al.* Characteristics of the simulated systems are summarized in Table I. The following partial
relaxations were applied while keeping the remaining structure fixed: first the hydrogen atoms,
the newly added residues, and then the solvent molecules. The energy of the whole system
was minimized by 100 steps using the steepest descent method followed by another 9900
steps using the conjugate gradient method. The system was thermalized from initial 10 K to
the temperature of 300 K over 50000 iterations (500 ps) and then equilibrated for 1 ns. The
Particle Mesh Ewald (PME)} method was used to calculate the full electrostatic interaction

with 12 A was cut off.

Insert Table |

The MD simulations were carried out in an isobaric-isothermal ensemble (NPT) with a
constant pressure of 1 atm and the temperature of 300 K. The external coupling bath®” with
coupling constant of 0.2 ps was employed in order to keep the pressure constant throughout
the simulations. A 2-fs time step was applied with SHAKE to constraint all bonds involving
hydrogen atoms. Snapshots of coordinates of enzyme structure and water molecules were
collected every 1 ps along the 2 ns MD simulations yielding 2000 frames stored for the
trajectory analyses. The trajectories of both systems, FULL+ION-INH and CORE-INH, were
analyzed using the PTRAJ and CARNAL modules in AMBERT7. Three dimensional structures
of the enzyme were visualized using the programs Molmol,*' Rasmol®’ and Swiss-PDB

Viewer.” The quality of the protein structures were evaluated using the Procheck program™,

3. Results and Discussion

3.1 Stabilities of the complexed systems

Thermodynamic properties, energies and temperature, were monitored to examing

stability of the two systems, FULL+ION-INH and CORE-INH (Fig. 2). The profiles



displayed in Figure 2 indicate reliability and stability of the two systenis. Two systems show

the same average temperatures value of about 300 K.

Insert Figure 2

3.2 Dynamical behavior of the complexed systems

The root-mean-square deviations (RMSD) of the C,, atoms with respect to the average
structure over the 2-ns simulation time of the CORE-INH (Figure 3a) and FULL+ION-INH
(Figure 3b) were evaluated. Throughout the simulation, the whole structure of FULL+ION-
INII is, as expected, more flexible than the CORE-INH systems. However, considering only
the core part, it can be shown that the RMSD of both systems are almost equal (Figure 3).
Binding of the inhibitor causes the RMSD decrease up to 1 A (Figure 3a). This differs from
previous simulation® where we showed up that the presence of the two end terminal affect
the structure to be less flexible. The RMSD per residue plot (Figure 4) displays the higher
flexibility of the FULL+ION-INH system. The plot (Figure 4b) shows also that the two ends
of both systems, with and without the ions, are highly flexible, especially the C-terminal, the
DNA binding domain. The large fluctuation of the C-terminal is due to the long linker (~10
amino acid residues) between the core and the C-terminal domains. This is consistent with our
previous studyzg.

Insert Figure 3
Insert Figure 4
3.3 Conformation of the active site residues

The active site region on the core domain, a DD35E motif, contains two aspartic and
one glutamic residues. The Mg®* cation is bound to these residues. The coordination of the ion
and two conserved aspartate residues as well as their torsional angle (y,) were defined in
Figure 5.

Insert Figure 5




To understand the structure of the catalytic region, especially how the presence of the
inhibitor affects the cavity for inhibitor binding of this region, distributions of the selected
distances and torsional angles of the three systems (FULL+ION-INH and CORE-INH) over
the simulation time were evaluated and plotted in Figures 6-8.

In terms of the cation’s coordination, distributions of the distances between electron
donor atoms of the catalytic residues and the Mg, dI-d4 shown in Figure 5, for the three
systems were plotted in Figure 6. Comparisons with the available data, the cation’s

29,37

coordination from the previous studies”™’ were also summarized in Table 2. It can be seen

from Table 2 that the X-ray data, as well as the simulation results by Lin et al. 2937

predict that
the Mg™ coordinates with 4 oxygen atoms from the water molecules and 2 carboxyl oxygen
atoms of the Asp64 and Asp116. The experimental Mg®-O distances are in the range 2.10 -
2.91 A while those of Lin ef al. were not reported. For the Luca ef al. dimer full-length
structure where two Mg®" ions per monomer were taken into account®, the coordination
number was not reported. However, with an assumption that binding could be formed when
the Mg?" - O distance is shorter than 3 A, we measured all the Mg?* - O distances in their
modeled structure and found that the coordination number can be either 3 or 4.

From the distribution plot (Figure 6) and the optimal Mg2+ - O distances (maxirhum of
the peak) (Table 2), our results for the CORE-INH and FULL+ION-INH also indicate that the
coordination number for the Mg”* is 6 but the specific binding structure is different from the
previous studies.

For the CORE-INH system, the octahedral sites of our data of Mg2+ contain two
oxygen atoms of Asp64, two oxygen atom of Aspl16 and two oxygen atoms of the water
molecules (Figure 6a). However, our solvation properties are, quantitatively, in the range

obtained from the MD results of the full-length structure by Luca et al. which observed 1-4

bonds between the Mg®™ and the catalytic residues and the corresponding Mg”" - O distances



“in the range of 1.75 — 2.31 A. This is different from the free CORE system in which the three-
coordination was found. For the FULL+ION-INH, the octahedral sites of our data of the ]\/Ig2+
contain two oxygen atoms of Asp64, one oxygen atom of Aspll6 and three oxygen atoms of
the water molecules. This is consistent with our previous data of the free form full-length
(Figure 6b).

[t can be seen from the maxima of the distribution plots for the four (d/-d4) and three
(dI1-d3) distances to the carboxyl oxygen in the CORE-INH and the FULL+ION-INH,
respectively, (Figure 6 and Table 2) that significant changes of the Mg®* - O distances were
observed in comparison between the CORE-INH and FULL+ION-INH systems. One more
oxygen atom from Aspl16 coordinates with Mg®*. This is different from our previous study
on the free enzyme core only system while the full-length are still the same. Note that the
distances of 3.53 A for the FULL+ION-INH are shorter than the FULL+ION (3.89 A) but still
too far to coordinate to the Mg?".

Some comments should be made concerning the d/ - d4 in which the distances
observed from our study for both CORE-INH and FULL+ION-INH systems are notably
shorter than those of the other works. However, our Mg™* - O distances ranging from 1.86 -
1.93 A agree with those of Mg in aqueous solution of 2.0 — 2.05 A obtained from the
simulation using ab initio fitted potentials® and the QM/MM simulations*.

Insert Figure 6
Insert Table 2

.In addition to the ion’s coordination numbers and the related distances which represent
the size of the catalytic site of the HIV-1 IN, binding affinity between the enzyme and the
inhibitor was known to depend, obviously, on the orientation of the catalytic residues. Such
information for the CORE-INH and FULL+ION-INH was evaluated and displayed in Figure

7 - 8 in terms of torsional angles as defined in Figure 5b and 5c¢. The plot indicates that no




preferential conformation was found for the Glul52. Its conformation is highly flexible in all
both complexed systems (Figure 7a and 8a). This 1s understandable because this residue is not
located within the solvation shell of the Mg®*. The detected data agree well with the previous
report on the catalytic core domain by Lins ef al. which stated that the Glul52 shows large
fluctuations™. The results are similar to the free enzyme systems®.

