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Abstract: A computational comparison of the Diels—Alder reaction of a maleimide and an anthracene in
water and the active site of the ribozyme Diels-Alderase is reported. During the course of the catalyzed
reaction, the maleimide is held in the hydrophobic pocket while the anthracene approaches to the maleimide
through the back passage of the active site. The active site is so narrow that the anthracene has to adopt
a tilted approach angle toward maleimide. The conformation of the active site changes marginally at different
states of the reaction. Active site dynamics contribution to catalysis has been ruled out. The active site
stabilizes the product more than the transition state (TS). The reaction coordinates of the ribozyme reaction
in TS, Rei-—cp1 and Rea—cp2, are 2.35 and 2.33 A, respectively, compared to 2.37 and 2.36 A in water. The
approach angle of anthracene toward maleimide is twisted by 18° in the TS structure of ribozyme reaction
while no twisted angle is found in TS of the reaction in water. The free energy barriers for reactions in both
ribozyme and water were obtained by umbrella sampling combined with SCCDFTB/MM. The calculated
free energy barriers for the ribozyme and water reactions are in good agreement with the experimental
values. As expected, Mulliken charges of the atoms involved in the ribozyme reaction change in a similar
manner as that of the reaction in water. The proficiency of the Diels—Alder ribozyme reaction originates
from the active site holding the two reactants in reactive conformations, in which the reacting atoms are
brought together in van der Waals distances and reactants approach to each other at an appropriate angle.

Introduction naturally occurring DielsAlderases® 18 catalytic antibody

To date, naturally occurring ribozymes are known to catalyze Dlels—AIQerase§,~l9 Diels—Alder r|bozymesf,’2° and a DNA-
only a narrow reaction spectrum, such as, the hydrolysis andPased Diels-Alderasé! has drawn attention. It has been
transesterification of phosphodiester boAdghe introduction ~ demonstrated that the reactions in gas and water pradeed
of anin vitro selection technique (SELEX) has provided away concerted mechanism. On the other hand, both concerted and
to produce non-natural ribozymes for many biological important Stepwise mechanisms have been proposed for some biocatalytic
chemical reaction3. The Diels-Alder ribozyme is a 49- systent.6.22-25
nucleotide RNA molecule obtained by use of the SELEX
method®6 It catalyzes a [4F 2] cycloaddition reaction between 88) S?ZZISW s%gcr-osgsf& R&iﬁgrl ,3'4 E&ir?ﬁ?éﬁ%hemlgga 70(20)
the anthracene and maleimide (Charts 1 and 2). The ribozyme™ " 1933-1938. T T ' '
reaction has been estimated to be about 20 000-fold faster tharﬁg

Breslow, R.; Rizzo, C. J. Am. Chem. S0d.991, 113(11), 4340-4341.
. . 7 Breslow, R.; Zhu, Z. NJ. Am. Chem. Sod.995 117 (39), 9923-9924.
the reaction in watef: (14) Pirrung, M. C.; Das Sarma, K. Am. Chem. SoQ004 126 (2), 444

