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4E Binding Proteins Inhibit the Translation Factor elF4E without Folded Structure
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ABSTRACT: The 4E binding proteins (4E-BP1 and 4E-BP2) inhibit translation by binding to the limiting,
proto-oncogenic initiation factor elF4E. 4E-BPs producedEstherichia colihad little or no folded
structure, measured by NMR and CD. However, these proteins inhibited translation in reticulocyte lysate.
Furthermore, they bound to isolated mouse elF4E, showing a few broader, dispersed new NMR signals
but no general increase in chemical shift dispersion. A peptide with the sequence of 4E-BP1 residues
49—-68 was sufficient to bind elF4E and to inhibit translation in reticulocyte lysate. These results suggest
that a short central region of the 4E-BPs is responsible for elF4E binding and translation inhibition while
the remainder is unfolded and flexible.

The 4E binding proteins (4E-BP1 and 4E-BP2) regulate == HEQGSECEYTE- - SRATPATERIVLQDGYQLPFGIN YIRS 1-a1
translation by inhibiting formation of the initiation factor  4=z-es MSSSAGSGHQPEQSRATP- TRTVAT SDAAQLPH - DYCTTPGGT 141
complex elF4F 1). This complex consists of three com-
ponents: elF4E, the 25 kDa cap binding protein; elF4A, @ az-ser (hunan) LFSTTPGGTRIIYDRKFLMECRNSPVTKTPPRDLPTIPGVTSP 42-84
45 kDa RNA helicase; and elF4G, a larger protein that DindS 4sse: gums)  Lrstresemitvorastivemmsmagrrrcntpntiovese oo
together elF4E, elF4A and other components of the transla- , ... .rre MRAL TS - 13428
tion machinery. elF4F is thought to unwind secondary ..., «pec AN - -
structure in the Suntranslated region of the mRNA and Lo del ]

R ) . . p20 (yeast) MIKYT IDELFQLKPSL 1-16
mediate binding of the 40S ribosomal subur@}. ( elF4E,
the limiting component of the complex, is an important point
. . . . . 4E-BP1 88--D QSHLRNSPEDK )FEMDI 85-118
of translational regulation3]. This regulation is central to | o1 i
4E-BP2 GTLIEDSKVEVNNLNNLNNHDRKHAVGDDAQFEMDI 85-120

the control of cell growth, since for the cell to proceed .
through the cell cycle requires a general increase in transla-FIGURE 1: Sequences of 4E-BPs and homologous regions of p20

; ; and elF4G. Human an8. cereisiaeelF4G contain a short stretch
ﬂ]oipog;gnrsez;)onse to growth factors, hormones and Otherof homology to the 4E-BPs, as shown here. Both the whole

conserved region and the individual tyrosine and leucine residues
The activity of the 4E-BPs is modulated by phosphory- are essential for elF4E binding by the 4E-BPs and elF&5920,

lation. In the underphosphorylated form, 4E-BPs compete the S. cereisiae equivalent of the 4E-BPs, contains a similar motif

with elF4G for binding to elF4E at the same site, thereby &t it N-terminus 41).

inhibiting formation of elF4F 1, 5, 6). The elF4E binding . . .

regions of the 4E-BPs and elF4G have similar amino acid pathway involving the MTOR/FRAP kinase seems to be

: ; nvolved in the phosphorylation event that leads to dissocia-
sequences (Figure 1). Upon hyperphosphorylation, 4E-BPs!" " X S
are no longer capable of binding elF4E, leading to an increase!*" from elF4E (1-19. This pathway is stimulated by
in translation {). 4E-BP1 has 510 serine and threonine growth factors, hqrmones gnd other _rnltogens, all of which
phosphorylation sites and 4E-BP2 has at least two such siteg2US€e @ general increase in translatid@( Recent .work
(7—9; Gingras and Sonenberg, unpublished data). It is not suggests that 4E-BPs may be phosphoryla_ted directly by
known which sites are responsible for dissociation from MTOR (17). elF4E, elFAG, and_other translat|_0n factors are
elF4E. also regulated by pho.sphorylauoz, @) but the importance
of the 4E-BPs is indicated by the shutdown of host cell
translation that occurs upon encephalomyocarditis virus

infection, which is caused by 4E-BP dephosphorylatis).(

: Overexpression of elF4E transforms cells in culture,
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Although elF4E is not proven to be a primary oncogene
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labeled. The identity of the protein was confirmed by

in vivo, elevated levels of this protein are observed in breast N-terminal sequencing and mass spectrometry.

cancers and cultured tumor celld( 20). This suggests that
drugs or other therapies to reduce elF4E activity to normal
levels might be effective in controlling tumor growth. The
importance of the 4E-BPs is shown by the fact that their

Preparation of 4E-BP2 E. coli strain SG13009[pREP4]
(Qiagen) was transformed with the plasmid pQE31-4EBP2His
(25), grown at 37°C, and expression induced by the addition
of IPTG to 2 mM. On rich media, expression was induced

overexpression partially reverses the transformed phenotypeat an ORg of 0.7 and the cells grown for a further 2 h at

caused by elF4E2(). The 4E-BPs therefore provide a
natural model for inhibitors of elF4E.