For the Aspl16 catalytic residue, there found only one preferential conformation in
the both systems. The result of the CORE-INH system where one stable conformation at
134.83° observed is similar to what reported in the free CORE at -165° in our previous MD
result®® (Figure 7b). The discrepancy observed for the conformation between the CORE-INH
and CORE 1s likely due to the presence of the 5-CITEP inhibitor. In contrast, the full-length
systems complexed with 5-CITEP shows only oﬁe preferential conformation at -112.86 while
the most stable structure at -145° and another minor conformation at 155° were found in the
free full-length (FULL+IONY™ (Figure 8b).

For the Asp64, it 1s likely to have only one preferential conformation at the torsional
angles -0.52 and 19.45 for the CORE-INII and FULL+ION-INH, respectively, see Figure 7¢
and 8c. These are comparable to the previous results where the one stable conformation at the
torsional angles of 5° and 13° were observed for the CORE and FULL+ION systems,
respectively”’. The plot indicates clearly that the presence of the inhibitor in the active site
leads to remarkable changes of the orientation of the catalytic residues, especially for the
Asp64 and Aspll16.

Insert Figure 7

Insert Figure 8

The dynamical behaviors of the missing region, residues 140 — 149, were investigated
to explore the conformational change of this region. The results are directly compared with

those of subunit A of Luca’s simulation’’ and our previous simulation for the FULL+ION”



(see Table 3). The investigated distances as well as the corresponding standard deviations
obtained from our simulation were distributed in a narrower range, the differences between
the maximum and the minimum distances, in comparison fo those of Luca’s’’ and our
previous MD?* works. However, the distances measured between the C,, atoms of the missing
residues (140-149) to the Mg of the complexed systems are much lower than that of the free
form one (Table 3).

Insert Table 3

4, Conclusion

Molecular dynamics simulations were investigated for the two complexed systems
between HIV-1 integrase (IN) and 5-CITEP for the core domain only (CORE-INH) and the
full-length structure (FULL+ION-INH). This aimed to investigate the difference in the
molecular properties of the full-length and the core only domain due to the effects of the two
ends, C- and N-terminal, on those properties in the interaction with inhibitor in the core

domain.

The full-length structure and the core only domain prepared by our group (FULL+ION
and the CORE) were used as starting structure. The 5-CITEP inhibitor taken from the crystal
structure of 1QS4 was substantially added to the starting structures by superimpositiqn onto
the core part. The simulations-results obtained showed that the presence of the inhibitor in the
active site decreases the mobility of the CORE system significantly as the RMSD for the
CORF and the CORE-INH systems are 1.73 and ~1 A, respectively. In contrast to the full-
length systems, the pattern of the RMSDs plot for the free and complexed forms are likely
similar.

The presence of the inhibitor in the active site was also found to affect the

conformations of the catalytic triad. These are shown in term of the torsional angles. The




differences were found between the free and the complexed forms. Only one preferential
conformation was found for the Asp64 and Aspl 16 in both systems. Binding to the inhibitor
induce the two preferential conformations of the Aspllé to form only one stable
conformation for the full-length system. In addition, no preferential conformation was found
for the Glul52 in both systems.

The differences between those of the core-only and the full-length structure confirm
our previous MD results of the free enzyme that the full-length HIV-1 IN is needed for drug
screening and drug design purpose.

Moreover, we are currently studying the structure and dynamics of the HIV-1 IN
binding to DNA in the presence of metal ions and inhibitor in the active site to provide
understanding on the interaction between the HIV-1 IN and DNA. Results of such a study

will be reported in a forthcoming paper.

Acknowledgement

SP would like to acknowledge the Thailand Research Fund (TRF) grant number
MRG468020]1 for financial support. AW is gratefully to the Royal Golden Jubilee (RGI)
Ph.D. program and the Thailand Research Fund (TRF) for all funding. We thank for all
computing facilities provided by the Computational Chéﬁistw Unit Cell (CCUC) at

Department of Chemistry, Faculty of Science, Chulalongkorn University.

References
[. Vink, C.; Oude Groeneger. A. M.; Plasterk, R. H. Nucleic Acids Res. 1993, 21, 1419,
2. Chow, 8. A.: Vincent. K. A.; Ellison, V.; Brown, P. O. Science 1992, 255, 723.

2

Drelich, M.; Wilhelm, R.: Mous, J. Firology 1992, 188. 459.

4. Schauer, M.; Billich, A. Biochem. Biophys. Res. Commun. 1992, 185, 874.




10.

4.

16.

17.

18.

20.

Engelman, A.; Craigie, R. J. Virol 1992, 66, 6361.

Bujacz, G.; Alexandratos, J.; Qing, Z. L.; Clement-Mella, C.; Wlodawer, A. FEBS
Lett. 1996, 398, 175.

Cai, M.; Zheng, R., Caflrey, M.; Craigie, R.; Clore, G. M.; Gronenborn, A. M. Nat.
Struct. Biol 1997, 4, 567.

Eijkelenboom, A. P.; Lutzke, R. A.; Boelens, R.; Plasterk, R. H.; Kaptein, R.; Hard, K.
Nat. Struct. Biol 1995, 2, 807.

Zheng, R.; Jenkins, T. M.; Craigie, R. Proc. Natl. Acad. Sci. USA. 1996, 93, 13659.
Lee, S. P.; Xiao, J.; Knutson, J. R.; Lewis, M. S.; Han, M. K. Biochemistry 1997, 36,
173.

Heuer, T. S.; Brown, P. O. Biochemistry 1998, 37, 6667,

Vincent, K.; Ellison. V.; Chow, S.; Brown, P.O. J. Virol 1993, 67, 425.

Lodiy, P. J; Emst, J. A.; Kuszewski. J.; Hickman, A. B.; Engelman, A.; Craigie, R.;
Clore, G. M.; Gronenborn, A. M. Biochemisiry 1995, 34, 9826.

Puras-Lutzke, R. A.; Plasterk, R. 1. A..J Virol 1998, 72, 4841.

Woerner, A. M.; Marcus-Sckura, C. J. Nucleic Acids Res. 1993, 21, 3507.

Engelman, A.; Hickman, A. B.; Craigie, R. J. Virol 1994, 68, 5911,

Goldgur, Y.; Dyda, F.; Hickman, A. B.; Jenkins, T. M.; Craigie, R.; Davies, D. R.
Proc. Natl. Acad. Sci. USA. 1998, 95. 9150, '
Maignan, S.; Guilloteau. J. P.; Zhou-Liu, Q.; Celment-Mella, C.; Mikol. ‘V. J Mol

Biol. 1998, 282, 359.

Cai, M., Huang, Y.. Caffrey, M., Zheng, R., Craigie, R., Clore, G.M., Gronenborn.

A.M. Profein Sci. 1998, 7. 2669.
Lodi. P. J.: Emst. J. A.; Kuszewski, J.; Hickman, A. B.; Engelman, A.: Craigie.

R.; Clore, G. M.; Gronenbomn, A. M. Biochemistry 1995, 34, 9833.



21.

22.

23.

24,

25.

