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SUMMARY

Faithful translation of the genetic code depends on
the GTPase EF-Tu delivering correctly charged ami-
noacyl-tRNAs to the ribosome for pairing with
cognate codons. The accurate coupling of cognate
amino acids and tRNAs by the aminoacyl-tRNA
synthetases is achieved through a combination of
substrate specificity and product editing. Once
released by aminoacyl-tRNA synthetases, both
cognate and near-cognate aminoacyl-tRNAs were
considered to be committed to ribosomal protein
synthesis through their association with EF-Tu.
Here we show instead that aminoacyl-tRNAs in
ternary complex with EF-TudGTP can readily disso-
ciate and rebind to aminoacyl-tRNA synthetases.
For mischarged species, this allows resampling by
the product editing pathway, leading to a reduction
in the overall error rate of aminoacyl-tRNA synthesis.
Resampling of mischarged tRNAs was shown to
increase the accuracy of translation over ten fold
during in vitro protein synthesis, supporting the pres-
ence of an additional quality control step prior to
translation elongation.

INTRODUCTION

Faithful translation of genetic information from mRNA to protein

is critical for normal cellular functions. The protein synthesis

machinery utilizes aminoacyl-tRNAs (aa-tRNAs), which are

formed by aminoacyl-tRNA synthetases (aaRSs) and delivered

to the ribosome by elongation factors (EF-Tu in bacteria and

EF-1a in archaea and eukaryotes) (Ibba and Söll, 2000; Ogle

and Ramakrishnan, 2005). The overall translation error rate of

10�3–10�4 is a net accumulation from several steps, including

transcription (�10�4), aa-tRNA synthesis (�10�5), and ribosomal

decoding (�10�4) (Loftfield and Vanderjagt, 1972; Rosenberger

and Foskett, 1981; Ibba and Söll, 1999; Ogle and Ramakrishnan,

2005; Roy and Ibba, 2006). As the error rates from all the above
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steps are similar and additive, elevated mistakes during any

step, such as aminoacylation, may limit the overall accuracy of

protein synthesis. To maintain genetic code fidelity, aaRSs

selectively pair the correct amino acids with their cognate tRNAs

in a two-step aminoacylation reaction. AaRSs first activate the

amino acid with ATP to form an aminoacyl-adenylate interme-

diate and then catalyze the esterification of the activated amino

acid to the 20 or 30 hydroxyl at the 30 end of tRNA. AaRSs are

extremely selective for their cognate tRNAs due to highly specific

binding and kinetic proofreading (Ibba and Söll, 1999; Guth and

Francklyn, 2007). In contrast, several aaRSs lack sufficient

discrimination against structurally similar near-cognate amino

acids during activation. For example, phenylalanyl-tRNA synthe-

tase (PheRS) misactivates Tyr at a level higher than the overall

translation error rate (Lin et al., 1984; Roy et al., 2005). However,

such mistakes by aaRSs are not directed to protein synthesis,

due to a proofreading step (Baldwin and Berg, 1966). This

step, called editing, occurs through hydrolysis of misactivated

amino acids (pretransfer editing) or misacylated aminoacyl-

tRNAs (posttransfer editing), while the correct products are

excluded from the hydrolytic reaction. Editing activities have

been shown to play critical roles in vivo (Döring et al., 2001;

Roy et al., 2004; Lee et al., 2006) and are found in both aaRS

structural classes (I and II) (Ibba and Söll, 2000; Hendrickson

and Schimmel, 2003).

Proofreading aaRSs contain a hydrolytic editing site 30–40 Å

away from the synthetic active site (Nureki et al., 1998; Fukai

et al., 2000; Dock-Bregeon et al., 2000; Cusack et al., 2000;

Kotik-Kogan et al., 2005; Crepin et al., 2006). How mischarged

tRNA travels from the active to the editing site remains an

open question. It has been suggested that the aminoacylated

30 end of the tRNA translocates between the two sites while

the rest of the tRNA molecule remains attached to the synthetase

(Silvian et al., 1999; Dock-Bregeon et al., 2000; Fukunaga and

Yokoyama, 2005; Tukalo et al., 2005). This model is consistent

with several structural and modeling studies but fails to explain

the posttransfer editing mechanism of alanyl-tRNA synthetase,

which requires rearrangement of more substantial parts of the

tRNA than the 30 end alone (Musier-Forsyth et al., 1991; Beebe

et al., 2008). An added complication is posed by EF-Tu, which

would be expected to tightly bind any mischarged tRNAs that
.
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dissociate before editing is complete (Ling et al., 2007b). Using

