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Abstract: Although incorporation of nonnatural amino acids provides a powerful means of controlling protein
structure and function, experimental investigations of amino acid analogues for utilization by the protein
biosynthetic machinery can be costly and time-consuming. In this paper, we describe a computational
protocol (HierDock) for predicting the relative energies of binding of phenylalanine analogues to phenylalanyl-
tRNA synthetase (PheRS). Starting with the crystal structure of Thermus thermophilus PheRS without bound
ligand, HierDock predicts the binding site of phenylalanine (Phe) within 1.1 A of that revealed by the crystal
structure of PheRS cocrystallized with Phe. The calculated binding energies of Phe analogues in PheRS,
using HierDock, correlate well with the translational activities of the same analogues in Escherichia coli.
HierDock identifies p-fluorophenylalanine and 3-thienylalanine as especially good substrates for PheRS,
in agreement with experiment. These results suggest that the HierDock protocol may be useful for virtual
screening of amino acid analogues prior to experiment.

1. Introduction tional activity in vivo is relatively small, and the range of

chemical functionality that has been accessed by this method
. o . remains modest. The experimental techniques for preparing and
of co_ntrollmg the composition, folding, and assembly of testing amino acid analogues can be costly and time-consuming;
proteins. The power of such systems would be enhancedconsequently, we consider in this paper a computational protocol

5|gn|f|cantly by. the development. of an ex_p.ano_led set of amino (HierDock) for screening amino acid analogues before experi-
acids that exhibit good translational activity in conventional ment

expression hosts. - N . The recognition of the amino acid or analogue by the
Various laboratories have demonstrated the ability of the wild- 5ppropriate aminoacyl-tRNA synthetase (aaRS) and attachment
type translational apparatus to incorporate nonnatural amino, the cognate tRNA constitute critical steps in the protein
acids containing fluorinateti;* unsaturated; ® electroactivé, synthesis pathway, and manipulation of the aaRS, has been
and other side chain functionalitié.** Nevertheless, the  shown to facilitate incorporation of nonnatural amino acids into
number of amino acids shown conclusively to exhibit transla- hrotein in vivol3-19 To guard against incorporation of incorrect
: amino acids into proteins, aaRS must bind three substrates
Calte-';:% e"‘gl‘fm correspondence should be addressed. E-mail: wag@ (aming acid, ATP, and cognate tRNA) with very high specific-
* Division of Chemistry and Chemical Engineering. ity.29 Bound amino acid is activated through the formation of
*Materials and Process Simulation Center, Beckman Institute. an aminoacyl adenylate intermediate; subsequent transfer of the
(1) Richmond, M. H.J. Mol. Biol. 1963 6, 284-294. aminoacy! group yields the aminoacyl-tRNA (eq 1).

(2) Yoshikawa, E.; Fournier, M. J.; Mason, T. L.; Tirrell, D. Macromolecules
1994 27, 5471-5475.

In vivo expression systems provide the most powerful means

(3) Duewel, H.; Daub, E.; Robinson, V.; Honek, J.Btochemistry1997, 36, aaRSt+ aa+ ATP < [aaRS:aa~ AMP] + PPi
3404-3416.

(4) Tang, Y.; Ghirlanda, G.; Petka, W. A.; Nakajima, T.; DeGrado, W. F.; aa
Tirrell, D. A. Angew. Chem., Int. E®R001, 40, 1494. [aaRS:aa&~ AMP] + tRNA®—

(5) Kiick, K. L.; Tirrell, D. A. Tetrahedron200Q 56, 9487-9493. aa

(6) Deming, T. J.; Fournier, M. J.; Mason, T. L.; Tirrell, D. A. Macromol. aa~ tRNA*+ AMP + aaRS (1)
Sci., Pure Appl. Cherr_i_L997, A34, 2.143—2150.

(7) van Hest, J. C. M.; Kiick, K. L.; Tirrell, D. AJ. Am. Chem. So00Q Here we assume that selective binding of the amino acid or

122, 1282-1288.
(8) van Hest, J. C. M. T. D. AFEBS Lett.1998 428 68—70.

(9) Kothakota, S.; Mason, T. L.; Tirrell, D. A.; Fournier, M. J. Am. Chem. (14) Wang, L.; Brock, A.; Herberich, B.; Schultz, P. Science2001, 292, 498.
So0c.1995 117, 536-537. (15) Doring, V.; Mootz, H. D.; Nangle, L. A.; Hendrickson, T. L.; de Crecy-
(10) Budisa, N.; Steipe, B.; Demange, P.; Eckerskorn, C.; Kellermann, J.; Huber, Lagard, V.; Schimmel, P.; Marliere, Bcience2001, 292, 501-504.
R. Eur. J. Biochem1995 230, 788-796. (16) Ibba, M.; Kast, P.; Hennecke, Biochemistry1994 33, 7107-7112.
(11) Cowie, D. B.; Cohen, G. NBiochim. Biophys. Actd957, 26, 252—261. (17) Kast, P.; Hennecke, H. Mol. Biol. 1991, 222, 99-124.
(12) Dougherty, M. J.; Kothakota, S.; Mason, T. L.; Tirrell, D. A.; Fournier,  (18) Ibba, M.; Hennecke, H-EBS Lett.1995 364, 272-275.
M. J. Macromolecules1993 26, 1779-1781. (19) Kiick, K. L.; van Hest, J. C. M.; Tirrell, D. AAngew. Chem., Int. Ed.
(13) Sharma, N.; Furter, R.; Kast, P.; Tirrell, D. REBS Lett200Q 467, 37— 200Q 39, 2148-2152.
40. (20) Arnez, J. G.; Moras, DIrends Biochem. Scl997 22, 211-216.
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analogue to the aaRS is the step that determines the selectivityexperiment. Such virtual screening procedures could consider-
of amino acid incorporation into the growing polypeptide chain. ably speed the development of libraries of analogues likely to
This need not be the case: formation of the aminoacyl adenylate,be incorporated into protein in vivo.