)
)
)
) 445
T_he PIeIS—A_lder_ react|o_n IS not _onIy a qumtessemlal (15) Oikawa, H.; Katayama, K.; Suzuki, Y.; Ichihara, A.Chem. Soc., Chem.
pericyclic reaction in organic synthesis but also postulated to 6 Commun.1995 (1g), 1321-1322. .
H H 16) Ose, T.; Watanabe, K.; Mie, T.; Honma, M.; Watanabe, H.; Yao, M.;
account for b_|osynthe3|s of a number of natural prodédtse Oikawa, H.. Tanaka, INature 2003 422 (6928), 185-189.
rate of the Diels-Alder reaction in water has been proved to (15) Poanert, 8gﬂemg!00Eeg883 421 (8)2, 7%%_7815-
. S 18) Pohnert, embioche 12), 873-875.
be accelerated by hydrophobic terf$? The finding of Elgg Hilvert, D.; Hill, K. W.; Naredl, K.( D.); Auditor, M. T. M.J. Am. Chem.
Soc.1989 111 (26), 9261-9262.
(1) Doherty, E. A.; Doudna, J. AAnnu. Re. Biophy. Biomol. Struc2001, (20) Tarasow, T. M.; Tarasow, S. L.; Eaton, B. Rature 1997, 389 (6646),
30, 457-475. 54-57.
(2) Xu, J. A.; Deng, Q. L.; Chen, J. G.; Houk, K. N.; Bartek, J.; Hilvert, D.;  (21) Roelfes, G.; Feringa, B. lAngew. Chem., Int. EQ005 44 (21), 32306~
Wilson, |. A. Sciencel999 286 (5448), 2345-2348. 3232.
(3) Frauendorf, C.; Jaschke, Angew. Chem., Int. EA.998 37 (10), 1378~ (22) Keiper, S.; Bebenroth, D.; Seelig, B.; Westhof, E.; Jaschk€h&m. Biol.
1381. 2004 11 (9), 12171227.
(4) Seelig, B.; Jaschke, AChem. Biol.1999 6 (3), 167-176. (23) Romesberg, F. E.; Schultz, P. Bioorg. Med. Chem. Lettl999 9 (13),
(5) Helm, M.; Petermeier, M.; Ge, B. X.; Flammengo, R.; Jaschke]. Am. 1741-1744.
Chem. Soc2005 127 (30), 10492-10493. (24) Guimaraes, C. R. W.; Udier-Blagovic, M.; Jorgensen, WI.LAm. Chem.
(6) Wombacher, R.; Keiper, S.; Suhm, S.; Serganov, A.; Patel, D. J.; Jaschke, Soc.2005 127 (10), 3577 3588.
A. Angew. Chem., Int. EQR006 45 (15), 2469-2472. (25) Minary, P.; Tuckerman, M. E.. Am. Chem. So2004 126(43), 13920~
(7) Seelig, B.; Keiper, S.; Stuhlmann, F.; JaschkeAAgew. Chem., Int. Ed. 13921.
200Q 39 (24), 4576-4579. (26) Serganov, A.; Keiper, S.; Malinina, L.; Tereshko, V.; Skripkin, E.;
(8) Ichihara, A.; Oikawa, HCurr. Org. Chem1998 2 (4), 365-394. Hobartner, C.; Polonskaia, A.; Phan, A. T.; Wombacher, R.; Micura, R.;
(9) Rideout, D. C.; Breslow, RJ. Am. Chem. Sod98Q 102 (26), 7816~ Dauter, Z.; Jaschke, A.; Patel, D.Nat. Struct. Mol. Biol.2005 12 (3),
7817. 218-224.
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The X-ray structure of the DietsAlder ribozyme (PDB
entry: 1lykv) complexed with the reaction product has been
determined® The Diels-Alder ribozyme adopts a double-
pseudoknot architectufé, with two A-shaped hydrophobic
pockets nested in the two neighboring centers of the three-helical
conjunctions®® Each hydrophobic pocket is basically bracketed
by the A3-U45 base pair, U2843 noncanonical base pair, and
U42-(G2-C25) base triple to form a wedge shape, which is
precisely complementary to the reaction product (Figure 1). The

Chart 2

RC‘O-CDZ

Diels—Alder ribozyme (PDB entry: 1ykv, resolution: 3.3 A The
products in the two neighboring active sites were replaced with the
maleimide and anthracene reactants. Only one pair of the reactants in
one of the active sites were handled by quantum mechanics {QM
SCCDFTB). A total of 53 atoms was included in the QM portion. The
CHARMM force fields of the maleimide and anthracene were also
obtained for the preliminary molecular dynamics (MD) simulations.