Tyr-tRNAPhe editing by PheRS as a model, we show here that

a fraction of mischarged tRNA dissociates from the aaRS prior

to entering the editing site. Rather than being sequestered

directly by EF-Tu for protein synthesis, released mischarged

tRNAs can rebind to the aaRS, leading to resampling by the edit-

ing site and a reduction in the aminoacylation error rate. The net

effect of this resampling is to provide an additional quality control

step before translation elongation.

RESULTS

Substrate Dissociation during Editing
of Mischarged tRNAs
EF-Tu was used as a probe to investigate substrate movement

during PheRS editing of Tyr-tRNAPhe. EF-Tu binds aa-tRNAs,

including Tyr-tRNAPhe, with high affinity at low temperature

and provides protection from both spontaneous and enzymatic

hydrolysis (at 4�C, Kd = 5–50 nM) (LaRiviere et al., 2001; Ling

et al., 2007b). Superimposition of the EF-Tu:Phe-tRNAPhe struc-

ture onto the PheRS:tRNAPhe complex by overlaying the tRNA

backbones revealed extensive steric clashes (see Figure S1

available online) (Goldgur et al., 1997; Nissen et al., 1995). These

structural constraints suggest that EF-Tu will not be able to

protect Tyr-tRNAPhe from hydrolysis until after it is released by

PheRS. This allowed us to use EF-Tu to trap and stabilize any

Tyr-tRNAPhe that dissociates from PheRS before entering the

Figure 1. PheRS Editing Site Competes with

EF-Tu for Tyr-tRNAPhe

(A) Tyrosylation by E. coli PheRS (0.75 mM) at 2�C ±

10 mM activated E. coli EF-Tu.

(B) Tyrosylation by wild-type or editing-defective

(bA356W) E. coli PheRS (0.25 mM) at 37�C ±

10 mM activated E. coli EF-Tu.

(C) Hydrolysis of Tyr-tRNAPhe. WT b subunit

EcPheRS (0.75 mM) and activated E. coli EF-Tu

(10 mM) were mixed and preincubated at 37�C

for 3 min before the addition of 1 mM Tyr-tRNAPhe.

Phe-tRNAPhe was previously shown to be stable

under these conditions (Ling et al., 2007a).

Error bars correspond to the standard deviation

from three independent experiments.

editing site. An E. coli PheRS active site

variant (aA294G) with enhanced Tyr acti-

vation activity was first tested (Ibba et al.,

1994; Roy et al., 2004). This PheRS

variant, which has wild-type editing

activity, did not accumulate Tyr-tRNAPhe

at 2�C in the absence of EF-Tu (Figures

1A and S2). Addition of EF-Tu led to accu-

mulation of Tyr-tRNAPhe under the same

conditions, indicating that at least a frac-

tion of Tyr-tRNAPhe dissociates from

PheRS before entering the editing site.

This suggests that PheRS may also be

able to compete with EF-Tu for mis-

charged tRNAs, which would constitute an additional quality

control step during aminoacylation.

PheRS Competes Effectively with EF-Tu for Tyr-tRNAPhe

EF-Tu readily binds Tyr-tRNAPhe and can deliver it to the ribosome

for translation elongation just as efficiently as it does Phe-tRNAPhe

(Ling et al., 2007b). This observation, and the fact that EF-Tu is

one of the most abundant proteins in E. coli, would seem to

suggest that any mischarged tRNAs that escape PheRS will be

sequestered by EF-Tu. However, PheRS with a wild-type editing

site did not produce detectable levels of Tyr-tRNAPhe at 37�C

even in the presence of excess EF-Tu, while an editing-defective

PheRS variant (bA356W) stably accumulated the mischarged

species (Figure 1B). These results suggest that, at physiological

temperatures, little EF-Tu-bound Tyr-tRNAPhe is available for

the ribosome, presumably due to the ability of PheRS to hydrolyze

Tyr-tRNAPhe despite the presence of EF-Tu. To directly test the

competition, purified Tyr-tRNAPhe was added to a mixture of acti-

vated EF-Tu and PheRS. Tyr-tRNAPhe was completely hydrolyzed

by PheRS even though EF-Tu was present in excess (Figure 1C),

confirming that the PheRS editing site effectively competes with

EF-Tu for free Tyr-tRNAPhe under physiological conditions.