attachment to tRNA, or editing by the aaRS could in principle
constitute the product-determining step. However, selective
binding is a necessary step, and we find herein that the calculated 2.1. Computational Methodology We use the HierDock procedure,
binding energies of a set of Phe analogues to PheRS correlatavhich has been applied successfully to study the binding of ligands to
well with the translational activities of the analogues in vivo. globulaf??3and membrane-bound proteitis: ?*The HierDock ligand
When possible, we compare the calculated difference in binding Scréening protocol follows a hierarchical strategy for examining
energies to the differential free energies of binding determined conformations, binding sites, and binding energies. The steps involve

. - ..__using coarse grain docking method to generate several conformations
from experimentally measured kinetic parameters that describe - h
S . . of protein/ligand complexes followed by molecular dynamics (MD)
the activation of the amino acid substrate.

A o - o . simulations including continuum solvation method performed on a

Predicting the binding site and binding energy for an amino g pset of good conformations generated from the coarse grain docking.
acid or a novel amino acid analogue can easily become anpethods combining docking and MD simulations have been tééted,
intractable process. There might be many possible binding sitesbut the main drawback of these tests was that only one protein/ligand
for the analogue (not just that occupied by the natural amino complex structure was kept from the coarse grain docking method for
acid), and it is necessary to examine all such possibilities to MD simulations. This is risky considering that the coarse grain methods
determine if an analogue will bind to the appropriate site. Even do not have accurate scoring functions that include solvation. Free
with the binding site specified, there are many complications €nergy perturbatipn methods I_ead to accurate _free en_ergies of bin_ding
in predicting a binding free energy. There are often many but.are cor_nputatlg)nalIyllntenswe and not readily appllcabl_e to av_wde
possible configurations of the ligand and of the protein side variety of_||gand52. In this paper, we Qemon_strate that hlgrarchlcal

. . . . . computational protocol that uses hierarchical conformation search

chains, aS_ well as.un_certa?mFy concerning solvat.|on of the "ga”d methods along with different levels of scoring functions would allow
and protein, and in identifying molecules and ions that might

) " - ) screening of amino acid analogues for aminoacyl t-RNA synthetases.
compete for the active site. To obtain a practical protocol for The steps in HierDock are as follows:

examining all possible sites, while predicting sufficiently (1) First we carry out a coarse grain docking procedure to generate
accurate binding energies for the most favorable sites, we usea set of conformations for ligand binding. In this paper, we used DOCK
the HierDock hierarchical stratedy.2* HierDock starts with a 4.0% to generate and score 30 000 configurations, of which 10% (3000)
coarse grain search of conformations for the binding site and were ranked using the DOCK scoring function.
ends with fine grain molecular dynamics (MD) optimization of (2) We then select the 20 best conformations for each ligand from
the full ligand/protein complex, including solvation. DOCK and subject them to annealing molecular dynamics (MD) to
In this paper, we apply the HierDock computational protocol further opﬂ_rmze the con_formatlon in the_loc_al bmdl_ng pocl_<et, aIIO\_Nlng
to screening of amino acid analogues for binding to the the atoms in both the l.'ga.nd ‘r?md the binding cavity (residues .W'th an
corresponding aaRS. To validate this protocol, we first predict atom within 5 A of thebinding ligand) to move. In this step, the ligand

L ) . . and the binding cavity in the protein were heated and cooled from 50
the binding site of phenylalanine (Phe) in phenylalanyl-tRNA to 600 K in steps of 10 K (0.05 ps at each temperature) for five cycles.

synthetase (PheRS) ®hermus thermophilud. thermophiluj At the end of each annealing MD cycle, the best energy structure is
The calculated binding site of Phe in PheRS is within 1.1 A" retained. Annealing MD allows the protein cavity to readjust for
CRMS (coordinate root-mean-square error for all atoms) of the interaction with the ligand. This fine grain optimization was performed
crystal structure. The HierDock procedure was then used to using MPSind® and full atom force field (DREIDINGY and continuum
predict the binding site and to calculate the binding energies of solvation methods. We use the surface generalized *Bd8GB)
various analogues of Phe to PheRS. We find that the calculatedgcontinuum solvent method to obtain forces and energies resulting from
binding energies of Phe and its analogues correlate well with the_ polarization of the solvent by the charges of_the ligand and protein.
the results of experimental measurements of in vivo incorpora- | 1S @llows us to calculate the change in the ligand structure due to
tion in Escherichia coliand of in vitro measurements of the the solvent field and hence obtain accurate binding energies that take

. . - into account the solvation effects on the ligand/protein structure. For
differential free energy of binding. It should be noted that the the annealing MD procedure, the charges for the ligand were derived

2. Methods

binding energies were calculated for PheRS fromthermo- gjng the charge equilibration (QE&method, while charges for the
phllus and Cpmpared. to the experlmer?tal measurements of in protein were taken from CHARMM2Z This procedure generated 5
vivo translational activities made on wild-tyfie coli PheRS. x 20 = 100 good protein/ligand complexes for each ligand.

