PR subunit 1 after about 35 ns (Fig. 3c, d). Flap
distances of 15-20 A that are detected over the simulation
time indicate that a semi-open conformation [45, 47] is
temporarily adopted in both enzymes. This behavior of
flaps is well described from simulations of ligand-free
proteases [21, 44, 45] and NMR studies [48, 49]. Maximum
distances of 2022 A in both proteases indicate that the flap
does not open entirely. For subunits 1 and 2 of HIV-PR,
distance values fluctuate around means of 14.7+1.0 A and
13.7£1.7 A, respectively (distance values in the starting

(o]
w

distance [A]
=y [a~]
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free protease

-
o

distance [A]

protease
+ substrate

0 5 10

15 20 25 30 35 40 45 50
time [ns]

Fig. 3 Schematic backbone representations of HIV-PR (a) and HTLV-
PR (b), with the residues D25 and 150 and D32 and A59, respectively,
shown in spacefill and standard CPK coloring. The flap—Asp distance
(drawn here only for subunit 1 in each protease) is indicated by dotted
lines in both structures using the same colors as in graphs c—f.
Interatomic distances between the C; atom of the catalytic aspartate of

structure are 12.8 A and 13.0 A, respectively). The mean
distances are slightly higher in HTLV-PR: 17.0+1.9 A and
15.5+1.7 A for subunits 1 and 2, respectively (distances in
the starting structure: 13.1 A and 12.7 A). The standard
deviations of flap distances in HTLV-PR are in a similar
range to those of HIV-PR, indicating a similar degree of
flexibility. Viewed over the entire simulation and for both
subunits, the flap dynamics of the unliganded proteases are
surprisingly similar with respect to the degree and frequen-
cy of fluctuation.

For the substrate-bound structures, the similarities in the
dynamic behavior of the flaps are even more pronounced
(Fig. 3e, f). Although the mean distances are smaller in
HTLV-PR (subunit 1: 9.9 A; subunit 2: 11.4 A) than in HIV-
PR (subunit 1: 13.5 A; subunit 2: 14.1 A), the distance curves
run almost parallel. The distance fluctuations are generally
much smaller than in the ligand-free state, reflecting the
proteases’ decreased flexibility due to the stabilization of the
flaps by interactions with the substrate ligand.

The high similarities between the dynamic behaviors of
the flap structures, especially in the ligand-free state, show
that the dynamics are largely conserved, despite the low
overall sequence identity of 31%. In the flaps (HIV-PR 40-60
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each subunit (HIV-PR D25/D25', HTLV-PR D32/D32’) and the C,
atom of the flap tip residue in the respective subunit (HIV-PR I50/150’,
HTLV-PR A59/A59') shown over the course of simulation (¢—f). ¢, d
Unliganded proteases; e, f proteases in complex with the model
substrates; blue curve HIV-PR; orange curve HTLV-PR
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and HTLV-PR 49-72) alone, the sequence identity is even
lower, with only four conserved residues: HIV-PR K43
(HTLV-PR K52) and the three glycines (HIV-PR G49, G51,
G52; HTLV-PR G358, G60, G61) of the flap tips. Moreover,
there is a two amino acid insertion (G64, D65) in the HTLV-
PR flap, followed by a single serine insertion at position 71.
These insertions also result in structural differences between
the flaps as they result in protruding “horns” in the HTLV-PR
flaps at positions 64-66. This divergence in sequence and
structure between HIV-PR and HTLV-PR in the flaps makes
the high degree of resemblance in the flap dynamics even
more surprising.

The large similarities detected between HIV-PR and
HTLV-PR are particularly interesting in light of the fact that
single amino acid exchanges have been shown to substan-
tially alter the flap flexibility of HIV-PR [21, 45, 50-53].

HIV-PR
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Although flap flexibility is a functionally important
dynamic feature of retroviral proteases, it represents rather
a local measure of dynamics. In order to investigate
whether the global dynamics are conserved in addition to
the flap dynamics, we studied the correlated motions of
both enzymes.