The ribozyme-substrate complex was solvated using a water sphere
with radius of 25 A, centered at the QM region. Water molecules within
2.8 A of any non-hydrogen ribozymesubstrate complex atoms were
removed. Magnesium and sodium ions were added to neutralize the
charge of system. Energy-minimization was carried out to remove the
unfavorable interactions between the solute and solvent. The voids
generated after briefly Langevin dynamics were filled with water
molecules so that the solvent density is approximately correct. The
resulting system contains 75 RNA nucleotides and 1350 TIP3P water
molecules'! For the simulations of the DietsAlder reaction in water,
the initial coordinate was prepared in a similar way as that of ribozyme
but involved only one pair of reactants and a water sphere of 2312
TIP3P water molecules. Stochastic boundary conditions were applied
to the systent? The setup procedure of stochastic boundary conditions
can be found in the previous stutfyPreliminary MD simulation was

active site has two opened edges as passages to the solvenperformed at 298 K. The SHAKE algorithm was applied to fix the

which have been named the front and back. Eigh#Mutions,
found in the ribozyme X-ray structure, are not directly involved
in the catalysis reactio#?. Chemical interaction between the
active site and substrate does not play a major role in the-Biels
Alder ribozyme reactiod?

We have reported previously both MD simulations of ground
state conformers and QM/MM calculations of the reaction
coordinate of the hammerhead ribozy#é€° In the present
study, the Diels-Alder ribozyme reaction has been simulated
by the QM(SCCDFTB)/MM methotd—32 combined with Um-
brella sampling*3> The SCCDFTB/MM method has been
applied to a number of biosyster#fs3® demonstrating its
reliability 3940

Methods

The QM/MM simulations were carried out employing the self-
consistent-charge density functional tight binding (SCCDFTB) module
by the use of CHARMM version 31b%3 Initial coordinates for the
ribozyme simulations were modified from the X-ray structure of the

(27) Perrotta, A. T.; Been, M. DNature 1991, 350 (6317), 434-436.

(28) Stuhlmann, F.; Jaschke, A.Am. Chem. So@002 124 (13), 3238-3244.

(29) Torres, R. A,; Bruice, T. CProc. Natl. Acad. Sci. U.S.A.998 95 (19),
11077-11082.

(30) Torres, R. A.; Bruice, T. CJ. Am. Chem. So@00Q 122 (5), 781-791.

(31) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Cheml983 4 (2), 187217.

(32) Cui, Q.; Karplus, MJ. Am. Chem. So2002 124 (12), 3093-3124.

(33) Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.; Haugk, M.; Frauenheim,
T.; Suhai, S.; Seifert, GPhys. Re. B 1998 58 (11), 72606-7268.

(34) Ferrenberg, A. M.; Swendsen, R.Phys. Re. Lett.1989 63(12), 1195~
1198.

(35) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg,
J. M. J. Comput. Chenl992 13 (8), 1011-1021.

(36) Cui, Q.; Elstner, M.; Karplus, Ml. Phys. Chem. B002 106 (10), 2721
2740

37) Riccérdi, D.; Schaefer, P.; Yang, Y.; Yu, H. B.; Ghosh, N.; Prat-Resina,
X.; Konig, P.; Li, G. H.; Xu, D. G.; Guo, H.; Elstner, M.; Cui, Q. Phys.
Chem. B2006 110 (13), 6458-6469.
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covalent bonds involving hydrogémTime step of 1 fs was used for
the integration of the equations of motion.

Initial structures for the potential energy surface (PES) calculation
were randomly extracted from the stable trajectories obtained from the
MD simulations. The two distanceB¢1-cp1 andRes—cp2 as labeled in
Chart 2, were selected as reaction coordinate. The two-dimensional
PES was created by the energy minimization of the structure associated
with variation of reaction coordinates. The stationary points (minima
and saddle points) were confirmed by normal-mode analysis (Nf44).

Both one- and two- dimensional umbrella sampling were employed
to obtained one- and two- dimensional potential of mean force (PMF),
respectively. For the one-dimensional umbrella sampling, the average
of Re1-cp1 andRes—cp2 Was selected as reaction coordinate. The choice
of average oRc1-cp1 andRcs—cp2 @s reaction coordinate ensures that
the synchronous region of the PES was sampled effectively, which is
crucial to obtain accurate free energy profiles. The reaction coordinate
was divided into 45 windows with 0.05 A intervals from 1.5 to 3.7 A
in the simulations of ribozyme. The force constants of the umbrella
were 206-400 kcalmol~-A~2, in which the larger force constants were
assigned to the windows around the TS in order to improve the degrees
of overlap in the phase space between the adjacent windows. Good
overlaps in the phase space are essential for obtaining reliable PMF

(38) Zhang, X. D.; Harrison, D. H. T.; Cui, @. Am. Chem. SoQ002 124
(50), 14871-14878.