This is reasonable because the sequence identity betieen (3) For the 100 structures generated by annealing MD simulations
coli andT. thermophilusor PheRS is 43% with 94% identity  for each ligand, we minimized the potential energy (conjugate gradients)
in the binding site. The HierDock procedure also yields a of the full ligand/protein complex in agueous solution using SGB. This
predicted binding site for each of the Phe analogues, which

allows assessment of the feasibility of activation of each bound ¥ é'_o,ue_“;orb\cl\_/‘,\,%{,_\fc'ggr_"égf_';UG_‘S)_(ESB%’ 2,“4; o omger, M. S Shepherd,

substrate. We suggest that the methods described here could6) %gzgi 2‘]3 Igé;zlfl%riznéoP.; Wang, W.; Kollman, P. 4. Am. Chem. Soc.
be used for virtual screening of amino acid analogues prior t0 (27) koliman, P. A.Chem. Re. 1993 93, 2395-2417.

(28) Ewing, T. A.; Kuntz, I. D.J. Comput. Chenil 997, 18, 1175-1189.

(21) Datta, D.; Vaidehi, N.; Floriano, W. B.; Kim, K. S.; Prasadarao, N. V.; (29) Lim, K.-T.; Brunett, S.; lotov, M.; McClurg, R. B.; Vaidehi, N.; Dasgupta,

Goddard, W. A., lll.Proteins: Struct., Funct., Gene2002 in press. S.; Taylor, S.; Goddard, W. A., [IJ. Comput. Cheni997, 18, 501.
(22) Datta, D.; Vaidehi, N.; Xu, X.; Goddard, W. A, lIProc. Natl. Acad. Sci. (30) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., Il. Phys. Chem199Q
U.S.A.2002 99, 2636-2641. 94.
(23) Zhang, D.; Vaidehi, N.; Goddard, W. A., lll; Danzer, J. F.; DebePEnc. (31) Ghosh, A.; Rapp, C. S.; Friesner, R.JAPhys. Chem. B998 102 10983~

10990.

)
Natl. Acad. Sci. U.S.A2002 99, 6579-6584.
) Rappe, A. K.; Goddard, W. A., II0. Phys. Chem1991, 95, 3358.
)

(24) Vaidehi, N.; Floriano, W. B.; Trabanino, R.; Hall, S. E.; Freddolino, P.; (32
Choi, E. J.; Zamanakos, G.; Goddard, W. A., Froc. Natl. Acad. Sci. (33) MacKerell, A. D.; Bashford, D.; et al. Phys. Chem. B998 102 3586—
U.S.A.2002 99, 12622-12627. 3616.
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Figure 1. Comparison of crystal structure without ligand (No/PheRS,
1PYS) in red with the force field-minimized structure in yellow. CRMS
0.8 A

step of protein/ligand complex optimization is critical to obtaining
energetically good conformations for the complex (cavityigand).

We then calculated binding energies as the difference between the tota

energy of the ligand/protein complex in solvent and the sum of the

total energies of the protein and the ligand separately in solvent. The
energies of the protein and the ligand in solvent were calculated after

independent energy minimization of the protein and the ligand

separately in water. The energy calculations used the more accurate

Poissor-Boltzmani#* (PB) solvation method to calculate solvation

energies. The nonbond interaction energies were calculated exactly

using all pair interactions.
Section 3 shows that this HierDock strategy provides a practical

Table 1. Comparison of Various Predicted and Experimental
Structures for PheRS

system CRMS (A)
1PYS and 1PYS minimized 0.8
1B70 and 1B70 minimized 0.7
predicted Phe/PheRS with 1B70 crystal structure 1.1

Table 2. Notation Used To Denote the Different Ligand/Protein
Complex in This Paper?

notation

No/PheRS

system

T. Thermophilu$heRS crystal

structure with no bound Phe (pdb: 1PYS)
energy minimized(min) structure

starting with the No/PheRS structure

No/PheRS(min)

No/PheRS(min) structure after No/PheRS(dyn)
MD simulations at 300 K
crystal structure of PheR3 (Thermophilus Phe/PheRS

with bound Phe (pdb: 1B70)

force field energy minimized structure
of Phe/PheRS

predicted structure of Phe bound to PheRS
starting from No/PheRS(dyn)

Phe/PheRS(min)

Phe/PheRS

a2The entity before the slash in this notation indicates the ligand, and
after the slash the entity is the protein.

structure of PheRS complexed with Phe fréinthermophilusat 2.7 A
resolution (PDB code: 1B70). We will denote this structure as Phe/
PheRS, where the underline indicates that the protein structure is that
of the liganded protein. The CRMS (all atoms) between the protein
part of Phe/PheRS and No/PheRS is 0.4 A, indicating that binding the
ligand does not cause significant reorganization of the protein.