37 °C; on minimal medium expression was induced at an
ODgoo 0f 0.4 and the cells grown for a furthé h at 25°C

4E-BP1 and 4E-BP2 are proteins of 118 and 120 residues,in the presence of 0.2 mM PMSF. Pelleted cells were

respectively, with 56% sequence identity (Figurel)l; No

generally resuspended in buffer A (8 M urea, 100 mM RaH

functional differences between the two proteins have been PO/NaHPO,, pH 8.0, 10 mM Tris/HCI, 10 mMg-mercap-

identified, but their tissue distribution varie22). Mouse

toethanol, 0.5 mM PMSF, and 0/&g/mL leupeptin and

and rat homologues of both proteins have been identified Pepstatin) and lysed by stirring for 1 h. After centrifugation,
and have greater than 90% amino acid identity in each casethe supernatant was mixed with Ni-NTA resin (Qiagen)

(10, 11, 22—24).
Here, we investigate the structure of the 4E-BPs. We

prepared recombinant 4E-BP1 and 4E-BP2 protein con-
structs. NMR and CD measurements indicated that these

proteins were not folded in approximately physiological

solution conditions. However, the same protein samples

were able to inhibit translation in reticulocyte lysate, as
observed for previous recombinant 4E-BP construtjs (
Upon titrating the proteins with elF4E and recording NMR

spectra, we discovered that most or all of the unfolded 4E-

BP bound to elF4E, showing a few broader, dispersed peak
but no general increase in chemical shift dispersion. To

confirm this result we obtained a 20 residue peptide fragment

of 4E-BP1 containing the elF4E binding motif. This peptide
bound to elF4E, producing similar chemical shift changes
to the full-length 4E-BP1, and inhibited translation in

reticulocyte lysate. Together, these results suggest that J

short central region of the 4E-BPs is responsible for elF4E
binding and translation inhibition while the flanking regions
are unfolded and flexible.

EXPERIMENTAL PROCEDURES

Preparation of 4E-BP1 Escherichia colistrain BL21-
(DE3) was transformed with pGEX-2T-4EBP1 plasmig (
and grown on M9 minimal medium (containing 0.5 g/L
I5NH,4CI or NH,CI and 4 g/L glucose as the sole nitrogen
and carbon sources) at 3€ to an ORgof 1.0. Expression
was induced by the addition of IPTG to 0.5 mM and the
cells grown for a furthe6 h before harvesting. Cells were
resuspended in 20 mM NaPiO/NaHPQ,, pH 7.3, 150 mM
NaCl, 10 mM EDTA, 0.2 mM PMSF, and 0.1% Triton
X-100, treated with 0.5 mg/mL lysozyme, 10 mM MggCl
and 5ug/mL DNase |, and sonicated. After centrifugation,

S

which was washed with buffer B (as A except pH 6.3 and
including 0.5 M NacCl). 4E-BP2 was eluted with buffer C
(as A except pH 4.5). In one case, cells were resuspendec
in buffer D (50 mM NaHPQ,/NaHPQO,, pH 8.0, 300 mM
NaCl, 10 mM g-mercaptoethanol, 0.5 mM PMSF, Q//

mL leupeptin and pepstatin, and 0.1% Triton X-100) and
lysed by sonication. After centrifugation, the supernatant
was mixed with Ni-NTA resin which was washed with buffer

E (as D except pH 6.0). 4E-BP2 was eluted with a gradient
of 0 to 0.5 M imidazole in buffer E. In all cases, the protein
was then dialyzed into 20 mM NaHRQ,/Na,HPQ,, pH 6.0,

10 mM DTT, and 0.5 mM PMSF. An impurity of ap-
proximately 28 kDa was removed using a POROS HQ/H
column (PerSeptive Biosystems) to which it bound but 4E-
BP2 did not. Finally, two degradation products of ap-
proximately 8-10 kDa were removed using a Sephadex G-50
el filtration column (Pharmacia) in NMR buffer. The final
protein was greater than 98% pure as estimated from silver
stained SDSPAGE. The identity of the protein was
confirmed by N-terminal sequencing. Although the protein
gave three closely spaced bands on SPBGE, mass
spectrometry indicated a single major species of the expectec
molecular weight.