Dyda, F.; Hickman, A. B.; Jenkins, T. M.; Engelman, A.; Craigie, R.; Davies, D.R.
Science 1994, 266, 1981.
Protein Data Bank
Wang, J. Y.; Ling, H.; Yang, W.; Craigie, R. EMBO. J. 2001, 20, 7333.
Chen, J. C.; Krucinski, J.; Miercke, L. J.; Finer-Moore, }. S.; Tang, A. H.; Leavitt, A.
D.; Stroud, R. M. Proc. Natl Acad. Sci. USA. 2000, 97, 8233.
Goldgur, Y.; Craigie, R.; Cohen, G. H.; Fujiwara, 1.; Yoshinaga, T, Fujishita, T.;
Sugimoto, H.; Endo, T.; Murai, H.; Davies, D. R. Proc. Natl. Acad. Sci. USA. 1999, 96,
13040.
Cherepanov, P.; Sun, Z.-Y.J.; Rahman, S.; Maertens, G.; Wagner, G.; Engelman, A;
Nat. Struct. Mol. Biol. 2005, 12, 526.
Cherepanov, P., Ambrosio, A.L., Rahman, S., Ellenberger, T., Engelman, A. Proc.
Natl. Acad. Sci. Usa 2005, 102, 17308.
Chen, A., Weber, 1.T., Harrison, R W, Leis, J.
Wijitkosoom, A.; Tonmunphean. S.; Truong, T. N.; Hannongbua, S. J. Biomol. Struct.
Dyn. 2006, 23 (6): 613.
Karki R. G.; Tang Y.; Burke T. R.; Niclaus M. C. J. Comput.-Aided Mol. Design. 2004,
18 (12): 739.
De Luca L.; Vistoli, G.; Pedretti A.; Barreca, M. L.; Chimirri, A.; J Biol Chem. 1994,
269 (46): 29279. |
Podtelezhnikov, A. A.; Gao, K.; Bushman, F. D. Biopolymers 2003, 68 (1): 110.
Barreca, M. L.; Lee, K. W_; Chimirri, A.; Briggs, J. M. Biophys. J 2003, 84, 1450,
Lins, R. D.; Briggs. J. M.; Straatsma, T. P.; Carlson, H. A.; Greenwald. I.; Choe, §;

McCammon, J. A. Biophys. J. 1999, 76, 2999,



35.

36.

37.

38.

39.

40.

41.

42.

44.

45,

40.

Lins, R. D.; Adesokan, A.; Soaresq, T. A.; Briggs, J. M. Pharmacol. Therap. 2000, 85,
123.

Sotriffer, C. A.; Ni, H.; McCammon, J. A. J Med Chem. 2000, 43, 4109,

De Luca, L.; Pedretti, A.; Vistoli, G.; Barreca, M. L.; Villa, L.; Monforte, P.; Chimirri,
A. Biochem. Biophys. Res. Commun. 2003, 310 (4): 1083.

Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham III, T. E.; Wang, J.; Ross, W.
S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton, R. V_; Cheng, A. L.;
Vincent, J. J.; Crowley, M.; Tsui, V.; Gohlke, H.; Radmer, R.J.; Duan, Y.; Pitera, I.;
Massova, L; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman. P. A. AMBER 7,
University of California, San Francisco, 2002.

Simmerling, B. S. C. R, A. E. J. Am. Chem. Soc. 2002, 124, 11258,

Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. J
Chem. Phys. 1984, 81, 3684.

Koradi, R.; Billeter,M.; Wuthrich, K. J Mol Graph. 1996, 14, 51.

Sayle, R.; Milner-White, E. J. Trends Biochem. Sci. 1995, 20, 374.

Guex, N.; Peitsch, M.C. Electrophoresis 1997, 18, 2714.

Laskowski, R. A.. MacArthur, M. W.; Moss, D. S.; Thornton, J. M. J Appl
Crystallogr. 1993, 26, 283.

Szasz, G. L; Diettz, W, Heinzinger, K.; Palinkas, G. And Radnai, T. Chem P'hys Lert.
1982, 92, 388.

Tongraar, A. and Rode, B. M. Chem Phys Lett. 2005, 409, 304.



FIGURE | Full-length model of the HIV-1 IN*.



(a) CORE-INH

{b) FULL+ION-INH

310 310
x
® 305+ 305
2
-]
[ 300 300
j=8
S 295 295
290 : : : I S — 290
0 500 1000 1500 2000 O 500 1000 1500 2000
45000 45000
S 30000 30000
'E Kmetc Energy s
S 15000 2 15000
f -500005% TolalEnergy F E 350000
-
g -100000 1 Potental Energy TotalE nergy {-100000
G it -t (NS e e L S -150000
Potential Energy
-200000 ; . . ' . : -260000
0 500 1000 1500 2000 O 500 1000 1500 2000

Simulation time/ ps

Simulation time/ps

FIGURE 2 Temperature and energy profiles for (a) the CORE-INH and (b) the FULL+ION-

INH over the 2-ns simulation time.
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function of the simulation time of (a) CORE-INH and (b) FULL+ION-INH. The RMSD of

the free CORE system was given as an inset.
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(b) Glutamic acid side chain {c) Aspartic acid side chain

FIGURE 5 (a) Schematic representation of the catalytic region of the core domain of the HIV-
I IN consisting a Mg®", the two aspartate residues (Asp64 and Asp116) and a Glu152 for the

two simulations, (b) side chain of glutamic acid and (c) side chain of aspartic acid.
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Table 1 Detailed information for the two simulations of the systems complexed with 5-CITEP

inhibitor, full-length (FULL+ION-INH) and the core domain (CORE-INH), number of water

molecules, dimension of simulation boxes and number of total atoms,.

: No. of
No. of )
=" No. of Dimension of the
System water
sariags | er atom simulation box (A%
4 molecule
FULL+ION-TNH Mg™ | 6 15423 50558 109.70 x71.75 x 64.48
Zn”

CORE-INH N[ghr s 7361 24577 68.36 x 64.27 x 55.97

Table 2. Distances between the I’\/Ig2+ and the carboxyl oxygen of Asp64 and Aspl16; di, d2,

d3 and d+4.

f Coordination

Structure / chain dl d2 | d3 | d4 | number of Mg’ | Domain Method | Refl

| IN [ Water | |

FULL+ION 191 [192]186[38 | 3 3 Full-length | MD |29

CORE 193 [ 193187397 3 3 Core MD |29

FULL+ION-INH | 195 | 1.94 | 1.87 | 3.53 | 3 3 | Fulllength | MD | Thi
studs

"CORE-INH 189 [ 194 | 190195 4 7 Core MD | The
stud:
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Abstract

The structural and dynamical properties of the complete full-length structure of HIV-1
integrase were investigated using Molecular Dynamics approach. Simulations were carried
oui for the three systerns, core domain only (CORE), full-length structure without (FULL)
and with a Mg™ (FULL+ION) in its active site, aimed to investigate the difference in the
molecular propenties of the full-length models dug to their different construction procedures as
well as the effects of the two ends, C- and N-terminal. on these properties in the core domain.
The full-length structure was prepared from: the two experimental structures of two-domain
fragruent. The following properties were observed to differ significantly from the previous
reporis: (1) relative wpotogy formed by an angle between the three domains; (ii) the cavity
size defined by the catalytic triad, Asp64, Aspl16, and Glu152; (iii) distances and solvation of
the Mg**; and (iv) conformation of the catalytic residues. [n addition, the presence of the two
terminal domains decreases the mobility of the central core domain significantly.