To determine how well the HierDock procedure works for a system
in which the binding site has not been determined, we predicted the
structure of PheRS with bound Phe, starting with No/PheRS. This
predicted structure is denoted as Phe/PheRS. Although the binding site
Iof Phe in PheRS is known, we did not use the explicit three-dimensional
coordinates from the crystal structure in our simulations. This is because
we wanted to validate how well our procedure would identify an
unknown binding site and structure. This is a critical test for the
procedure, because in many important applications one may not have
access to a known crystal structure with the ligand bound.

We validated the force field used here by performing energy
minimization on two crystal structures. We started with the No/PheRS
structure (shown in red in Figure 1) and added explicit hydrogens to
all heavy atoms. To represent the solvation shell expected®rtbar

charged residues, we neutralized the acidic residues by addihg Na

scheme for predicting ligand binding structures and relative binding counterions and basic residues by adding @unterions. The energy

energies of Phe and its analogues to PheRS. The calculated relativ

binding energies correlate well with in vivo incorporation results with
wild-type PheRS, reported previougi§!s
2.2. Procedures for Screening Analogues and Application to

€f this structure was then minimized with the conjugate gradient method

while including solvation via the SGB continuum solvation model. We
found a 0.8 A CRMS difference between the coordinates of all atoms
in the minimized structure and the crystal structure (as shown in Figure

PheRS.PheRS offers a good test case for HierDock because a rangeyy yhich is well within the resolution of the crystal structure (2.9 A).
of Phe analogues has been evaluated with respect to in vivo translationakry frther validate our force field. we also performed a similar

activity with wild-type PheRS. PheRS is amf, heterotetrameric
enzyme. The crystal structure of tiie thermophilusvariant without
bound Phe has been reported by Mosyak and co-wofRekee will
denote this structure (PDB code: 1PYS) as No/PheRS, where “No”
indicates the crystal structure of PheRS protein withligand The
entity before the slash in this notation indicates the ligand, and after
the slash is the protein. Reshetnikova etaletermined the crystal

(34) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A,; Sitkoff, D.; Nicholls,
A.; Ringnalda, M.; Goddard, W. A., lIl; Honig, Bl. Am. Chem. So4994
116 11875.

(35) Mosyak, L.; Reshetnikova, L.; Goldgur, Y.; Delarue, M.; Safro, MN@t.
Struct. Biol.1995 2, 537.

(36) Reshetnikova, L.; Moor, N.; Lavrik, O.; Vassylyev, D. G.Mol. Biol.
1999 287, 555-568.
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minimization on the 1B70 (Phe/PheRS) structure. The CRMS difference
in the coordinates of all atoms between the crystal structure and the
force field-minimized structure is 0.7 A. The above two tests,
summarized in Table 1, indicate that the force field, charges, and
solvation description are satisfactory. The notations used for the
minimized and other structures of PheRS used or generated in this study
are given in Table 2.

For all of the docking studies, we started with tindigandedNo/
PheRS(min) structure. This was to remove any bias that might be
introduced by using the crystal structure with Phe bound. Because the
o chain contains the binding site, we used just this chain for the docking
studies. Crystallographic water molecules were removed to allow the
volume of the receptor site to be explored completely.
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Figure 3. Comparison of binding pocket for PheRS from (a) No/PheRS,
ligand-free crystal structure (red) of (b) minimized structure from No/PheRS
(yellow), and (c) the Phe/PheRS crystal structure (1B70) (green).

changed the vdW parameters back to the original values of the Phe
atoms. Subsequently, the best docked conformation of the protein/ligand
complex was optimized using constant temperature and constant volume
Figure 2. a-Subunit of T. thermophilusPheRS from the crystal structure ~ MD simulations on the protein cavity at 300 K for 100 ps. This
(No/PheRS, 1PYS). The dots show the potential binding sites, and the box procedure relaxed the binding site of Phe in the No/PheRS(min)
shows the binding region used for HierDock. structure. We denote this structure as No/PheRS(dyn), implying that
PheRS structure is the one after 100 ps of MD simulations. The CRMS
We then carried out a coarse grain search using “DOCK 4.0". The difference of the binding cavity before and after MD is 2.1 A, indicating
docking site was limited to a 10 A cube (the box shown in Figure 2) rearrangement to accommodate the ligand. Figure 3 shows the relaxed
in the region of the binding site for Phe. However, we made no use of binding cavity No/PheRS(dyn) in yellow as compared to the No/PheRS-
the coordinates from the crystal structure with Phe bound. The DOCK (min) in red. Figure 3 also compares No/PheRS(dyn) to Phe/PheRS-

search was done with the following controls: (min) in green. The overall CRMS difference between these structures
(1) Mapping Possible Binding RegionsThe negative image of the is only 1.1 A which is within the resolution of the crystal structure,
receptor molecular surface (using the Connolly methodas filled 2.5 A. Such a relaxation procedure is applicable to proteins that do not

with a set of overlapping spheres. A probe of 1.4 A radius was used to undergo major conformational changes on ligand binding. Using the
generate a molecular surface. These spheres represent potential ligantelaxed cavity predicted for No/PheRS(dyn), we then redocked Phe
binding sites. Sphere clusters were generated for the whole binding and each of the seven analogues shown in Scheme 1, using the same
site using the program “Sphgen” from the DOCK suite of programs. set of DOCK parameters. The analogue structures were built using