Translation Inhibition AssaysReticulocyte lysate assays
were carried out as previously describet).( In the
experiment shown in Figure 5, nuclease treated reticulocyte
lysate (Promega; 8L per reaction) was incubated in a total
volume of 15uL according to the manufacturer’s instruc-
tions. Histidine tagged rat 4E-BP1 or peptide was resus-
pended in translation buffer (10 mM HEPES, pH 7.5, 75
mM KAc, 25 mM KCI, 2 mM MgChk, 2 mM DTT, and 0.1
mM EDTA) and added to the reactions in the indicated
amounts. Each reaction included 75 ng of capped CAT
MRNA produced by in vitro transcription, kindly provided

the supernatant was mixed with glutathione sepharose 4Bby H. Imataka. {*S]Methionine was added to the mixtures
(Pharmacia) in a batch procedure. The resin was washedand translation performed for 60 min at 3D. The reaction
three times with resuspension buffer and three times with was stopped by the addition of Laemmli sample buffer and

50 mM Tris/HCI, pH 7.5, 150 mM NacCl, and 2.5 mM CaCl
The 4E-BP1 moiety was cleaved from the bound GST by
incubation with 0.5 unit/mL thrombin (Boehringer Man-
nheim) fa 2 h at 20°C, followed by quenching with excess

the products separated by SBBAGE. The gel was
processed for fluorography using ¥tance (Dupont) and
guantified with a phosphorimager (Fuji).

Preparation of ComplexesMouse elF4E was produced

PMSF and EDTA. The protein was eluted, concentrated andin E. coli and purified using fGDP-agarose as previously

purified further by FPLC on a Pharmacia Superdex-75 gel
filtration column in NMR buffer. The final protein was

described 26, 27). Complexes of elF4E and 4E-BP or
peptide were produced by preparing the individual proteins

greater than 95% pure as estimated from Coomassie bluen identical buffers and mixing them directly. The buffer

stained SDSPAGE with the only visible impurity being
thrombin which was irreversibly inhibited and n&tN-

was typically 20 mM HEPES, pH 6.5, 0.3 Marginine
hydrochloride, 100 mM KCI, 2.5 mM MgG| 1 mM DTT,
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0.5 mM EDTA, and 0.25.0 mM nTGDP. The unlabeled A
species was added in-5 steps, concentrating the sample

before recording the next spectrum if necessary, until no ” ’
further changes were observed in ffid HSQC spectrum. s ° ° o
All NMR spectra in a given titration experiment were ’ ~
acquired and processed in an identical manner.

In one case, an elF4E:4E-BP1 complex was purified as
follows. Approximately 15-20 mg of unlabeled elF4E was 0L . j =
purified on nfGDP-agarose using the normal procedure up &;, B e &
to and including the GDP washing step. The column was ’ : e
then washed with 20 mM HEPES, pH 7.5, 100 mM KClI, ol

2.5 mM MgCh, 1 mM DTT, and 0.5 mM EDTA before o
applying approximately 9 mg of purifiet?N-labeled 4E-
BP1 in the same buffer. Unbound material was washed away
before eluting with 20@M m’GDP in the same buffer. The . o
resulting mixture was concentrated and purified by FPLC . M v |
on a Pharmacia Superdex-75 gel filtration column. A
minimal number of fractions containing the complex were
pooled and concentrated for NMR measurements.

NMR MeasurementsNMR sample concentrations were
0.2-0.6 mM (of the!>N-labeled component in the case of
complexes). A typical buffer was 50 mM NaPiO,/Na,- B 10 T T T T T
HPQ,, pH 6.5, 100 mM NaCl, 1 mM DTT, and 1 mM NaN
in 90% H0/10% D,O. Spectra were recorded on Bruker
AMX 500 and 600 MHz and Varian UnityPlus 750 MHz
spectrometers. Unless otherwise stated, the temperature was
25 or 27 °C. 3N HSQC spectra were recorded with
WATERGATE-HSQC or FHSQC pulse sequenc2s, @9),
64—2561; increments and 64512 scans per incremeftN
2D NOESY-HSQC spectra() were recorded with 150 ms
mixing time, 192t; increments and 128 scans. A 2D -20 T
NOESY spectrum31) was recorded with 150 ms mixing w0 0
time, 5121, increments and 64 scans. NMR data were Ficure 2: 4E-BPs have little or no folded structure in solution.