Key words: Molecular dynamics: HIV-1 integrase; Full-length; Structure.

Introduction

HIV-1 integrase (IN), 2 288 amino acid residues protein, catalyzes an inlegration of
the viral DNA into a host chromosome, an impostant step for propagation through
the viral life cycle. The integration process consists of two main chemically
reactions namely the 3'-processing and strand transfer (1). Integrase can also
catalyze the disintegration reaction, which is the reversal of the integration step, in
vitro (2). The proteolysis study shows that the integrase is composed of three parts:
the central region (core domain) and two terminal ends {N-terminal and C-terminal
domains) {1, 3, 4). It was reported that the core region is sufficient only for the
disintegration but all three regions are required for the integration process (2).
Consequently. the overall structure compesing of all three domains will provide
a potentially powerful target for rational design of drugs inkibiting this process.
However, 1o the best of our knowledge, experimental data on the overall (full-
length) structure is still not available. The domain full-length structures are shown
in Figure lu. The available experimental structures are only on each individual
domain {the core, N-terminal, and C-terminal domains) and two-domain fragments
(the core connected to the N-terminal and the core connected to the C-terminal)
using X-ray crystallography and NMR techniques (5-11).

The lack of the experimental information on its complete three-dimensional
structure has led to several proposed full-tength structures (10, 12-16). In particutar,
there are three full-length structures suggested in the literature by Luca er al. (14),
Podtelezhrikov er al. (13}, and Karki er al. (16). Each used a different procedure
for constructing the full-tength model from the available experimental two-domain
fragments. Podielezhinikov er al. proposed the first full-length HIV-1 [N tetramer in
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which the full-length monomer was also built from individual domains. However,
the domains from Podtelezhnikov er «f.'s structure are not completely connected, i.e.,
structures for the two linkage regions (residues 48-55 and 210-218) are still missing.
The divalent metal rons were not included in this model structure (15). Luca et al.
built the full-length HIV-1 IN by attaching individual domains using the core alone
structure with the two end terminal domains from the two-domain fragment crystal
structures, respectively. Two Mg™ ions were inciuded in the proposed structure
(14). Karki er af. (16) proposed three models of the HIV-1 IN full-length that are
also based on the two-domatn fragment, 1EX4, in which the N-terminal domain
was taken from different crystal structures (1WJA and 1K0Y). These suggested
full-length models (10, 12-14, 16) have consistent refative arrangement of the three
domains except that from Podielezhnikov er al. (15} (see Figure 1b).

A closer examination was made to the structures provided by Luca and
Podtelezhnikov. The results reveal noticeable differences. For instances: {i)
Relative topology of the C-. core-, and N- domain, defined by the «-b-c angles
where a, b, and ¢ are, respectively, the center of mass of the three domains, is
considerably different. Those values for the Luca’s and Podielezhnikov's madels
are 28° and 76°, respectively. {(ii) Significant difference was found in terms of size
of the catulytic cavity, defined by distances (R} between C atoms of the -COO
groups of the catalytic triad, AspG4, Aspll16, and Glul52. The differences in the
Ryt anpiie: Ragnigutsz M4 Ry i 160 Obtained from the two models are 2.13 A,
4.51 A, and 5.93 A, respectively. (iu) Orientation of each catalytic residue of the
Luca’s and Podiclezhnikov's models is almost incomparable. This is described by
the rofation around the Cf—Cj bond of the side chain, -C,.-C}-COO'. of the catalytic
triad. The differences are 10.9°, 161.8°, and 80.7° for the Asp64, Aspll6, and
Glu152 residues, respectively. Such large discrepuncies of the structural parameters,
especially those relate with the catalytic triad, extracted from the two available
models and demonstrated in (1)-(3ii) are known to effect ligand/enzyme interaction
drastically. Therefore, questions arise on the reliability of the results when the two
models were used in drug screening and design. Note that the question of how do
these differcnces manifest in the dynamics of HIV-1 IN has not been examined.

There have been several studies using a Molecular dynamics (MD) simulation
technique 1o provide wseful information on the dynamical behaviors of this
enzyme and insight inlo the enzyme-inhibitor complex behavior (17-20). Lins
et al. performed the MD studies of the core domain alone in the presence and
absence of the cation in the active site (18). Furthermore. the role of mutation
on the inhibitor binding was studied by Bamreca er af. {17). However. only the
central core domain was considered. Moreaver, the MD simulation of the whole
full-length fIV-1 IN performed by Karki er af. (16) was just to get the lowes
energy conformer. Recently, Luca er of. (21) have performed an MD study an
the full-length-DNA complex aimed to understand the enzyme motion and the
movement of the catalytie flexibility loop (residues 140-149). So far. the question
of how one domain affects the structural and dynamical behaviprs of the others
in the complete system has not been addressed. Such information is important 1t
understand the roles of cach domain in the function of IN.

In the present study, our main goal is o determine whether a full-lensth IN &
needed for drug design purpose. This requires us to address: () the differences it
the structure and dynamics of the full-length HIV-1 IN models due to their differen
construction procedures; (II) the effects of other domains on the dynamics of th
catalytic active sures in the core domain: and (1I1) the effects of a Mg™* in the activ
site on the structure and dynamics of the protwcin in the active region. In doin
se, we also constructed another full-length medel using a different procedure thi
those previously employed. Comparisons 1o results from the previous structur
(14-15) are provided. It is important to point out that HIV-1 IN is thought to a
at least as a dimer in solution. The present study of the dynamics of the monom:



would provide a reference point 1o address the differences in the dynamics of the
monomer and dimer in solution and how such differences manifest in its actual
functions. Simulations on the full-length HIV-1 integrase dimer and its complex
with DNA wiil be reported in a forthcoming paper.

Methods
Modeling the Full-length Structure of HIV-1 in Monomer

The full-length structure was built up using the two experimental crystal structures
of two-domain fragments, the core connected to N-terminal (PDB code 1K6Y) (10)
and the core connected to C-terminal domain (PDB code 1EX4) (11). The two-
domain fragments were, for simplicity, named CORE-N and CORE-C, respectively.
The CORE-N contains two missing regions, residues 47-55 and 140 -148, whereas
the CORE-C has only one missing part, residues 142-144. The structures of CORE-
N and CORE-C were superimposed using the core part as a common region. Then,
residues 56-210 of the core domain of the CORE-C were removed. The peptide
linkage between the residues Thr210 of the CORE-N and the Lys21! of the C-
terminal was created and refined using Insight 1l (22). The reason for removing
the core domain from the CORE-C rather from the CORE-N fragment in the
superimposed structure is that the CORE-C contains more mutate residues. The
obtained structure contlaining all three domains is referred to hereafter as FULL
(Residue 1-270). Note that the residues {(271-288) were not included in our full-
length structure because they ave still not resolved experimentally. It was reported
that these residves do not play role in the DNA binding (23). The missing residues
regions of the FULL structure were modeled and refined using homology modeling
module in Insight [I. Hydrogen atoms were added to the protein using the leap
module in AMBER7 (24). In addition, the ionization state of the ionizable residues
(f.c., Asp, Glu, Arg, Lys. and His), and the charges at N-terminal residue, Phel,
and C-terminal residue, Asp270, were taken o consideration. All newly added
residues (47-55, 140-148, 210-211) were relaxed in order to eliminate bad atomic
contacts. The Mg®* and Zn** cations were then placed in the core and N-terminal
domains of the FULL in the same relative positions as found experimentally (7, 10).
This structure is referred hereafter as FULL+ION.