(2) Defining Regions for Docking. The sphere-filled volume PolyGraf (MSI, San Diego) and optimized in solution (SGB) using
representing the void space or the potential binding region in the protein the DREIDING FE° and charges from charge equilibration (QEY).
around the binding site was chosen from the description of the binding The best 16-30 configurations for each analogue in the binding region
site®® as shown in Figure 2. were selected using the energy scores from DOCK 4.0 and used as

(3) Generating Docked Conformations of the Receptor/Ligand input for the subsequent annealing MD step of HierDock. To select
Complexes.Starting with an arbitrary conformation of Phe, several these best configurations, we allowed nonbond interactions from all
orientations of Phe within the receptor were generated using DOCK atoms within 20 A of the binding region.

4.0. Here we used flexible docking with torsion minimization of ligands, Next, we carried out the fine grain HierDock procedure to select
a nondistance dependent dielectric constant of 1, and a cutoff of 10 A the optimum configuration for binding each ligand. Thus, the binding
for energy evaluation. site was determined by considering the 100 best scoring structures of

Using DOCK 4.0 to dock Phe to the No/PheRS(min) structure did Phe in PheRS after MD annealing and optimizing the structures with
not give properly bound structures because most of the structuresminimization. This procedure was repeated to determine the binding
generated were outside of the binding site. This was because the bindingsite and binding energies of the seven Phe analogues shown in Scheme
cavity in No/PheRS(min) was too narrow for Phe to bind. To relax the 1. As described below, the calculated binding energies correlate well
binding cavity in No/PheRS(min), we docked Phe with reduced van with the experimental in vivo results on incorporation of these analogues
der Waals radii for the Phe atoms (by 50% of the original DREIDING into recombinant proteins. Further more, we compared the calculated
radii) while keeping the van der Waals radii of the protein atoms binding energies with the relative free energies of binding estimated
unchanged. Phe was then found in the binding site. Using the scoring from the kinetics of pyrophosphate exchange.
function from DOCK 4.0, we then selected the best structure and  2.3. Measurement of Relative Free Energiedn vitro measure-
ments of relative free energies were performed after the theoretical
(37) Connolly, M. L.J. Appl. Crystallogr.1983 16, 548-558. predictions were made to enable direct comparison of the calculated

J. AM. CHEM. SOC. = VOL. 124, NO. 48, 2002 14445
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Scheme 1. Phenylalanine and Analogues: Phenylalanine (Phe), p-Fluorophenylalanine (4Fphe), p-Chlorophenylalanine (4Clphe),
p-Bromophenylalanine (4Brphe), 2,4,6-Trifluorophenylalanine (TFphe), 3-Thienylalanine (3TA), 3-Pyrrolylalanine (3PA), Histidine (His)

F cl By
HoN OH HoN OH HoN OH HoN OH
o o (e] o
1 2 3 4
H
F. F S N H N/\
W, W N
=
F
HoN OH HoN OH HoN OH HN OH
0 ) 0 )
5 6 7 8

- . P Table 3. Hydrogen Bond Distances and vdW Interactions in the
binding energies to the measured free energy of binding. The PheRSp o Binding Sitgs of PheRS/Phe Complexes

gene was cloned directly fror&. coli genomic DNA with flanking

primers encoding the restriction sit€ad and Hindlll (primer 1, 5- substrate hydrogen bond distance in A

CAC CAC TGA CAC AAT GAG CTC AAC CAT GTC ACA TCT Phe residue atom Phe/PheRS Phe/PheRS(min) Phe/PheRS
CG-3; primer 2, B-CAT ATG GCT AGC AAG CTT CAT AGG TTC Phe-O  Trpld9 Nl 297 297 3.32
AAT CCC-3). The resulting 3500 base-pair DNA fragment was gel-  Phe-O Arg204 Ny1 3.07 2.87 3.28
purified, digested witf8ad andHindlll, and ligated into the expression Phe-O  GIn218 N:2 2.93 3.02 3.46
plasmid pQE30 (Qiagen) to yield pQE-pheST, which encodes both the Ene‘g g:sgg "Q‘% i-ig i-gg ggg

; ; : . e- u . . .

o and thef subunits ofE. coli PheRS. The integrity of the cloned Phe-N GIn218 G-1 299 308 331

gene was confirmed by DNA sequencing. The cloned enzymes
contained the N-terminal leader sequence MRGSHHHHHHTD-
PHASST. pQE-pheST was transformed into XL-1 (Stratagene) to yield
the expression strain. Protein expression was induced g$GD0.6
with 1 mM IPTG. After 3 h, the cells were harvested. The enzyme
was purified using Ni-NTA agarose resin under native conditions
according to the manufacturer’s instructions (Qiagen), and protein was
stored in Buffer A (50 mM Tris-HCI, 1 mM DTT)/50% glycerol.
Aliquots were flash frozen and stored-a80 °C. The concentration of
the purified enzyme was determined by absorbance at 280 nm under
denaturing conditions.