processed and displayed using Felix (Biosym Technologi_es).(A) 600 MHz 15N 2D NOESY-HSQC spectrum of 4E-BP1. No
CD MeasurementsCD spectra were recorded on an Aviv. more cross-peaks were observed at lower contour levels. This
62DS spectropolarimeter at 2& unless otherwise stated. spectrum was recorded with a NOESY mixing time of 150 ms,

; ; _ ; 128 scans pet; increment and a total measuring time of ap-
aaErBEISS Cong“g ecci) apgj rl\c;IXImate%’lgg 4EMBIIZé|m22 (5) ml\|<l/| proximately 2 days. (B) CD spectra of 4E-BP1 recorded in the
P 2, U0 urea, m » 40 M presence and absendeBoM urea. In both cases a spectrum of the

MgClz, 1 mM DTT, and 0.5 mM EDTA. buffer alone (without protein) was subtracted.8 M urea no data
was recorded below 208 nm due to interference from the buffer.
RESULTS

i
(R

Native buffer

Mean resiaue elipualty (deg cm? dmof” x 10%)

--ec--- 8M urea

T T T T

T T T
240 260 280 300

Wavelength (nm)

This is true under various conditions of temperature and

4E-BPs Hae Little or No Folded Structure in Solution.  pH, since the!H 1D spectrum of 4E-BP2 did not change
4E-BP1 and 4E-BP2 proteins were expressef.inoli and significantly over the temperature range42 °C (5 °C steps;
purified, either uniformly labeled witfPN or unlabeled. The  pH 6.5) and at pH 6.5, 7.0, 7.5, and 8.5 (27). Although
4E-BP1 construct lacked the three N-terminal residues of 4E-BP2 was generally purifiechi8 M urea and dialyzed
the native sequence and had a substitution of proline for into nondenaturing solution conditions, the protein purified
serine at the third position. The 4E-BP2 construct contained entirely under nondenaturing conditions gave an identical
an N-terminal histidine tag of the sequence MRGSHHHH- 1H 1D spectrum. The NMR spectra of the 4E-BPs displayed
HHTDPA. sharp lines, which is also consistent with the proteins being

1D and 2D NMR spectra of these proteins displayed very unfolded and therefore very mobile.
limited *H chemical shift dispersion: no NH signals above It is possible for a protein to have helical secondary
8.7 ppm, no CH signals above 5.0 ppm, and no methyl structure but to show littléH chemical shift dispersion,
signals below 0.5 ppm (Figure 2A). Furthermore, the 2D which would also make it difficult to observe the expected
NOESY spectrum of 4E-BP2 andN 2D NOESY-HSQC dun Sequential NOE connectivitie8%). We therefore made
spectra of both proteins contained few cross-peaks, none ofCD measurements, which are very sensitive to helical
which could be identified as inter-residue connectivities structure 83). The CD spectrum of 4E-BP1 is typical of
indicative of secondary structure (e.g., strong a@ross- an unfolded protein, although a very shallow minimum at
peaks) or tertiary structure (e.g., cross-peaks between aro220-230 nm suggests a minimal amount of helical secondary
matic ring and aliphatic side chain protons). We concluded structure (Figure 2B). Furthermore, the spectrum changes
that the purified 4E-BPs have little or no folded structure in little upon addition of ureaa 8 M (although the shallow
solution. minimum disappears) and the ellipticity at 220 nm is constant
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Ficure 3: elF4E binds unfolded 4E-BPs and a 20 residue fragment of 4E-BP1. 750MH#SQC spectra of elFAE: (A) alone, (B) fully
titrated with unlabeled 4E-BP1, (C) fully titrated with the 20 residue 4E-BP1 fragment. Boxed peaks in panel A move or disappear u
addition of 4E-BP1, boxed peaks in panel B appear upon addition of 4E-BP1. In panel C, peaks in boxes appear upon addition o
peptide, as upon addition of 4E-BP1; peaks in circles moved or disappeared upon addition of 4E-BP1 but did not change upon additi
the peptide, i.e., they are the same as in the free elF4E. A number of slighter changes are not indicated here. These spectra were a
and processed identically, except that the contour levels in panel B are one-third of those in panels A and C. We recorded 112 scal
t; increment and the measuring time for each spectrum was approximately 21 h.

over the temperature range290 °C (5°C steps), indicating  changes were observed in the spectra of both 4E-BPs upor
that the protein is unfolded under nondenaturing solution addition of an approximately equimolar amount of elF4E
conditions. (Figure 4). We concluded that most or all of the unfolded

Unfolded 4E-BPs Inhibit Translation In Vitro The 4E-BP in our samples binds to elF4E. The broader lines
discovery that histidine tagged 4E-BP2 was unfolded was observed for elF4E upon addition of 4E-BP1 are consistent
surprising, since this protein, and also the intact GST-4E- with the formation of a complex.