(39) Elstner, M.Theor. Chem. Ac2006 116 (1—3), 316-325.

(40) Elstner, M.; Frauenheim, T.; Suhai,BMol. Struct..: THEOCHEM003
632 29-41.

(41) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79 (2), 926-935.

(42) Brooks, C. L.; Karplus, MJ. Mol. Biol. 1989 208 (1), 159-181.

(43) Zhang, X. H.; Bruice, T. CProc. Natl. Acad. Sci. U.S.£005 102 (51),
18356-18360.

(44) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
23(3), 327-341.

(45) Brooks, B.; Karplus, MProc. Natl. Acad. Sci. U.S.A983 80(21), 6571
6575.

(46) Go, N.; Noguti, T.; Nishikawa, TProc. Natl. Acad. Sci. U.S.A983 80
(12), 3696-3700.
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Figure 1. Active site of the Diels-Alder ribozyme. The A3-U45 and U23
A43 base pairs and U4@2-C25) base triple constitute &shaped
hydrophobic pocket, which is precisely complementary to the reaction

o
/- Anteid

40

__...-;-""'ﬁéacft-a‘hls.____

""'-..l.l_119r-2"

60~ -

Energy (kcal/mol)

3.5

1.5

1.5

RCd—CDE RC‘I oo

product of maleimide and anthracene. The structures are colored the same-igure 2. Three-dimensional plot of ribozyme reaction potential energy

as their labels.

profiles?” The same procedure was applied for the simulations in water
but with 80 umbrella sampling windows with force constants of the
umbrella of 208-500 kcatmol %A~2 For the two-dimensional um-
brella sampling, theéRci-cp1 and Res-cp2 were selected as reaction
coordinates. Due to intensive computational resource requirement, only
the region around TS (botRc1—cp: and Res—cp2) ranging from 2.0 to

2.5 A was sampled. The region was divided into £010 = 100
umbrella windows with 0.05 A intervals for each reaction coordinate.
In each umbrella sampling window, the system was energy minimized
using Adopted Basis NewterRaphson (ABNR) algorithm and equili-
brated at 298 K for 50 ps. Data was collected at every 100 time steps
during the production run for 200 ps after the equilibration. Both one-
and two-dimensional PMFs were obtaiia the Weighted Histogram
Analysis Method (WHAM)3435

Results and Discussion

Potential Energy Surfaces.To compare the mechanism of

surface. The assumed intermediates (Inter-1 and Inter-2) are the structures
with only one bond formation as depicted in the figure. TS is at the saddle
point of the surface. Surface is offset by values of ground state energy
minima.

stepwise mechanisms, shown in the PES of Figure 2, are both
more than 25 kcal/mol higher than the TS of concerteet[2]
cycloaddition reaction. Thus, the concerted mechanism is the
energy-favored reaction pathway. Judged from the potential
energy surfaces, the reactions in water and ribozyme proceed
via the same mechanism. The TS of reaction in water is at the
saddle point withRc1—cp1 of 2.37 A andRcs—cp2 of 2.36 A,
which are slightly larger than that of ribozyme reacti®ai(cp1
of 2.31 A andRc4—cp2 of 2.30 A). This may be due to the active
site of the ribozyme confining the reactants, which is felt at
TS.

Free Energy Profiles. For the reason that full-scale two-
dimensional umbrella sampling is difficult to achieve at SC-
CDFTB/MM level, we chose the average ®&ci-cpi and

the [4+ 2] CyCloaddition reaction in ribozyme and water, the RC4*CD2 (RC) as reaction coordinate and carried out one-
potential energy surfaces (PES) at SCCDFTB/MM level were dimensional umbrella sampling for reactions in ribozyme and
determined (Figure 2 and 3). The contour plot of the ribozyme \yater in the synchronous region of PES. As can be seen in

PES is a typical double-well potential surface (Figure 2). The
reactant energy minimum, TS, and product energy minimum
locate on the synchronous region of the surface. Two energy
barriers, marking stepwise reaction, juxtapose at either side of
the transition state.