Measurement of relative free energy of binding was performed by Trp149
determining the kinetics of the ATP-P&changé® The assay buffer
contained 30 mM HEPES, pH 7.4, 10 mM MgCl mM DTT, 2 mM
ATP, and 2 mM $2P]-PR (0.5 TBg/mol). The enzyme concentration
was 100 nM. The amino acid concentration varied depending on the
activity of the enzyme toward the substrate (Phe;300uM; others,
30 uM—10 mM). Aliquots (20uL) of reaction mixture were quenched
into 500uL of quench buffer (200 mM RP7% w/v HCIQ,, and 3% Phe258
activated charcoal). The charcoal was washed twice with wash buffer
(10 mM PR, 0.5% HCIQ) and counted. The data reported here were
the average value from duplicated experiments. The kinetic parameters
were obtained by nonlinear regression fitting analysis according to the £jg,e 4. Predicted binding site of Phe in PheRS from applying HierDock
Michaeli-Menten kinetics model. to No/PheRS. The predicted position of the Phe is shown as pink sticks.

3. Results and Discussion
chains of Phe258, Phe260, Val261, Gly282, Ala283, Gly284,

3.1. Prediction of the Binding Site of Phe in PheRSFigure . -
. . Phe315, and Gly316 form a hydrophobic pocket that sandwiches
4 shows the predicted bound structure (Phe/PheRS) starting fromth e phenyl rin gyof the ligan dy phobicp w

the No/PheRS(min) structure. The substrate Phe forms seven Table 3 lists the distances of the hydrogen bonds to Phe in

H-bonds to the residues Trpl49, Arg204, Hisl78, GIn218, . .
Ser180, Glu220, and His178. It is important to note that (1) Phe/PheRs, T_hese hydrogen bond ghstances agree well with t_he

. -’ Phe/PheRS(min) structure. These distances also agree well with
GIn218 and Glu220 make two hydrogen bonds with the amino - .

- the hydrogen bonds in the Phe/PheRS (pdb code: 1B70) crystal
group of Phe; (2) the carboxyl oxygen of Phe hydrogen bonds | . bl h lculated hvd bond
with the backbone amide group of Trp149; and (3) the side ;tructure, column 5 |n'Ta € 3. The calculate nydrogen bonds

’ in Phe/PheRS are typically shorter than those in the Phe/PheRS
(38) Hendrickson, T. L. Nomanbhoy, T. K. Schimmel,Bochemistry2000 structure, probably be_cause the V|brat_|ons at finite temperature
39, 8180-8186. lead to an expansion in the anharmonic hydrogen bonds. Table
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Table 4. All Residues in van der Waals Contact (within 5.0 A) of Phe in the Phe/PheRS Structure

vdW interaction Glu220 Phe258 Phe260 Val261 Gly282 Ala283 Gly284 Ala314 Phe315 Gly316
Table 5. Binding Energy and Its Components for Phe Analogues Calculated from HierDock?

Phe* 4Fphe* 3TA* 4Brphe 4Clphe 3PA TFphe His
AG (kcal/mol) —46.66 —42.87 —37.26 —35.82 —34.48 —31.81 —30.19 —30.97
AAG (kcal/mol) 3.79 9.40 10.84 12.18 14.85 16.47 15.69
AG (sol) (kcal/mol) —-10.9 —-1.13 1.25 0.31 0.04 7.79 6.65 —0.37
AG (coul) (kcal/mol) —2.84 —7.94 —-3.15 —5.87 —6.75 -9.33 —5.44 -3.15
AG (vdW) (kcal/mol) —36.46 —34.54 —35.02 —26.98 —29.67 —31.99 —31.22 —28.86
AAG (kcal/mol) (exp) 0.98 1.09 NA NA NA NA NA
Km (uM) (exp) 28+ 5P 148+ 31 176+ 30
keat (1/s) (exp) 0.14+ 0.0 0.02+ 0.002 0.0%+ 0.007

aThe three cases marked with * have been incorporated experimentally in vivo through the agency of the wild-type PheRS. Notation: Phe, phenylalanine;
4Fphe,p-fluorophenylalanine; 4Clphe&-chlorophenylalanine; 4Brph@;bromophenylalanine; TFphe, 2,4,6-trifluorophenylalanine; 3TA, 3-thienylalanine;
3PA, 3-pyrrolylalanine; His, histidine. NA: Analogues not activated by wild-tgpeoli PheRS? The Ky, values reported here are in reasonable agreement
with previously reported values, althougky values appear to be quite different, presumably due to the different methods of measuring concentrations of
the enzyme.
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Figure 5. Calculated binding energies for analogues of Phe in PheRS. The
analogues are shown in Scheme 1. The analogues to the left of the broke
line have been observed experimentally to serve as phenylalanine surrogate
in wild-type E. coli cells; those to the right have not. The abbreviations in
the figure for the Phe analogues are phenylalanine (Rh#)prophenyl-
alanine (4Fphe)p-chlorophenylalanine (4Clphep-bromophenylalanine
(4Brphe), 2,4,6-trifluorophenylalanine (TFphe), 3-thienylalanine (3TA),
3-pyrrolylalanine (3PA), and histidine (His).