tRNAPhe Recognition Is Conserved between
Aminoacylation and Editing
The recognition of tRNAPhe during editing was investigated in

order to determine how PheRS rebinds Tyr-tRNAPhe after it
Molecular Cell 33, 654–660, March 13, 2009 ª2009 Elsevier Inc. 655
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initially dissociates. G34 in the anticodon of tRNAPhe is recog-

nized by several conserved PheRS residues during aminoacyla-

tion, and this interaction was used to probe recognition

(Figure 2A) (Peterson and Uhlenbeck, 1992; Goldgur et al.,

1997). The G34A mutation in tRNAPhe decreased aminoacylation

17-fold, while the bY744A and bS755A replacements in PheRS

reduced efficiency by 10-fold and 4-fold, respectively

(Figure 2B and Table S1). Next we examined recognition of

G34 by PheRS during editing of preformed Tyr-tRNAPhe. The

G34A, bY744A, or bS755A replacements all showed reductions

in editing activity comparable to the changes observed for ami-

noacylation (Figure 2B and Table S2). This indicates that at least

some of the major protein-RNA recognition events are

conserved between aminoacylation and editing in PheRS. This

is consistent with earlier models that predicted that bending of

the tRNAPhe 30 end alone would be sufficient to switch the mis-

charged Tyr between the active and editing sites of PheRS

(Roy et al., 2004).

To further investigate aminoacyl-tRNA recognition during edit-

ing, the kinetics of Phe-tRNAPhe and Tyr-tRNAPhe binding were

determined. To prevent hydrolysis of Tyr-tRNAPhe, an editing-

defective PheRS variant (bA356W) was employed. Phe-tRNAPhe

and Tyr-tRNAPhe showed no significant differences in any of the

kinetic parameters measured (Figure 2C), and the constants

were comparable to those previously measured for E. coli PheRS

binding of Phe-tRNAPhe (Baltzinger and Holler, 1982).

Substrate Dissociation and Rebinding Is Specific
for Class II-Type Editing
AaRSs are grouped into two mutually exclusive structural

classes, I and II, based on differences in their active site topolo-

Figure 2. Recognition of E. coli tRNAPhe

during Aminoacylation and Editing

(A) Recognition of G34 by PheRS in the aminoacy-

lation conformation (Goldgur et al., 1997). E. coli

PheRS numbering is shown (equivalent T. thermo-

philus residues in parentheses).

(B) Relative phenylalanylation and Tyr-tRNAPhe

deacylation activities.

(C) Parameters for Phe-tRNAPhe and Tyr-tRNAPhe

binding to bA356W PheRS.

Error bars correspond to the standard deviation

from three independent experiments.

gies (Ibba and Söll, 2000). In class II aaRSs

such as AlaRS, PheRS, and ProRS, ami-

noacyl-tRNA release is rapid and not

rate limiting during aminoacylation, while

the rate of aminoacylation by class I

enzymes is limited by product release

(Baltzinger and Holler, 1982; Ibba et al.,

1995; Zhang et al., 2006). To examine

whether these class-specific differences

in activity also extend to the dissociation

and rebinding of mischarged tRNAs, we

investigated the impact of EF-Tu on edit-

ing by LeuRS (class I) (Lincecum et al.,

2003) and ProRS (class II) (Beuning and Musier-Forsyth, 2000).

EF-Tu did not stimulate accumulation of mischarged Ile-

tRNALeu by wild-type LeuRS, irrespective of temperature

(Figures 3A and S3). As expected, EF-Tu did stabilize Ile-tRNALeu

in the presence of an editing-defective LeuRS variant (T252Y;

Figure 3A, inset). Although Ala mischarging by ProRS is too

weak to observe any reproducible effect of EF-Tu addition

(data not shown), deacylation assays showed that ProRS

competes with EF-Tu for mischarged Ala-tRNAPro, indicating

that mischarged tRNAPro is rebound and edited after its initial

synthesis and dissociation from ProRS (Figure 3B).