MD Simulations

Both FULL and FULL+ION structures were solvated in rectangular boxes of water.
Numbers of Cl jons were added in order 10 keep the overall system neuvtral. Foreach of
the solvated FULL and the FULL+ION systems, 2 ns MD simulation was carried out
using the AMBER7 package with the new force ficld of Carlos Simmerling e/ a/. (25).
Characteristics of the simulated systems are summarized in Table . The following
partial relaxations were applied while keeping the remaining structure fixed: first
the hydrogen atoms, the newly added residues, and then the solvent molecules. The
energy of the whole system was minimized by 100 steps using the steepest descent
method followed by another 9900 sieps using the conjugate gradient method. The
system was thermalized from initial 10 K to the temperature of 300 K over 50,000
iterations (500 ps) and then equilibrated for | ns. The Particle Mesh Ewald (PME)
method was used 1o calculate the full electrostatic interaction with 10 A was cut off.

Table I
Number of waler molecules, dimension of simulation boxes. and number of total atoms in the three
sinwlatonsg, full-length with (FULL+ION) and without (FULL) catioas and the core domain only
(CORE) systems.

/ No. of No. ol No. of No. of Dimension of the
System ] E - . L
cations Cl'ion water molecule atom simulation box (A )
FULL 3 12435 11562 103.07x64.74x77.69
FULL+ION Mg, Zn™ 7 12854 41940 104.00x66.05x77.6%
CORE Ma* } 7104 23780 68.705x69.832x63.404
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Figure 2:  Encrgy und temperature profiles for (2)
the FULL and (b)Y the FULL+ION aver the 2-ns

simudation time.

To figure out the effects of other domains on the dynamics of the catalytic active
sites in the core domain, simulation of the CORE, core domain only (residues 50-
209, 1BL3) including a Mg**, was additionally performed. Detailed information for
this system was also given in Table L.

The MD simwulations were carried out in an isobaric-isothermal ensemble (NPT} with
a constant pressure of 1 atm and the temperature of 300 K. The external coupling
bath26 with coupling constant of 0.2 ps was employed in order to keep the pressure
constant throughout the simulations. A 2-fs time step was applied with SHAKE to
constraint all bonds involving hydrogen atoms. Snapshots of coordinates of enzyme
structure and water molecules were collected every 1 ps along the 2 ns MD simulations
yiclding 2000 frames stored for the trajectory analyses. The trajectories of both
systems, FULL and FULL+ION, were analyzed vsing the PTRAJ and CARNAL
modules in AMBERT7. Three dimensional structures of the enzyme were visualized
using the programs Molmol (27), Rasmol (28), and Swiss-PDB Viewer (29). The
quality of the protein structures were evaluated using the Procheck program (30).

Results and Discussion
Dyvnamical Stabilities

Stability of the systems was examined by monitoring their thermodynamic
properties. Figure 2 shows energies and temperature profiles for 2-ns simulalion
of the FULL and FULL+ION systems. The results indicate reliability and stability
of the simulated systems. The average temperatures for the simulations with and
without the ions are 300K.
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Dvitamical Behaviors of the Fuli-length HIV-] IN

The root-mean-square deviations (RMSD) of the Ca atoms with respect o

average structure over the 2-ns simulation time of the FULL+ION and the FUL
were evaluated and shown in Figure 3a, the RMSD for the three core domain
were given in Figure 3b, while these values per residue were also investigated an
ploited in Figure 3¢c. Throughout the simulation. the FULLA+ION is, as expecls
less flexible than the FULL systems. The RMSDs in Figure 3a are fluctuated !
the range 1.25-3.11 A for the solvated FULL+ION system and 1.24-3.60 A for
FULL system. This observation can be understood in terms of ion-tieand bindit
which restricts motions of residues in the vicinity of the ion.

Effect of the two end domains (C-terminal and N-terminal) on the mobility of i
central core region can be clearly seen from the RMSD plots shawn in Figure 3b



which the movement of the CORE (RMSD =1.73 A) is higher than those of the core
domains of the other two full-length systems (RMSD = | A Rigidity of the core
regions in the full-length structures can be due to their bindings with the two ends.

_The RMSD plotted per restdue in Figure 3¢ demonstrated the high flexibility of
the two ends of both systems, FULL and FULL+ION, especially at the C-terminal,
the DNA binding domain. Such large fluctuation of the C-terminal is due to the
long linker (about 0 amino acid residues) between the core and the C-terminal.
Consider the core only regions of the three systems (residues 56-209), the RMSD
of the CORE in the two regions, 188-192 and 207-209, are considerably higher than
those of the two full-length systems.

Flexibiliry of the Elbow Linkage in the Twvo Terminal Regions

From our simulations, we observed such dynamical behavior of the elbow linkage
region. The structures were snapshoot every 100 ps from the 2 ns trajectory were
superimposed, the RMSD per residue were also calculated (data not shown). High
flexibilitics of the residues 225-270 were clearly observed. The flexibility of the
clbow region was confirmed by the RMSID plot over simulation time of the system
{Figure 4). Each domain fluctuates constantly and has lower magnitude than that of
the full-length one. This character was also found in the linkage between the core and
the N-ierminal domain {residucs 47-55) in which still being poorly define region.

The linkage between the central core and the N-terminal domain, residue 47-55,
and the central core and the C-terminal domain, residues 195-220, were reported to
be flexible (10-11). The linkage region in the N-terminal part was resolved in the
N-terminal struciure from NMR studies (5) whereas this region was still missing
in the crystal structure of the CORE-N (10). This region (residucs 47-55) in the N-
terminal structure was a long straight coil while it was connected to the core domain
the modeled region in the full-length structure. The MD results display the high
fiexibility of this linkage region as we can see that the RMSD per residue of the
N-terminal region has high value whereas the RMSD over simulation time of this
domain was stable at ~0.8 A (Figures 3 and 4).

Similar to what found in the N-terminal domain region. the linkage region involving
in the C-terminal region {residue 195-220) shows high flexibility (Figure 3) while
the RMSD over 2-ns simulation time was rather stable and lower than that of the
full-length (Figure 4). The results are in the same manner for both the FULL+ION
and the FULL. The region in the C-terminal part was found to have a kink at residue
Thr210 in one monomer of the CORE-C (11) structure and thus present in our
full-length model. A previous study suggoested that this flexibility may play a key
dynamical role in multistep integration process (31). Comparison were also made
to the corc-¢ domam wnong the different IN structure. ie., RSV, SIV, and HIV-1,
it was found that the orientation of these regions were different (32-33). These
observations support the functional Aexibility in this region, which is proposed to
help in tethering the DNA during strand transfer process (11). Compared 0 MD
stmulation by Luea (21}, it is obviously seen that the RMSD of the DNA-dimer
full-length complexed system revealed higher mobility than our system. Such high
flexibility is not yet understood. However, this can be due to the interaction among
the two monomers and the DNA in the system.