4 also shows the residues in the Phe/PheRS structure that mak
van der Waals contact with Phe. i ) ]
Comparison o the predicted structure (PhelPheRS) to the "04< &, The van ter wads suce (amine atom sufce shoun
experimental Phe/PheRS(min) structure shows a CRMS differ- chain of Ala314.
ence of 1.1 A. The CRMS for the heavy atoms of the bound
Phe (ligand only) between the predicted structure Phe/PheR
and Phe/PheRS(min) is 0.7 A. This excellent agreement with
the crystal structure gives confidence in predicting the structures
for Phe analogues bound to PheRS.

STabIe 6. Predicted Hydrogen Bond Distances of Phe,
p-Fluorophenylalanine (4Fphe), and 3-Thienylalanine (3TA)
Analogues in Their Respective Binding Sites

hydrogen bond distance (A)

. o . in resid h h
3.2. Calculation of Binding Energies for Phe Analogues. proteln estdve (altom) il _ il _ illa _
The ligands shown in Scheme 1 were docked in the same region éﬁgg?ggkfz)) o Eg:mgm; o Eg:mgmg 5o Eg:mg:gg
as Phe and optimized using the same HierDock procedure. The  is17g((n?) 2.93 (O-main)  2.87 (O-main)  4.10 (O-main)
calculated binding energies are shown in Table 5 and Figure 5. Trp149(N?) 2.97 (O-main) ~ 2.95(O-main)  3.02 (O-main)
The analogues to the left of the line in Figure 5 are observed g:ﬁgigggg g-gg Emmg'zg ‘Z‘gg Emmg'zg g-gg Emmg'zg
: . : . . . . . - | . - | . - |
from in vivo experiments with convention&. coli strains to Ser180(0) 418 (N-main) 411 (O-main)  5.78 (N-main)

be incorporated into recombinant protein. Analogues 2,4,6-

trifluorophenylalanine and 3-pyrrolylalanine in Scheme 1 have

not been tested for in vivo translational activity. Histidine and ity.1316The binding energies of the analogues to the left of the
the other Phe analogues from Scheme 1 are not incorporatedine in Figure 5 thus correlate well in vivo translational activity.
into protein in conventional expression straipsChlorophe- The binding energies for these analogues are calculated to be
nylalanine andp-bromophenylalanine have been shown to larger than those of the analogues that are not incorporated
support protein synthesis in @ coli strain outfitted with a experimentally. Most importantlyp-fluorophenylalanine and
mutant form of PheRS that exhibits relaxed substrate specific- 3-thienylalanine, both of which have been shown experimentally

J. AM. CHEM. SOC. = VOL. 124, NO. 48, 2002 14447



ARTICLES Wang et al.

Table 7. List of van der Waals Contacts of the Side Chains of p-Fluorophenylalanine and 3-Thienylalanine, with the Side Chains of
Residues in Their Respective Binding Sites?

4Fphe Phe258* Phe260 Val261* Gly282 Ala283 Gly284 Ala314* Phe315 Gly316*
3TA Phe258 Phe260* Val261* Gly282 Ala283 Gly284 Ala314* Phe315 Gly316*

aAll vdwW contacts withn 5 A are shown. The residues with side chains withir-82 A of the ligand are marked with *.

to incorporate into recombinant proteins in vivo, are predicted
to exhibit the highest binding energies. It is noteworthy that
histidine, a natural amino acid, shows an unfavorable binding
energy as compared to Phe. This correlation with experimental
results suggests that this virtual screening procedure may be
useful for screening analogues for other aaRS.

Table 5 analyzes the contributions to the binding energy from
the Coulomb, van der Waals, and solvation terms. We see that
desolvation and Coulomb interactions faymifluorophenyl-
alanine p-chlorophenylalanine, angtbromophenylalanine. On
the other hand, van der Waals interactions fgwfiluorophen-
ylalanine, Phe, and 3-thienylalanine but are not as favorable
for p-chlorophenylalanine or the bulkybromophenylalanine.
Figure 6 shows the van der Waals surface (as dotted pink
spheres) of the bromine atom mbromophenylalanine in its
binding cavity as predicted in the present study. We see that
the van der Waals surface of bromine clashes with that of the
methyl group of the Ala314 (green dots in Figure 6). This is
consistent with the binding energy values, which show that the
van der Waals interactions in the hydrophobic pocket of the
binding cavity distinguish the various analogues. Differential
solvation is also critical to these predictions, indicating that it Figure 7. Comparison of binding pocket for phenylalanine (white) to that
is important to obtain fast and accurate predictions of solvation °f P-fluorophenylalanine (yellow) and 3-thienylalanine (red).

(for both structure optimization and scoring).