The transition state for the ribozyme reaction at the saddle
point is characterized bRci—cp: of 2.31 A andRes—cp2 of
2.30 A. In order to obtain more extensive TS ensemble of
ribozyme reaction, the two-dimensional umbrella sampling
combined with SCCDFTB/MM method was carried out in the
vicinity of TS. The two-dimensional potential of mean force
(PMF) was obtained by the WHAM method. About the saddle
point, two-dimensional PMF is approximately symmetric along
the reverse diagonal with TS Bt1—cp1 of 2.35 A andRcs—cp2
of 2.33 A for the ribozyme (Figure 4). The TS on PMF surface
was found to be similar to that on the PES. The surface of two-
dimensional PMF resembles that of PES around the TS region.

Reaction Mechanism.Along the minimum energy path on
the PES from the reactant to the produiRa;—cp1 andRcs-cp2

Figure 5, the calculated free energy barri&yGf., o) for the
ribozyme reaction is 17.2 kcal/mol, which is consistent with
the experimental valueAGYex, = 18.1 kcal/ mol)* The free
energy barrier in water is larger than that of the ribozyme by
5.3 kcal/mol AAG*, 9. Estimated by the experimental valtie,
the ribozyme reaction is about 20,000-fold more rapid G*exp

= ~ 5.8 kcal/mol less) than the uncatalyzed reaction in water.
Thus, the theoretical and experimental values are in good
agreement. The product in the active site of the ribozyme is
more stable than that in water by 7.5 kcal/mol. An AM1/MM
study of various DielsAlder reactions in water by Chan-
drasekhar et &f obtained a result similar to that of our
simulation in water.

The reaction coordinate (RC) of the free energy barrier for
the reaction in water is slightly larger than that of ribozyme
(Table 1). This is consistent with the results from the PES that
both Rci-cp1 and Reg—cp2 of TS determined by PES of water
are slightly larger than that of ribozyme. The reaction coordi-
nates of the product free energy minima of water and ribozyme

change synchronously. The two assumed intermediates ofare identical, which is equal to the carberarbon bond length

(47) Beveridge, D. L.; Dicapua, F. Minnu. Re. Biophys. Biophys. Cherh989
18, 431-492.

(48) Chandrasekhar, J.; Shariffskul, S.; Jorgensen, W. Rhys. Chem. B002
106 (33), 8078-8085.
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Figure 4. The two-dimensional potential of mean force (PMF) of Diels
Alder ribozyme reaction near T®c1-cp1 andRes—cp2 (A) are chosen as
the reaction coordinates. BoR1-cp1 and Rca-cp2 range from 2.0 to 2.5
A. The surface is offset by the value of the minimum in the surface. TS is
labeled by a red asterisk.
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Figure 3. Contour plots of the reaction potential energy surface in the 20 . . . . . . .
active site of Diels-Alder ribozyme (a) and water (b) at SCCDFTB/MM 55 5 45 4 35 3 25 2 15
level. The two distances (ARc1-cp1 andRea—cp2, are chosen as reaction RC (2R, opy + V2R opy,) (Angstrom)

coordinates. BotfRc1-cp1 andRes-cpz range from 1.5 to 3.5 A. Surfaces  Figyre 5. The one-dimensional free energy profiles of Diefder reaction
are offset by values of the product energy. The TS are labeled by red jy water (blue dashed line) and ribozyme (green line). The average (A) of

asterisks. The red arrows denote the route of concerted mechanism. Theg ., ., andRes_cp2 is chosen as the reaction coordinate (RC). Each free
green and blue arrows represent fictional routes of stepwise mechanlsm,energy profile is offset by the values of their ground state free energy

respectively. minima. The arrow points the direction of the reaction.