Full-lengiir HIV-1 IN: Arrangement of the Three Domains

First, we analyze how ditferent our full-length HIV-1 IN structure is compared to the
two existing structures from Podtelezhnikov er al. and Luca ef al. by superimpasing
these structures (see Figure 5). Substantial differences were found between our
FULL {red) and Podtciezhnikov’s (blue) struciures, especizlly at the two ends
(Figure 5a). Our full-length structure 15 generally in good agreement with that
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Figure 5: Superposition of our average MD structures
(violer and red) with (a) Podlelezhnikov's (blue) and
(b) Luca’s (green) models for the full-length HIV-1 IN
without (FULL) and with (FULL+ION) Mg™.
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representing relative orientation of the core, N-terminal,
and C-terminal domains of our full-length HIV-1
integrase, FULL4ION (thick line), and FULL (thin line).
The arrows are the corresponding values calculated
from the Podtelezhnikov's and Luca's models.

of Luca’s (green) with some differences found in the residues 47-55 and the C
terminal (Figure 5b). These differences are due to the different procedures used i

synthesizing the starting full-length structure. Qur full-length HIV-1 IN was bui

up using the CORE-N and CORE-C structures whereas Luca er al. also used th
two-domain fragments but the synthesizing procedure is different from ours, i.e
Luca er al. started the process using the one-domain core structure (1QS4), the

added the N- and C-terminal domains to form the full-length by superimpositiod
the conserved core domain of the two two-domains (CORE-N and CORE-C) t§
the 1QS4 core structure. Podtelezhnikov and co-warkers modeled the full-lengty
HIV-1 IN by combining three individual separated domains taken from the Proteis
Data Bank and left the linker residues (48-55 and 210-218) blank, i.e., the overa}
structure was not completely connected.

Our results indicated that there is no significant difference among the four model
{our FULL and FULL+ION, Podtelezhnikov’s and Luca’s models) in terms d
geometry and orientation within each domain. This is not surprising since eac
single domain structure was taken from x-ray data. However, as indicated abow
there are differences in the relative orientations of the three separated domains, con
connecled to N-terminal and core connected to C-terminal. To elucidate this asped
more quantitatively, relative orientations between the core and the two end domain
were measured in terms of the angle o, formed by the two vectors pointing from:
to b and a to ¢, where @, b, and ¢ are the averaged locations from all atoms of th
core, N-terminal, and C-terminal domains, respectively. The distribution of th
angle o extracted from the MD simulations was displayed in Figure 6. The sam
angle was also calculated from Podteiezhnikov ef al.’s and Luca er al.’s models an
the values were also plotted in the same figure for comparison.

The distribution plot for the FULL+ION shows the a fluctuated in the range 18
27° with the average value of 23°, whereas, that of the free form, FULL, yields th
fluctuation range of 19°-31° and the average value at 24°. The corresponding valug
for the angle o are 76° and 28°, for the Podtelezhnikov er al.’s and Luca et al!
models, respectively. The results indicate that our models are consistent with thos
from Luca et al. whereas those from Podtelezhnikov er al. show a large deviatiol
This implies that generating of the full-length structures from the two connects
CORE-N and CORE-C domains may provide more consistent structures than th
from the separated core, N-terminal, and C-terminal domains.

Structure of the Missing Regions

Our full-length model confirms the previous report of Wang er al. that ew
though the arrangements of the two crystal structures of the two-domain fragme
structures are different, i.e., the structure of the CORE-N is quite compact where
the CORE-C is more extended, the superimposition of these two structures w

Figure 7: éupcrimposilion at the o
domain of nine structures, four full-len
structures; average MD of FULL+Y
{black) and FULL (brown) in our st
models proposed by Podtelezhnikov (orany
and Luca (red), three average MD of tw
domain structures {our data in preparatiof
CORE-N  (yellow)., CORE-C (gret
and CORE (cyan), and three crystal o
structures: 1BIS chain B (blue), 1BI3 cht
C {cyan), and 2ITG (gray). Numbers off
first and the last residues {56 and 209).i
missing residues (140-148) and the flexd
regions (188-192) of the core domain %
labeled. In addition, the two flexible rcgi
of the core domain were also enlarged.

140 ~ 148




well ordered with no steric clash (10). The linker, residues 47-55, is mobile and
disordered in the crystal structure, [t was found to form a random coil, similar to
that observed in the solution structure of the N-terminal domain (5). In earlier
works, the core domain, residues 50-212, is known to often have two missing
~ regions. residues 140-148 and 188-192. Among the crystal structures of the core
domain available to date, there are three structures in which the former region was
solved; 1BI1S chain B. [BL3 chain C. and 21TG (7-8, 34). The latter region has
already been solved in many crystal structures. This suggests that structures in
these two regions, residues 140-148 and 188-192, are rather Aexible.

As for the experimental availability of the two-domain fragment structures, the
CORE-N and the CORE-C, these two structures are of importance for the modeling
of HIV-1 IN full-length and were used in almost previous studies (14-17). Other
2-ns MD simulations of the CORE-N and CORE-C including the catons in the
active site were also performed (data not shawn here). The results confirm the high
flexibilities of these regions. residucs [40-149, residues 188-192, and the two ends
(N-terminal and C-terminal). The coordination of three carboxyl oxygen atoms
from enzyme and three water moiecules were found.

Consider the catalytic core regions, the core component of ten structures, four
average MD structures of FULL+ION, FULL, CORE-N and CORE-C, two full-
length structures proposed by Podtelezhnikov et al. and Luca er af,, and the above
three crystal structures, were superimposed and compared as shown in Figure 7. The
results confinm that structures of the core domain are well conserved except for the two
regions (140-148 and 188-192) as mentioned above that have large deviations amongst
these structures. The residues 140-148 in our simulated structures vary in the same
runge of ather structures except for that of 2ITG, the long extended coil. Likewise,
residues 188-192 show large differences between these nine structures. Furthermore,
the profein structures in this region in Podtelezhnikov er al.’s and Luca er al.’s models
and in the CORE-C experimental structure are greatly different from the rest.

The dynamical behaviors of the missing region, residues 140-149, were investigated
1 explore the conformational change of this region. The results can be directly
compared with those of subunit A of Luca’s simulation (21) {see Table II). The
differences among the two models were measured and plotted in Figure 8. The
investigated distances as well as the corresponding standard deviations obtained
from our simulation were distributed in a narrower range. the differences between
the maximum and the minimum distances. in comparison 1o those of Luca’s work
{21}. This confirms the RMSD plots shown in Figure 3 in which Luca’s values are
higher than 8 A. The plot in Figure 8 indicates that our missing loop approaches the
M closer than that of subunit A of Luca’s.

Tyrl43 in the active site was suggested to play important role in the catalytic activity
of the integrase (35). Luca reported marked different movement of Tyr143 in the

Table 11
The mimmum. maxinum, and average distances between Mg™* and Ca atoms of the
nussing residues. 140-149, i the catalytic Joop, calculated during the MD simulation.