Correlated motions

For HIV-PR and HTLV-PR, the correlated motions are
shown in Fig. 4b and are compared to the pattern of
interactions observed in the static crystal structure (Fig. 4a).
From the distance matrix (Fig. 4a), the close contacts within
the short C-terminal helix (HIV-PR N88-193, HTLV-PR
D103-Q110) and six antiparallel (3-strands (compare the
secondary structure in Fig. 1c) can be seen as red areas

distance [A]

l 6.0

- 8.0

>20.0

residue #

correlation
HTLV-PR

0.95

0.70
0.50
0.30
-0.30
, -0.50

-0.70

-0.80

<-0.90

- = d -

residue #

Fig. 4 a Distance matrices of C, distances between all residues in the starting structures of HIV-PR (leff) and HTLV-PR (right). b Correlation
matrices showing correlated motions between C, atoms of all residues within free HIV-PR (/eff) and within free HTLV-PR (right)
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running parallel or orthogonal to the diagonal, respectively.
Additional tight contacts are formed outside these elements
of secondary structure, predominantly between the active
site (HIV-PR residues 21-32, HTLV-PR residues 28-39)
and a segment containing the lateral loops of the binding
pocket (HIV-PR residues 76-90, HTLV-PR residues 91—
106) (Fig. 4a).

Analysis of the correlated motions reveals that the
strongest correlation occurs between amino acids that are
adjacent in the 3D structure (Fig. 4b). We observe a strong
correlation within the individual subunits in both enzymes,
while motions between the subunits are anti-correlated.
Interestingly, the C-termini of subunit 2 in both proteins,
however, act rather as if they were dynamically detached
from subunit 2 by showing strong correlations with the N-
terminus, the flap region, and the lateral binding pocket
loop of subunit 1. For the C-termini of subunit 1, this
correlation is not observed. Correlations between the
subunits are otherwise confined to the flap tips (HIV-PR
G49-G51; HTLV-PR G58-G60) correlating with each
other and with parts of the lateral loop of the other subunit
(HIV-PR: 79-81; HTLV-PR 95-97), respectively. We find
anti-correlation of the flaps (HIV-PR: 45-50; HTLV-PR:
53-58) with the lower “cheek” regions (HIV-PR: 62-68;
HTLV-PR: 73-81) of the same subunit in both proteases.
This anti-correlation is more pronounced in subunit 1 in
both enzymes (Fig. 4b). Since the lower “cheek” region is
the extension of the upper flap strand, it appears plausible
that this loop performs a downward movement when the
flap tips move upward during flap opening motions.
Therefore, this finding supports the suggestions made in
an earlier study [45]. In summary, the pattern and degree of
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Fig. 5 Overlay of C, distance matrices of all residues within HIV-PR
(left) and within HTLV-PR (right) with interactions of conserved
residues, shown for only one subunit for the sake of clarity (upper lefi

correlated motions are highly similar between HIV-PR and
HTLV-PR for the entire peptide chain.

The striking similarities of the flap motions and overall
correlated motions indicate that the dynamics of this class
of enzymes are in principle quite well conserved despite the
low primary sequence identity of only 31% between HIV-
PR and HTLV-PR. In this context, it is tempting to
speculate about a common conserved mechanism that
assures the proper structure and motions necessary for
ligand binding and enzymatic function in both proteases,
despite their low primary sequence identity. The residue
positions that are invariant between the HIV-PR and HTLV-
PR are particularly interesting in this context.

Conserved residues and interactions

In an attempt to identify conserved features in HIV-PR and
HTLV-PR, that may be responsible for their high similarities in
terms of structure and dynamics, we took a more detailed look
at the 31 residues that are identical between the two proteases
(Fig. 1). Evaluation of the noncovalent interactions formed by
conserved residues reveals that their interaction patterns are
highly similar in HIV-PR and HTLV-PR. An overlay of the
inter-residue distance matrix and the interactions of conserved
residues shows that not only the interactions between
sequentially neighboring residues are very much alike, but
the interactions of sequentially distant residues are also highly
conserved (Fig. 5).