(1.57 A). It seems that the locations of both TS and product ) .

are not significantly affected by their reaction environments. [Of the ground state, TS, and product in both ribozyme and water
However, the locations of the ground state free energy minima '¢actions (Table 1). For both reactions, the negative partial
between water and ribozyme are of remarkable difference charges of CD1 and CD2 atoms accumulate in going from
(water: 5.46 A; ribozyme: 3.61 A). The functionality of the ground state to TS while there is a decrease as TS goes to
active site is to constrain the two reactants within van der Waals product. However, thg partial char'ges of C1 and C4 atoms
contacts, by which botRe:_cp: andRea_coz are limited to be  change marginally during the reaction course. _

within 3.7 A. By doing so, the free energy barrier of the The similarities of reaction in ribozyme and water include
ribozyme reaction is Iower’ed. Thus, the proficiency of the both geometric and electronic structures in the different states.

catalyzed reaction is achieved by stabilization of the reactive '€ réaction coordinate®e:1-co1 andRes-co change simul-
ground state conformation in the ribozyme active site. taneously during the course of reaction. The changes in partial
For reactions in both ribozyme and water, the positions of charges of the reacting atoms are much the same for the
TS are closer to products than to the reactants, although thereactions in both ribozyme and water. Thus, the ribozyme active
free energy minima of products are much lower than the ground site does not contribute to the stabilization of the accumulated

state free energy minima. This is not an expectation of the charges of the reacting atoms in TS as compared to water. The
Hammond postulaté® reaction route can only follow the synchronous region of the

Mulliken Partial Charges. The Mulliken partial charges of PES.

reacting atoms, CD1, CD2, C1, and C4, have been determined Active Site Analys_is.The active site of the ribozyme is a
A-shaped hydrophobic pocket surrounded by the A3-U45 base

(49) Hammond, G. SJ. Am. Chem. Sod.955 77 (2), 334-338. pair, U23A43 noncanonical base pair, and U422-C25) base
1004 J. AM. CHEM. SOC. = VOL. 129, NO. 4, 2007
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Table 1. Reaction Coordinate, Free Energies, and Partial Charges for the Diels—Alder Reactions in Both Ribozyme and Water

Diels—Al der ribozyme water
Gs? TS product GS TS product

reaction coordinate (A) 3.61 2.31 1.57 5.46 2.35 1.57
free energy (kcal/mol) 0.0 17.2 —16.6 0.0 22.5 -9.1
Mulliken partial charge:

C1 0.01 0.02 0.00 0.02 0.01 0.00

C4 —0.09 —0.08 —0.09 —0.08 —0.09 —0.10

CD1 —0.17 —0.19 —0.13 —0.14 —-0.21 —0.14

CD2 —0.15 -0.17 —0.12 —0.16 —0.19 —0.12

aGS stands for ground state.

Table 2. The Geometry of Diels—Alder Ribozyme Active Site and
Structures of Anthracene in Both Active Site and Water at
Different States

GS? TS product

Diels—Alder Ribozyme
A3(C1)-U45(C1) (A) 10.6+£0.3  10.7£0.2  10.6£0.2
U23(C1)-A43(C1) (A)  9.5+0.2 9.6+ 0.2 9.6+ 0.2
G2(C1)-C25(C1) (A) 121404  12.3+03  12.2+0.3
U42(C1)-C25(C1) (A)  9.44+0.3 9.5+ 0.3 9.3+ 0.3
anthracene width (&) 9.24+0.1 9.1+ 0.1 8.6+ 0.1

caret angle 172 159 132
Water

anthracene width (A) 9.30.2 9.1+ 0.1 8.3+ 0.1

caret angle 179 156° 12z

aGS stands for ground stateWidth of anthracene is measured by
distance of H20 and H24, and the caret angle of anthracene is measured by
the dihedral angle H20C4—C1—-H23.

triple (Figure 1). The distances between thé &tbms of A3-
U45, U42-C25, G2-C25, and U23-A43 pairs has been average
for the different states of the ribozyme reaction (Table 2). It
can be seen that the average distance between thet@is of

A3 and U45 changes marginally during the different reaction
states, which indicates the A3-U45 base pair changes barely
during the reaction. The same can also be found in the-U42
C25, G2-C25, and U23-A43 base pairs. Thus, the shape of the
active site changes slightly as the reaction proceeds. This is
consistent with the experimental observation that active site
structure of free DielsAlder ribozyme determined by the X-ray
crystallography is virtually identical to the one bound with
product?® The active site acts merely as a reaction container to
host the two reacting species. Evidence of preorganized active
site indicates that dynamics of the active site is of no importance
to the catalysis.