- Subunit AY This study (FULL+1GN)
min. max. average min. max. average
Givi40 9.75 2197 15334 {x2.67) 13.81 20.08 17.13{£1.29)
Hel41 12.63 24.54 1797 (£2.30) 1487 2119 [3.36(+1.45)
Praj42 15.04 2411 18.32 (21 .86) 17.34 RERAL 19.42 (#).65)
Tyridl 16.11 26.90 2128 (x1.83) 14.85 17.28 16.08 (20.39)
Asnldd 17.53 2542 20069 (=159 12.25 15.93 13.95 (£0.62)

Prolds 1639 2451 202642143 | 1237 1679 1491 (20.72)
Glaldh 1269 2088 16.78(=1.41) | 1222 1550 14.00(0.62)
Serld? 945 1022 14.49{£1.61) | 942 1213 1073 {20.39)
Glnids 657 1631 1075 (189 | 686 1061 £72(20.73)
Gly 149 7.39 1392 1008 (£1.09) | 823 1261 10.26 (+0.86)
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Figure 10: Schemaic representation of the catalytic
region of the core domain of the HIV-1 IN consisting of
a Me™, the two aspartate residues (AspOd and Aspl 163,
and a Glul52 for the FULL+ION simulation.
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CORE (thin line). FULL+ION (solid and
the FULL (dash line). Single value extracted from
Podiclezhnikov’™s (dash amow) and Luca’s (solid
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lingl.

two subunits and observed conformational changes of subunit B after 250 ps (sce an
inset of Figure 9). Distances between OH atom of the Tyr143 and the Mg? yielded
from our simulation are slightly shorter than those of subunit A of Luca.
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Figure 9: Dynamic profile of distunce
between atom OH of Tyr143 and the Mg™
over the 2-ns simulation where that of Luca
(21) {subunit A: black line and suhunn B.
grey line} was given as an inset.
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Conformarion of the Active Site

The active site region on the core domain, a DD35E motif, contains two aspartic and
one glutamic residues. The Mg™ cation is bound to these residues. The coordination
of the ion and two conserved aspartate residues 15 shown in Figure 10,

To understand the structure of the catalytic region, especially how the presence of
the Mg cation as well as the two ends affects the cavity for inhibitor binding of
this region, distributions of the selected distances and angles of the three systems
(FULLAION, FULL, and CORE) overthe simulation time were evaluated and gplotted
in Figures [1-13. Corresponding values were also extracted from Podtelezhnikov
et al. and Luca et al. structures and were also plotted for comparison. Note that the
distances, R, were measured from a carboxyl carbon atom in the ~-COO- groups
of residuc x to the same type of atom of residue y where subscripts x and y can be
Asp6d, Aspli6, or Giul52 (Figure 11). The coordination of the cation in the active
site and the torsional angles were defined in an inset of Figures 12 and 13,

For the R, (Figure ila), the FULL+ION system has a single sharp peak at
425 A (solid line) due 10 the tight binding between the Mg™ and two aspartate
residues, i.e., both residues were moved consistently together resulting in the
narrow distribution of its distance. I[n contrast, the FULL system »howed a broud
peak (dash line) indicaling more flexibility. [n the case of R, ., (Figure libh
both the FULL+ION (selid line) and the FULL (dash line) systems displaved broad
distribution patiecrns with no prominent peak. The reason may be due to the rathe
flexible Glu152 residue indicated by its torsion angle as discussed in more detail
below while the Asp64 is rather rigid since it is bound to the Mg™*. Considering
the R, ¢ 50 the FULLHION (Figure 1lc. solid line) showed a broad single peak il
around 6.25 A. This distance in the FULL system (Figure llg, dash line) is, as
expected, shifted to a longer distance and showed a broader peak than that of the
FULL+ION. In comparison to the available data, our distances of the FULL+ION
system are in agreement with those reporied by Luca er af.. except for R, ... On
the other hand, the FULL system exhibits substantially different distances from
those of the Podielezhnikov et al. model. especiaily the R, || distance.

Effects of the two ends on the catalytic size were also exhibited by the
distribution plots shown in Figure 11. The R, , . distance of 3.93 A for th
CORE system is substantially shorter than that of 4.25 A for the FULL4+IOM
structures (Figure 112). The R, for the CORE shows single peak at 5.43 i
while that of the FULL+ION appears two preferential distances, 5.23 A an
675 A (Figure 1ib). This indicates much lower rigidity of this distance of th
CORE than those of the FULL and FULL+ION systems. Situation is opposit
for the R, ., Where the CORE favors two conformations. The above finding



lead to a clear conclusion that the presence of the two ends affects the size and
flexibility of the catalytic site of the core domain,

In terms of the cation's coordination, distributions of the distances between electron

-donor atoms of the catalytic residues and the Mg®, dI-d4 shown in Figure 8, for
the three systemns were piotied in Figure 12. Comparisons with the available data,
the cation’s coordination from the three crystal structures (each composes of three
monomers in the unit cell) of the core domain only; |BIU, 1BL3, and 1QS4 and
from the simulafion results by Lin er al. were also summarized in Table IIL. It can
be seen from Table III that the X-ray data of the three monomers, as well as the
simulation results by Lin et al. (16) predict that the Mg?* coordinates with four
oxygen atomns from the water molecules and two carboxyl oxygen atoms of the
Asp64 and Aspl16. The experimental Mg?*-O distances are in the range 2.10-2.91
A while those of Lin et al. were not reported.

For the Luca er al. dimer full-length structure where two Mg?* ions per monomer

were taken into account (Table III), the coordination number was not reported.

However, with an assumption that binding could be formed when the Mg>-O
distance is shorter than 3 A, we measured all the Mg?*-O distances in their modeled
structure and found that the coordination number can be either three or four. The
first Mg?* of chain A coordinates with four oxygen atoms of Asp64 and Aspll6
while the second Mg* of chain A forms three bonds with oxygen atoms, one from
Asp64 and the other two from Aspl16. In contrast, for chain B, the first Mg*
coordinates with one oxygen atom of Asp64 and two oxygen atoms of Aspll6 and
the second ion forms 4 bonds with four carboxy! oxygen atoms, two from Aspl 16
and the other two with Asp64 (see Table III).

From the distribution plot (Figure 12) and the optimal Mg*-O distances (maximum
of the peak) (Table III}, our results for the CORE and FULL+ION also indicate
that the coordination number for the Mg™ is six but the specific binding structure
is different from the previous studies. The octahedral sites of our data of the
Mg* contain two oxygen atoms of Aspb4, one oxygen atom of Aspllé, and
three oxygen atoms of the water molecules. However, our solvation properties
are, quanatitatively, in the range obtained from the MD results of the full-length
structure by Luca ef af. that observed 1-4 bonds between the Mg?* and the catalytic
residues and the corresponding Mg?*-O distances in the range of 2.06-2.99 A, It
should be noted that three coordinations with enzyme were also found in subunit

Table 111
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MD Simulations
of Full-length HIV-1 IN
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Figure 12: Distribution of the distance P(d) between
Mg and the carboxyl oxygen of the catalytic triad
residues, d/, 42, 3, and g4, as for Asp64:0D1. Aspbdd:
OD2, Aspli6:OD1, Aspllé:0D2, respeciively, for
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systems

The arrows illustrate the data extracted from the twa

subunits of Luca’e structure.