When we investigated the conserved residues’ interac-
tions in the crystal structures, we found the great majority
of conserved amino acids to be localized within
corresponding clusters of interactions in the protease
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Fig. 6 Tube representations of
HIV-PR (a) and HTLV-PR (b).
Residues of cluster I are shown
in pale blue, cluster 1l in blue,
cluster III in purple, and cluster
IV in green. Conserved residues
that were not classified in one of
the clusters are shown in dark
blue. Residues of clusters I-1V
are shown in spacefill represen-
tation for one subunit in both
proteases. Tube representations
of HIV-PR (¢) and HTLV-PR
(d): noncovalent interactions
within the cluster network are
indicated as rods, color code as in
a and b. Schematic 2D projection
of the interaction network of
HIV-PR (e) and HTLV-PR (f);
color code as in a—d

K52 Va2
K68

structures (Fig. 6). By evaluating the interactions between
conserved residues and their localization in the 3D protease
structures, we could identify four primary interaction
clusters I-IV. Three of them (I-III) form almost linear
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axes, and one (IV) forms a central knot. The axis of cluster
I (HIV-PR: K43-R57-V77-L76-V32-184-L23-P9, HTLV-
PR: K52-K68-V92-L91-V39-1100-L30-P11) runs from the
lateral hinge parts of the flap (3-sheet (the protease “cars”)

Table 2 Interaction clusters of conserved contacts and involved residues in HIV-PR (/eff) and HTLV-PR (right). Sites of mutations in HIV-PR are
indicated by asterisks (*), and sites of polymorphisms by a superscript P (¥

Cluster Involved residues in HIV-PR Involved residues in HTLV-PR

Cluster I K43*, R57*, VI7F, L76*, V32*, 184*, 123*, P9 K52, K68, V92, L91, V39, 1100, L30, P11

Cluster I1 L76*, T31, I85*, L90*, Q92* L91, T38, 1101, L106, Q108

Cluster IIT 13, L97', L97, 13’ 13, L113', L113, 13’

Cluster IV R8*, D29’, A28'*, R87, L5, T26', T26, L5', R87, A28*, R10, D36’, A35', R103, L5, T33’, T33, L5’, R103, A35,

D29, R8'*

D36, R10’
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all the way down to the dimerization interface, crossing
four (-strands, the 80s loop and the ligand-binding site.
Cluster II (HIV-PR: L76-T31-I85-L90-Q92, HTLV-PR:
L91-T38-1101-L106-Q108) branches from cluster I and
takes a slightly different direction but also leads to the
dimerization interface. Cluster III (HIV-PR: I3-L97'-L97-
13', HTLV-PR: 13-L113’-L113-I3") interconnects the N- and
C-termini of the two subunits, serving as a clamp that
fixates the flexible peptide ends. The central knot is formed
by cluster IV (HIV-PR: R8-D29’-A28'-R87-L5-T26'-T26-
L5'-R87-A28-D29-R8’, HTLV-PR: R10-D36’-A35'-R103-
L5-T33'-T33-L5'-R103-A35-D36-R10’), which intercon-
nects the two subunits and stabilizes the loops containing
the catalytic aspartates (HIV-PR: D25, D25'; HTLV-PR:
D32, D32"). The location of the four clusters within the
protease structure and the complete list of interacting
residues are given in Fig. 6 and Table 2, respectively.

All of the abovementioned residues are strictly con-
served. The only exception is a conservative replacement of
R57 in HIV-PR by K68 in HTLV-PR. For this sequence
position a RS57K mutation is observed in several HIV
subtypes [54], rendering the abovedescribed interaction
clusters fully identical in sequence between HIV-PR and
HTLV-PR. This strict conservation might also explain why
approaches that focus on co-evolution of amino acids did
not identify these clusters.