Tyr-tRNAPhe Is Resampled Prior to Translation
Elongation
While our data showed that PheRS and other class II editing

proteins could compete with EF-Tu to edit mischarged tRNA, it

remained unclear how effective this competition would be

compared to Tyr-tRNAPhe
dEF-TudGTP binding by the ribosome.

The effect of translating ribosomes on resampling and editing of

mischarged tRNAs was investigated using poly(U)-directed ribo-

somal polypeptide synthesis. Previous studies showed that ribo-

somes utilize Tyr-tRNAPhe and Phe-tRNAPhe with equal efficien-

cies in the presence of poly(U) and purified EF-Tu and EF-G, but

in the absence of PheRS (Ling et al., 2007b). These experiments

were now repeated with the addition of increasing amounts of

PheRS (Figure 4A). Upon addition of purified Phe-tRNAPhe,

poly-Phe was rapidly synthesized with approximately 100% of

the radiolabeled Phe finally incorporated into the polypeptide.

When Tyr-tRNAPhe was used in the absence of PheRS, yields

of poly-Tyr were obtained that were comparable to those for

poly-Phe. If, instead, PheRS was included at 0.1% the level of
656 Molecular Cell 33, 654–660, March 13, 2009 ª2009 Elsevier Inc.
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EF-Tu, poly-Tyr synthesis was reduced by more than half, and at

higher concentrations of the synthetase PheRS polypeptide

synthesis was virtually eliminated. These data indicate that the

majority of free Tyr-tRNAPhe is hydrolyzed before its utilization

in translation despite the presence of both EF-Tu and ribosomes,

a step that provides a substantial reduction in the error rate of

protein synthesis.

DISCUSSION

Resampling and Editing of Mischarged tRNA
In vitro poly-Tyr synthesis using Tyr-tRNAPhe was virtually eliminated

upon addition of sufficient PheRS, suggesting that the majority of the

mischarged tRNA was accessed and edited by the synthetase before

it could be used for translation elongation (Figure 4A). While this contra-

dicts the notion that aa-tRNAs are almost irreversibly bound to EF-Tu

until GTP hydrolysis occurs on the ribosome, the data are consistent

with substrate binding kinetics. EF-Tu binds aa-tRNAs very slowly,

with an association rate constant (k3 in Figure 4B) of approximately

0.1 mM�1 s�1 at physiological temperatures (LaRiviere et al., 2001; Asa-

hara and Uhlenbeck, 2002; Roy and Ibba, 2008). In contrast, the asso-

ciation rate of E. coli PheRS for Tyr-tRNAPhe is �60 mM�1 s�1. The

500-fold difference in association rate constants ensures that PheRS

can effectively compete with EF-Tu for Tyr-tRNAPhe even though

EF-Tu is in about 100-fold excess over PheRS in E. coli (Furano,

1975; Neidhardt et al., 1977; Jakubowski and Goldman, 1984). Once

bound by PheRS, Tyr-tRNAPhe is likely to be hydrolyzed rapidly.

The dissociation rate of Tyr-tRNAPhe from E. coli PheRS is

about 14 s�1, so k2 in Figure 4B is estimated to be greater than

200 s�1 from the equation KM = (k�1 + k2)/k1 (KM of PheRS for

Tyr-tRNAPhe hydrolysis exceeds 5 mM [Ling et al., 2007a]). This

indicates that the association of Tyr-tRNAPhe to the PheRS editing

site is nearly unidirectional. Conversely, the binding of aa-tRNAs

by EF-Tu is predicted to be readily reversible, consistent with the

recent descriptions of nonribosomal processes that rely on

canonical elongator aa-tRNAs as substrates (Villet et al., 2007;

Watanabe et al., 2007; Lloyd et al., 2008; Roy and Ibba, 2008).

A Concerted Translocation Model for Class
II-Type Editing
In class II aaRS enzymes such as PheRS, ProRS, and ThrRS,