Conformations of Ribozyme in Different Reaction Stages.
The structures of the ribozymesubstrates, TS, and product
complexes are shown in Figure 6. The most convenient way
for anthracene to enter the active site is through the back passage
(Figure 6a). In the ground state of the ribozyneactants
complex, ring 1l of anthracene is partially stacked between the
interstice of the G2 and A3 bases. A pair of hydrogen bonds is

formed instantly between the hydroxyl oxygen (O16) of )
anthracene with Nkigroup in the A3 base and the hydroxyl Figure 6. The structures of the ribozyme (ayeactant, (b)-TS, and (c)
—product complexes. The reacting species are represented by sticks. The

hydrogen (H28) with Car_bony_l group in U45 base as the ribozymes are denoted by sticks surrounded by surface. The width of
anthracene enters the active site. These hydrogen bonds assisinthracene is labeled by a green arrow.

the binding of the anthracene into the active site. Nevertheless,

the possibility of anthracene entering from the front passage of and A3-U45 base pair which compensates for the loss of the
active site cannot be ruled out. These results are consistent withhydrogen bonds. The product is too big to pass through the back
the observation by Wombacher et®alfter reaction, both passage and can be only released from the front passage.
hydrogen bonds are disrupted. Ring Il of anthracene is then Anthracene in Ribozyme.The conformation of anthracene
fully sandwiched by G2 and A3 bases. The product is stabilized undergoes significant change during the reaction. While the
by closer interactions between the aromatic rings of anthracenestructure of ground state anthracene is relatively flat with a width
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reactants togethér!® The water molecules surrounding non-
polar anthracene and maleimide are highly structured. When
the two reactants come together, face to face, the surface area
in contact with water decreases and there is an increase in
entropy accompanied by a decrease in free energy. The
hydrophobic bringing together of reactants does not necessarily
favor the formation of reactive conformers. The structure of
the ribozyme active site does create reactive conformers, and
the creation of such reactive conformers explains the kinetic
advantage of the DietsAlder ribozyme. Reactive conformers,
conceptually named near attack conformers (NACSs), are defined
by the van der Waals distances of reacting atoms and correct
Figure 7. Overlapping of TS structures of ribozyme (red) and water (blue) @pproach angle¥.

reactions. The rings of maleimides from TS structures in ribozyme and Conclusion

water were aligned. Arrows are the directions that maleimide and anthracene
approach each other. The angle between the directions of anthracenes in - The computer simulations of DielsAlder reactions in both

the two TS structures is 18 the active site of a DielsAlder ribozyme and water have been
) carried out by the use of SCCDFTB/ MM method combined
of anthracene (d|s'Fance between H20 and H24) of 9.2 A and with umbrella sampling. The potential energy surfaces support
the caret angle (dihedral angle H204_C1_H23) of 172 a concerted mechanism in both ribozyme and water reactions.
(Table 2). As can be seen from Figure 6a, the space above thel’he partial charges of reacting atoms during the reaction in both

caret-shaped A3-U45 base pair is too narrow to bind the flat y,o 5 tive site and in water are much the same. The free energy
anthracene in the ground state. The anthracene has to adopt Brofiles were determined by the one-dimensional PMF along

position with its ring 1l (Chart 1) sticking out into the back he reaction coordinate of 1R cor + Reacos). The

paslsage. .The banth:jagene r:nust gpprqacthglelmrl]de at a.tllte alculated free energy barriers are in good agreement with the
angle as it is bound into the active site. During the reaction, o, ,orimental values. TS of the reaction in the active site

ring 1l of anthr_acene bends while ring | and ring |ll remain possesses a configuration with equal reacting distances but a
flat. On formation of the product, the caret angle has changed twisted angle

from 172 to 132. This leads to a decrease in anthracene width The proficiency of the ribozyme reaction is achieved by the

by 0.6 A fr.om. ground state to producf[. In t,his way, the produpt active site bringing the reactants within van der Waals distances
perfectly fits in the bottom of the active site (Figure 6¢). This and in an appropriate direction. Stability is provided for the

isktjhe resgltc?ﬁf SELEdeetzoq in tEat Fge HEG-Iinhkeg Diels ; product rather than TS. The ribozyme catalysis of the Biels
Alder prlo u v¥as used to derive t € ribozyme. The e_glg_ree_ O Alder reaction resembles the chorismate mutase catalysis of the
resemblance of TS to product provides some TS stabilization. Claisen rearrangement of chorismateprephenatd35:55 |n