Table 5 indicates that Phe has a binding energy (computa-
tional) that is 3.79 kcal/mol more favorable thpdfluorophen-
ylalanine and 9.40 kcal/mol better than that of 3-thienylalanine.
To test these predictions, the experimental kinetics of pyro-
phosphate exchange were analyzed to yield the differential free
energy of binding via eq 2

the energies of the various bound states. However, the energies
obtained from the HierDock method refer only to the binding
event and do not take into account changes in the activation
energy of the catalytic stefd. Thus, while the qualitative
conclusions drawn from the computational work are of sub-
stantial value, quantitative prediction of differential binding
energies will require further refinement of these computational

K, K" = exp[AAG/(RT)] () ~ Methods.

3.3. Predicted Binding Sites forp-Fluorophenylalanine and

in which the superscript a refers to the cognate amino acid, and3-Thienylalanine. Comparison of the best predicted structures
the superscript b refers to the amino acid analogue. The quantityof Phe/PheRS with those @fluorophenylalanine and 3-thi-
AAG is the difference in the free energies of binding of the enylalanine in their respective binding sites shows that the
analogue AGP) and the cognate amino acid@?), that is, AAG overall CRMS difference between the binding sitp-@ifiorophen-
= AGP — AG239 The kinetic ana|ysis y|e|d5 differential b|nd|ng ylalanine and Phe/PheRS is 0.4 A, identical to that for 3-thi-
energies considerably smaller than those predicted computa-€nylalanine. However, the CRMS difference between the
tionally; p-fluorophenylalanine and 3-thienylalanine bind just binding sites of 3-thienylalanine angifluorophenylalanine is
0.98 and 1.09 kca|/m0|’ respectivew’ more Weak|y than phen- 0.1 A, much less than the CRMS between Phe/PheRS and the
ylalanine. Part of this difference arises because the energies fronforresponding binding sites pffluorophenylalanine and 3-thi-
the theory are for minimized structures (0 K), while the enylalanine. Tables 6 and 7, respectively, list all of the hydrogen
experimental results are for300 K. Molecular dynamics  bonds and van der Waals contacts thdluorophenylalanine
studies at 300 K would lead to wide excursions of the molecules and 3-thienylalanine make in their respective binding cavities.

over the binding site, leading to less differentiation between Figure 7 compares the binding pocketpdfuorophenylalanine
and 3-thienylalanine to Phe/PheRS. It is seen from list 2 in Table

(39) Fersht, AStructure and Mechanism in Pr_otein Scienvé. H. Freeman_ 7 that the side chain of 3_thieny|a|anine makes a more favorable
and Co.: New York, 1999. Fersht has pointed out that use of the ratio of A
Michaelis constants to calculate relative binding energies neglects the Van der Waals contact to Phe260 (3.8 A) as compared to

contribution of binding to catalysis. He recommends instead use of the p. i i -
ratio of specificity constants kfa/Km)/(kealKm)s. However, the energies P ﬂuorOphenylala.mme (4.3 A) with Phe260. Howevep; .
obtained from the HierDock method refer only to the binding event and fluorophenylalanine makes close van der Waals contact with
do not take into account changes in the activation energy of the catalytic A|q314 (3 4 A) and Val261 (3 4 A) as Compared to Phe/PheRS
step. If we apply the Fersht treatment to the data in Table 5, the values of = ) T . . . e
AAG are 1.35 and 2.13 kcal/mol for 3-thienylalanine gmfiuorophenyl- It is also seen that the amino terminus of 3-thienylalanine is
alanine, respectively. The latter value is in excellent agreement with that ; _
reported by Gabius et al. (Gabius, H. J.; von der Haar, F.; Cramer, F. farther from Ar9204 and His178 as compar_ed pdluoro .
Biochemisiry1983 22, 2331-2339). phenylalanine. This could be due to the larger size of the fluorine
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atom, which moves the-fluorophenylalanine more toward engineering. Further refinement will be required for accurate
Arg204 and His178. prediction of differential binding energies of amino acid

4. Summary substrates.

The HierDock protocol predicts the binding site for Phe in ~ Acknowledgment. This work was supported by NIH/BRG
PheRS to within 0.7 A CRMS of the crystal structure, suggesting R01-GM62523 (D.A.T., W.A.G., and N.V.) and by the Center
that it might correctly predict the binding site for Phe analogues for the Science and Engineering of Materials at Caltech (NSF-
in PheRS. Using this procedure, we predicted the binding sites MRSEC). The facilities of the Materials and Process Simulation
and binding energies of seven Phe analogues. The two predictedCenter used in this project are supported also by DOE (ASCI
to have the most favorable binding energipgluorophenyl- ASAP), NSF (CTS and MRI), NIH, ARO-MURI, Chevron
alanine and 3-thienylalanine, are the only analogues that haveCorp., MMM, Seiko-Epson, Dow Chemical, Avery-Dennison
been incorporated into recombinant proteins inEarcoli host Corp., Kellogg’s, General Motors, Asahi Kasei, the Beckman
harboring an unmodified PheRS. These results suggest that thénstitute, and ONR.

HierDock protocol may be useful as a virtual screening tool
for designing nonnatural amino acid analogues for protein JA0175441

J. AM. CHEM. SOC. = VOL. 124, NO. 48, 2002 14449