Only a minority of the conserved residues are not
included in these interaction clusters. These are, for
example, residues adjacent to the catalytic site that directly
play a role in protease—ligand interactions and enzymatic
function, as well as the glycines of the flap tips that are
essential for flap flexibility.

A graphic presentation of the conserved interactions as
rods (Fig. 6¢ and d) reveals that the interaction clusters,
among which I, II and IV are connected and form a basket-
like structure, run orthogonal to the antiparallel (3-sheets,
thereby interconnecting secondary structure elements. This
observation implies that the interaction network serves as a
scaffold that stabilizes the tertiary structure of the proteases
and ensures proper folding and dynamic properties.

To address this hypothesis, we studied the interactions
within the network over time. Of the 44 interactions that were
analyzed, 27 proved to be stable over 90% of the simulation
time in both proteases (Table 3), while three additional
interactions were stable for more than 80% of the simulation.
With the interaction network being conformationally stable
to such an extent, we hypothesized that it may represent a
stable scaffold for the protease structure and dynamics.

When we calculated the root mean square fluctuations
(RMSFs) of the C, atoms of all residues in HIV-PR and
HTLV-PR (Fig. 7), we found that the RMSF values for the
conserved residues in the interaction network are particu-
larly low compared to other residues. Most of them have

Table 3 Presence of conserved noncovalent contacts in the interac-
tion clusters over the course of a 50 ns MD simulation in percent

HIV-PR HTLV-PR

Contacts Presence (%) Contacts Presence (%)
L76-V32 100 L91-V39 99.8
V32-184 100 V39-1100 100
184-1.23 99.6 1100-L30 100
L23-P9 98.6 L30-P11 97.8
L76-T31 100 L91-T38 100
T31-185 88.2 T38-1101 45.6
185-L90 77.8 1101-L106 42.0
L90-Q92 100 L106-Q108 100
L90-R87 95.6 L106-R103 92.4
R87-A28 100 R103-A35 100
R87-D29 100 R103-D36 99.6
A28-T26 100 A35-T33 100
T26-T26' 99.8 T33-T33' 100
T26-L5’ 41.8 T33-L5’ 51.8
T26-R87 76.0 T33-R103 100
R87-L5' 100 R103-L5’ 32.6
R87-RY’ 96.2 R103-R10’ 78.0
D29-R8’ 100 D36-R10’ 83.0
13-L97 100 I3-L113’ 100
K43-R57 96.0 K52-K68 98.2
V77-R57 100 V92-K68 100
L76-R57 99.6 L91-K68 98.6
13'-L97 100 13'-L113 100
L97-L97 24.4 L113-L113’ 18.2
K43'-R57' 89.4 K52'-K68' 98.8
V77-R57' 100 V92'-K68' 100
L76'-R57 98.6 L91'-K68' 99.4
L76'-V32' 99.2 L91'-V39' 100
V32184’ 100 V391100 100
184'-1.23' 99.4 1100-L30’ 97.4
L23'-P9’ 97.4 L30-P11’ 98.8
V76'-T31' 100 L91-T38’ 97.0
T31'-185' 75.6 T38'-1101" 66.2
185'-L90’ 49.8 1101-L106’ 31.6
L90—Q92’ 100 L106'-Q108' 100
L90-R87’ 91.4 L106'-R103’ 89.0
R87'-A28’ 100 R103-A35’ 100
R87'-D29’ 97.2 R103’-D36' 97.4
A28'-T26' 96.0 A35'-T33' 99.2
T26'-L5 49.4 T33'-L5’ 60.8
R87-T26' 70.2 R103-T33' 100
R87-L5 99.0 R103"-L5 7.2
R87-R8 93.6 R103-R10 67.7
D29'-R8 38.6 D36'-R10 29.2
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RMSF values that are below 1 A and are found in regions
with the lowest RMSF values. Even HIV-PR K43/K43" and
the corresponding HTLV-PR K52/K52’, which are located
in the most distal position of cluster I in the flexible
protease “ears,” show considerably lower RMSF values
than the sequentially adjacent residues. Therefore, they can
be considered anchoring residues for the most lateral (3-
strand. These findings support the notion that the wide-
stretched basket-like network represents a rather rigid
connection of elements of secondary structure, thereby
stabilizing the tertiary structure and determining dynamic
behavior. This finding is also interesting in the light of a
recent study [55] which revealed that the sequence stretches
W42-P44 and K55-R57 in HIV-PR form the binding site
for the allosteric 1F1 (indole-6-carboxylic acid) ligand.
These two sequence stretches contain the conserved basic
residues K43 and R57 of cluster I and exhibit a particularly
low RMSD compared to the adjacent regions (Fig. 7). This
observation might explain why the respective surface
region acts as a binding site for the allosteric 1F1 fragment.