Distances between the Mg? and the carboxyl oxygen of Asp64 and Aspl16: df, d2, d3, and d4 where are the three monomers in

the unit celi.

Coordination

Swucture / chain di d? d3 d4 number of Mg Domain Method Ref
IN Water”
1BIL (1) 3.57 187 507 4.45 - n
L BIU (2} 23 3.66 3.63 2.10 2 n core X-ray 7 '
L BIU (3} 2.82 3.53 390 2.30 g n
1BL3 (I} 242 278 401 239 B 4
1BL3 (2) 2.34 1.8 414 2.91 2 n core X-ray 3
1BL3 (3) 2.20 3.53 3.93 2.32 2 4
1QS4 (1) 232 354 225 377 2 4
1Q54 (2) py 3.49 2.34 3.92 2 4 core X-ray 9
1S54 (3) 2.59 31.69 2.43 3.86 2 n
Lin ¢r al. n n n n 2 i 4 corc MD 17
Luca™ ionl 204 2.38 2.17 2.09 4 .
ign 2 4. 2.1t . . g -
/B ien2 210 299 216 214 4 ¥
FULL+ION 1.91 i.92 1.86 31.89 3 3 Full-length MD This study
CORE 1.93 1.93 1.87 397 3 3 core MD This study

* n: not available; ** complexed with irhibitor; *** complexed with DNA.
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B of Luca’s structure. This is shown by the ¢2, 43, and ¢4 of 3.47 A.2.10 A, and
2.11 A, respectively (dash arrows, in Figure 12).

It can be seen from the maxima of the distribution plots for the three distances to
the carboxyl oxygen (d/-d3) (Figure 12 and Table I1I) that significant changes of
the Mg?*-O distances were not observed in comparison between the CORE and
FULL+ION systems. However, all plots for the CORE are considerably narrower
than those of the FULL+ION, indicating lower flexibility of the coordination of the
former than the lauer structures. Note that the distances of 3.97 A far the CORE
and 3.89 A for the FULL+ION are too far to coordinate to the Mg?*.

Some comments should be made concerning the d/-d4 in which the distances
observed from our study for both CORE and FULL+ION systems are notably
shorter than those of the other works. Due 1o the environmental differences, the
coardination distunces obtained from the x-ray crysial structures, 1BIU. 1BL3,
and 1Q54. and the simulation are usually incomparable. In addition, discrepancy
between our and Luca’s ones (see Table [Il) can be due to the different methods
used, i.e.. Luca’s structure was the results of the structure minimization. Moreover,
our Mg?-0 distances ranging from 1.86-1.93 A agree with those of Mg™ in
aqueous solution of 2.0-2.03 A obtained from the simulation using ab initio fitted
potentials (36) and the QM/MM simulations (37).

In addition te the ion’s coordination numbers and the related distances which
represent the size of the catalytic site of the HIV-1 IN, binding affinity between
the enzyme and the inhibitor was known 10 depend, obviously, on the orientation
of the catalytic residues. Such information for the CORE. FULL, and FULL+ION
was evaluated and displayed in Figure I3 in terms of torsional angles as defined in
the inset. The plot indicates clearly that the presence of cation leads to dramatic
changes of the orientation of the catalytic residues. especiaily for the Asp64
and Aspl16. Without the Mg®, two preferential conformations of the Asp64 at
the (orsional angles 65° and -155" were observed (Figure 13a, dash lme). The
presence of the Mg™ induces the two preferential conformations of the Asp64 in
the FULL ta give only one stable conformation at the torsional angles of 3 and
13° for the CORE and FULL+ION systems, respectively (Figure 13a. thin and
dark solid lines). The angle of 41° was extracted from the structure published by
Podtelezhnikov er al. and 30° by Luca er al.

For the Aspl!6 catalytic residue, the two preferential conformations in the FULL
system (x,,, = -125” and 65°, Figure 12b. dash line) were shifted by the Mg* to
form the most stable structure at -145" and another minor confoamation at 155°
{Figure |3b. dark solid line). This is different from the CORE system where only
one stable conformation at -1635° was abserved (thin solid line in Figure | 3b).

No preferential conformation was found for the GlulS52.  Iis conformation is
highly flexible in all CORE. FULL, and FULL+ION systems (Figure 13c). Thisis
understandable because this residue is not located within the solvation shell of the
Mg The detected data agree well with the previous report on the catalytic core
domain by Lins e af. that stated that the Glu152 shows larga fluctuations (18).

Conelusion

HIV-1 integrase (IN) is becoming a new promising target for the design of
anti-AIDS drug. The integrase, catalyzes insertion of viral DNA intoe human
chromosome, contains three structural domains, core. N-terminal, and C-terminal
domains. Molecular dynamics simulations were investigated for the three model
systems, core domain only (CORE}, full-length structure without (FULL), and with
a Mg™ (FULL+ION) in its active site. This aimed to investigate the difference in
the molecular properties of the full-length models due to their different construction



procedures as well as the effects of the two ends, C- and N-terminal, on those 623
properties in the core domain. In addition, the noticeable differences among MD Simulations

previous models suggest further examinations into the dynamical properties of : ,
these full-length models are needed. of Full-length HIV-1 IN

The fuli-length structure was prepared from the two experimental structures of the
two-domain fragment, CORE-N and CORE-C using. The model was examined
with those structures provided by Luca and Podielezhnikov. The relative
topology of the three domains in terms of the angle between the C-, Core-, and
N- terminal of 23° obtained from our study is similar to that of 28° from Luca's
model but differs from that of 76° from Podtelezhnikov’s model. Discrepancies
in the structural and dynamical properties defined by distances and conformation
of the catalytic triad obtained from the three models using different construction
procedures, were substantially observed.

The presence of the two ends {C-terminal and N-terminal) decreases the mobility
of the central core domain significantty. The RMSDs for the CORE and full-length
(FULL and FULL+ION) systems are 1.73 A and ~1 A, respectively. In terms of
cavity size defined by the distances between the catalytic triad, Asp64, Aspll16,
and Giul52, the R, . distnzmcc of 3.93 A for the CORE sysiem is substantially
shorter than that of 4.25 A for the FULL+ION structures. The R, ., for the
CORE shows single peak while the FULL+ION prefers two conformations. The
results show the effect is opposite for the R, .. where the CORE favors two
conformations. The difference between those of the core-only and the full-length
structure suggest us 1o conclude that to the full-length HIV-1 IN is needed for
drug screening and drug design purpose.

The dynamical behavior, in terms of RMSD, of the FULL+ION is. as expected,
less flexible than the FULL systems. The effects of a Mg on the structure and
dynamics of the catalytic residues were found. The R, |, and R, ., distances for
the FULL+ION are much shorter and their flexibilities are lower in comparison to
that of the FULL systems. However, no significant different was found for the R
152 distance and its fexibility of the two systems. The presence of the Mg™ was also
found to induce the two preferential conformations of the Asp64 and the Aspl16 1o
form only one stable conformation. In addition. no preferential conformation was
found for the Glul52 in both systems.

Moreover, we are currently studying the structure and dynamics of the HIV-1 IN
dimer and tetramer binding to DNA in the presence of metal ions and inhibitor in
the active site to provide undersianding on the interaction between the HEV-1 [N
and DNA. Results of such a study will be reported in a forthcoming paper.
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