mischarged tRNA is synthesized at the active site and hydro-

lyzed at the distinct editing site�40 Å away. It had been believed

that direct translocation of mischarged tRNA between these two

sites on the aaRS was an absolute requirement for editing (Roy

et al., 2004). Our data now show that, while this may hold true

for class I aaRSs, class II type editing includes an additional

resampling pathway (Figure 4C). Following synthesis at the

active site, a portion of Tyr-tRNAPhe directly translocates to the

editing site through the movement of the 30 end and is hydrolyzed

in cis, while the rest of the mischarged Tyr-tRNAPhe either

partially (Yang et al., 2006) or completely dissociates from

PheRS. At physiological temperatures, PheRS efficiently

competes with EF-Tu to rebind released Tyr-tRNAPhe, with the

Tyr moiety entering the editing site to be rapidly hydrolyzed in

trans. In contrast to the reversible binding by EF-Tu, the binding

and hydrolysis of Tyr-tRNAPhe by the PheRS editing site is unidi-

rectional, promoting the equilibrium of EF-Tu binding to shift

toward releasing Tyr-tRNAPhe. This maintains a very low level

of EF-Tu-bound Tyr-tRNAPhe and restricts its use in protein

synthesis. Nevertheless, the cis-editing pathway should not be

excluded. Even in the presence of EF-Tu at 2�C, where aa-tRNAs

are more tightly bound (Roy and Ibba, 2008), wild-type EcPheRS

produces Tyr-tRNAPhe much more slowly than the editing-defec-

tive variant (data not shown), suggesting that a significant portion

of the editing activity can not be sequestered by EF-Tu. Previ-

ously it was shown that in minimal medium enriched with Tyr

and depleted for Phe, coexpressing wild-type and editing-defec-

tive PheRS variants resulted in Tyr misincorporation at Phe

codons (Roy et al., 2004), indicating that Tyr-tRNAPhe overpro-

duced by the editing-defective PheRS could not be completely

hydrolyzed in trans. Although the relative contributions of cis

and trans editing remain to be characterized, it is likely that

PheRS trans editing complements cis editing by efficiently

hydrolyzing misacylated Tyr-tRNAPhe that escapes from the

enzyme, mimicking the function of autonomous trans-editing

factors (Ahel et al., 2003; Wong et al., 2003; Korencic et al.,

2004).

Trans Editing
Several autonomous trans-editing factors have been identified

that hydrolyze mischarged tRNAs (Ahel et al., 2003; Wong

et al., 2003; An and Musier-Forsyth, 2004; Korencic et al.,

2004). One such protein, YbaK, was shown not to compete

Figure 3. Misacylation by LeuRS and ProRS

(A) Isoleucylation of total E. coli tRNAs by wild-

type and editing-defective (T252Y) E. coli LeuRS

variants at 2�C (8 mM enzyme) or 37�C (2.4 mM

enzyme, inset) ± 10 mM activated E. coli EF-Tu.

(B) Hydrolysis of 0.5 mM Ala-tRNAPro at 37�C ±

EF-Tu, 2.5 mM EcProRS, and 10 mM activated

E. coli EF-Tu. Pro-tRNAPro was previously shown

to be stable under these conditions (Beuning and

Musier-Forsyth, 2000).

Error bars correspond to the standard deviation

from three independent experiments.
Molecular Cell 33, 654–660, March 13, 2009 ª2009 Elsevier Inc. 657
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with EF-Tu for mischarged tRNA when free, but may compete

more effectively when in complex with ProRS (An and Musier-

Forsyth, 2005). The same may also be true for the trans-editing

factor AlaX and AlaRS that compete with EF-1a to clear Ser-

tRNAAla, accumulation of which can cause severe neurodegen-

eration (Lee et al., 2006). Like PheRS, AlaRS is a class II aaRS

and is not likely to form a complex with EF-Tu and Ser-tRNAAla,

indicating that Ser-tRNAAla must be released from AlaRS to be

protected by EF-Tu. The notion that Ser-tRNAAla dissociates

from wild-type AlaRS is also supported by studies of tRNA

recognition during editing. The G3:U70 pair of tRNAAla is critical

for both aminoacylation and posttransfer editing (Musier-Forsyth

et al., 1991; Beebe et al., 2008) but is recognized by distinct

domains during the two reactions (Beebe et al., 2008). The signif-

Figure 4. Resampling and Editing of Misa-

cylated tRNA

(A) Poly(U)-directed poly-Phe and poly-Tyr

synthesis at 37�C. As controls, 1 mM [14C] Phe or

[3H] Tyr were added instead of [14C] Phe-tRNAPhe

or [3H] Tyr-tRNAPhe. For poly-Tyr synthesis 0, 5,

50, or 500 nM PheRS was included as indicated.

PheRS was also added to poly-Phe synthesis

reactions at the same concentrations, but no

change in poly-Phe synthesis was observed

(data not shown).