Comparison of Reacting Species in Ribozyme and Water.  poth ribozyme and mutase enzyme, the kinetic advantage over
As one might expect, the ground state of the anthracene (widthsthe reaction in water is due to the creation of a reactive
and caret angles) in the active site and water are very similar. conformer at the active site. TS stabilization is of less
The same is true for the TS. Figure 7 shows an overlapping of importance. In the ribozyme reaction, the active site is con-
the TS structures of ribozyme and water reactions. The reactionstrycted to stabilize the ribozymmoduct complex. Thus, the
coordinateRci-cp1 is roughly equal tdRca-cpzin TS structures  degree of resemblance of TS to product provides some TS
in both active site and water. The approach angle of anthracenestapilization. The concept that TS stabilization is the most
to the m_ale|m|de is about’dn water. However, it is ab_out 18 important feature in all enzyme reactions is fading. The
for the ribozyme-TS complex. Thus, the TS of the ribozyme importance of reactive ground state conformations (NACs) may
reaction is synchronous in distances but twisted in approachpe greater for more complex systems. Thus, Wolfenden and
angle. The shape of anthracene in the product is less planar inco-workers have determined the proficiency of peptide bond
water compared to that in active site. The difference is due to formation in the ribosome is 2x 107 fold.5® This rate
the stabilization of the product in the active site, in which the enhancement is due mainly to correct positioning of the reactants
shape of anthracene in product is forged by the caret-shapedyithin the active site, rather than due to conventional chemical
bottom of active site. catalysis.

Maleimide. The maleimide is stacked onto the anthracene Abbreviations
and oriented through hydrogen bonds formed by its carbonyl . ] .
oxygen (OE2) with the NH2 group of G24 and thet®droxyl -ES' Itransm(r)]n Sta_tgcgg:é '-\r/lgl (?fuantu_mt rrlechhanlcz an_d
group of U4226 Its alkyl group is buried in the hydrophobic ~ Mo'écuiar mechanics, , self-consistent-charge density-

pocket of ribozyme. The conformation of its alkyl group changes (50) Bruice, T. CAcc. Chem. Re2002 35 (3), 139-148.
only slightly at different states of reaction. Maleimide is in face (51) Hub S.; Bruice, T. CProc. Natl. Acad. Sci. U.S.2003 100(21), 12015
to face contact with C25. Thus, the base of C25 interacting with (52) Hur, S.; Bruice, T. CJ. Am. Chem. So@003 125 (19), 5964-5972.

) _ : L
maleimide is the major driving force for binding of maleimide 3 Zhang. X D.; Zhang, X. H.; Bruice, T. @iochemistry2005 44 (31),
)

10443-10448.
in the active site. (54) Guo, H.; Cui, Q.; Lipscomb, W. N.; Karplus, NProc. Natl. Acad. Sci.
) U.S.A.2001, 98 (16), 9032-9037.
It has been shown by Breslow and co-workers that an increase(ss) Guo, H.; Cui, Q.; Lipscomb, W. N.; Karplus, Mingew. Chem., Int. Ed.
; ; it ; 2003 42 (13), 1508-1511.
of hy_drOphObIC eﬁe_Ct_m water facilitates the _Dle{Alder (56) Sievers, ,(A.;)Beringer,M.;Rodnina, M. V.; Wolfenden,A/Roc. Natl. Acad.
reaction of the maleimide and anthracene by bringing the two Sci. U.S.A2004 101 (21), 7897 7901.
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functional tight-binding; MD, molecular dynamics; WHAM,  generous allocation (MCB050064) of computational resources
weighted histogram analysis method; PES, potential energyat DataStar in the University of California at San Diego
surface; PMF, potential of mean force. Supercomputing Center (SDSC). The authors thank Professor
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