For many of the residues involved in the interaction
network, mutations or polymorphisms have been described
in HIV-PR (see Table 2), some of which have been linked
to inhibitor resistance [54, 56—59]. There have been previous
attempts to elucidate the drug resistance mechanisms of
mutations that are not directly located in the active site or
interact with inhibitors. In earlier studies, L9OM substitution,
for example, was shown to alter protease dynamics [60, 61],

Fig. 7 Root mean square fluc- a

and like R8Q [58], to decrease protease stability. R8 has also
previously been recognized as a key residue for mediating
the binding specificity of HIV-1 protease [62]. Mutations of
the amino acids L24, L90 and L97 have been linked to a
negative impact on the enzyme’s catalytic activity, although
they are situated outside of the catalytic center, or their
sidechains are oriented away from the ligand [57].

The observation that these hydrophobic residues are part
of a conserved interaction network that runs orthogonal to
the (3-sheets suggests that these residues also play a role in
stabilizing the proper register of the hydrogen bonds in the
[3-sheets, thereby preventing “hydrophobic sliding,” which
was suggested to be an important mechanism in mediating
drug resistance of HIV-PR [63].

Together with all these findings, our results further support
the hypothesis that local changes in the protease may
allosterically influence the entire protein architecture and
dynamic properties if they are located in crucial positions
within stabilizing interaction networks. Local distortions of
interaction patterns may therefore affect inhibitor binding and
substrate processing not only by direct influence but also via
long-range or global conformational effects.

Conclusions

In summary, our study provides the first comprehensive
comparison of the sequences, structures, and dynamics of
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the two retroviral proteases from HIV and HTLV. The local
and overall dynamics of the two proteins proved to be
remarkably similar in both their free and ligand-bound
states, suggesting that this feature is also a prerequisite for
proper enzyme functions. An energetic analysis revealed
that the roles of the individual sequence positions for
substrate binding are also very similar in both proteases.
Interestingly, the residues that are important for strong
ligand binding are frequently not conserved in sequence,
thereby offering an explanation for the differences in the
binding specificities of HIV-PR and HTLV-PR.

Moreover, our study revealed that the amino acids that
are identical in the two proteases play a key role in
establishing nonlocal contacts that stabilize the tertiary fold.
This structurally conserved network of interactions is
highly similar in both proteases and is also conformation-
ally stable over the simulation time. The noncovalent
contacts formed in this network provide a basket-shaped
scaffold that stabilizes the three-dimensional structure of
each subunit by linking individual secondary structure
elements, and interconnects the subunits in the dimeric
enzymes.

This finding sheds new light on the sequence—structure—
dynamics interrelationship of retroviral proteases. A basic
common principle of structure stabilization guaranteeing
similar dynamic properties that permit physiological enzy-
matic function can apparently be realized even with a low
degree of sequence identity. This finding also has implica-
tions for the causality of inhibitor resistance due to
mutations of HIV protease residues that do not interact
directly with the ligands, but rather influence inhibitor
binding via altered dynamics. Further studies of HTLV-PR
and HIV-PR that also take into account the fourth
dimension of dynamics should therefore provide a promis-
ing basis for future drug development.
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