(B) Scheme of competition for Tyr-tRNAPhe

between PheRS and EF-Tu. As k1[PheRS] > k3

[EF-Tu] and k2 > > k�1, the majority of free-

standing Tyr-tRNAPhe is bound by PheRS and

hydrolyzed, whereas only a small fraction is

utilized by the ribosome in protein synthesis.

(C) Model for concerted editing pathways. (Top)

cis-editing pathway. Upon synthesis at the active

site (AS), a fraction of Tyr-tRNAPhe directly translo-

cates to the editing site for hydrolysis, which is not

accessible to EF-Tu. (Bottom) trans-editing

pathway. Tyr-tRNAPhe dissociates from PheRS

and is competed for by EF-Tu and PheRS. Tyr-

tRNAPhe bound to the editing site is rapidly hydro-

lyzed to yield a very low level of EF-Tu-bound Tyr-

tRNAPhe in vivo.

Error bars correspond to the standard deviation

from three independent experiments.

icant rearrangement of G3:U70 recogni-

tion during aminoacylation and editing

correlates well with a trans-editing

pathway, but not with cis editing alone.

Aminoacylation by class I aaRSs is sug-

gested to be rate limited by product

release for both editing (IleRS and ValRS)

and nonediting (CysRS) enzymes (Eldred

and Schimmel, 1972; Zhang et al., 2006).

The dissociation rates of cognate aa-

tRNAs from ValRS are estimated to be

3–4 s�1, comparable to the overall editing

rate of ValRS (Nomanbhoy and Schim-

mel, 2000; Zhang et al., 2006). Structural

modeling revealed that, in class I editing

aaRSs, the CP1 domain sterically excludes EF-Tu from forming

a complex with the aaRS and aa-tRNA (Zhang et al., 2006),

consistent with the observation that bacterial EF-Tu does not

increase aminoacylation or stimulate misacylation by LeuRS

(Hausmann et al., 2007; Hausmann and Ibba, 2008). Such steric

clashes may prevent EF-Tu from enhancing dissociation of mis-

acylated aa-tRNAs, allowing editing to occur through the domi-

nant cis pathway in class I aaRSs. All known autonomous

trans-editing factors have evolved from class II aaRSs, consistent

with the notion that class I enzymes do not release misacylated

aa-tRNAs and so would not need to utilize trans editing for proof-

reading. These class-specific differences in proofreading may

reflect early evolutionary constraints on accuracy that facilitated

the introduction of particular amino acids into the genetic code.
658 Molecular Cell 33, 654–660, March 13, 2009 ª2009 Elsevier Inc.



Molecular Cell

Resampling of Mischarged tRNA before Translation
EXPERIMENTAL PROCEDURES

General Methods

Protein and RNA preparation, aminoacylation, deacylation, determination of

binding rates, and in vitro translation followed standard procedures as

described in detail in the Supplemental Data.

2AP-tRNAPhe Synthesis and Aminoacylation

Blunt tRNAPhe sequence lacking the last four nucleotides at the 30 end was

cloned into pUC-18 vector, and E. coli XL1-Blue cells were transformed with

this plasmid. The blunt tRNAPhe was in vitro transcribed and gel purified as

described previously (Roy et al., 2004). A tetranucleotide oligo 50p ACC-

2APp 30 where A76 on the tRNA 30 end was replaced with 2-aminopurine

was obtained commercially (TriLink BioTechnologies) and ligated to the blunt

tRNAPhe to form an intact tRNAPhe using T4 RNA ligase (NEB Ltd). The ligated

tRNA was phenol-chloroform extracted and gel filtered using sephadex G-25

(GEC). This tRNA was then dephosphorylated using antarctic phosphatase

enzyme (NEB). A second phenol chloroform extraction was performed fol-

lowed by gel filtration using sephadex G-50 (Pharmacia biotech). aa-tRNAPhe

complexes were prepared as described previously (Ling et al., 2007a). In addi-

tion, gel filtration using sephadex G-25 was performed to remove any excess

[3H]Tyr, [14C]Phe. The charging level and concentration of aa-tRNAPhe was

measured by scintillation counting.

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures, two

tables, and three figures and can be found with this article online at http://

www.cell.com/molecular-cell/S1097-2765(09)00076-8.
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