BP1 fusion protein, had previously been shown to inhibit  In the titration of*>N-labeled 4E-BP1, elF4E was added
translation in reticulocyte lysate and to bind mouse elF4E in many small increments. This data shows that the changes
in far western experimentsl;( Gingras and Sonenberg, involve only the disappearance of peaks and the appearanct
unpublished data). However, we confirmed that the unfolded of new ones and not the stepwise movement of peaks to new
protein constructs were active. In reticulocyte lysate assays,positions, i.e., that the complex is in slow exchange. This
our samples of 4E-BP1 and 4E-BP2 inhibited translation in indicates that the off-rate is smakdgr < 0.1 s1) and is

a dose-dependent manner and this was overcome by additiortypical of fairly tight binding Ko < 10 uM).

of purified elF4E (all the experiments described in this paper  Binding to elF4E Does Not Cause FoldingAlthough
used mouse elF4E, which is 99.5% identical to the human there are changes in theN HSQC spectra of both 4E-BPs
protein). This data is not shown since it is identical to upon addition of elF4E, there is no dramatic increase in the
previously published results except for the precise sequenceshemical shift dispersion (Figure 4). Furthermore, ttié

of the protein constructs. 2D NOESY-HSQC spectrum of 4E-BP1 fully titrated with

It is conceivable that this inhibition was caused by a small elF4E shows no more NOE cross-peaks than the spectrum
fraction of the protein that was correctly folded but was not of the free protein (data not shown). Therefore the 4E-BPs
detected in the NMR or CD spectra. It is also conceivable appear to remain mainly or completely unfolded upon
that the 4E-BPs become folded under the conditions of the binding to elF4E. The majority of signals in the spectra of
assay, perhaps due to interaction with elF4E. Both of thesecomplexed 4E-BPs have sharp lines, which is also consistent
possibilities were addressed by the following experiments. with the molecules being unfolded and mobile.

Unfolded 4E-BPs Bind to elFAEWe prepared recombi- Upon complex formation, both 4E-BPN HSQC spectra
nant 4E-BPs and elF4E in identical buffers, with one show a small number of weak new peaks dispersed upfield
component®N-labeled and the other unlabeled, and recorded from the majority of other signals (Figure 4). This does not
15N HSQC spectra upon addition of increasing amounts of seem sufficient to indicate extensive folding of the 4E-BPs
the unlabeled component to the NMR sample. Titration was upon binding, but rather seems likely to result from the
continued until no further changes were observed. interaction of a small number of residues with elF4E or from

The elF4E spectrum showed many changes upon additiona small region of the 4E-BPs becoming structured (or both).
of an approximately equimolar amount of 4E-BP1. Figure The weakness of these signals is consistent with the binding
3A shows the!®N HSQC spectrum of free elF4E: peaks residues being less mobile than the remainder of the protein.
that disappeared upon addition of 4E-BP1 are boxed. Figure In4E-BP1, these new signals include a pair of peaks with
3B shows the spectrum of elF4E after complete titration with the same!>N chemical shift and in the appropriate region
4E-BP1: new peaks are boxed. Furthermore, small but clearfor a side chain amide group of asparagine or glutamine,
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A the complex recorded with a widé?N spectral width to
identify arginine side chain signals that were folded in
previous spectra. Note that this does not rule out the
o involvement of undetected arginine side chains in the
Lo interaction.

- It follows that, with the exception of the side chain amide
cross-peaks, all of the weak new signals come from backbone
amide groups. Assuming that in the free protein these signals
are located in the central mass of strong peaks, their new
positions imply upfield'H chemical shift changes of ap-
proximately 0.5 ppm or more. This could result from
changes in position relative to nearby aromatic rings: the
elF4E binding region of the 4E-BPs contains conserved
phenylalanine and tyrosine residues (Figure 1) while the 4E-
BP binding surface of yeast elF4E includes aromatic residues
that are conserved in mammalian elF2&)( An alternative
explanation for the upfield shifts is the formation of a small
o-helix (32).

It was desirable to confirm that the intriguing spectra we
observed for the complexed 4E-BPs represented 100% bounc

85 80 7’5 7270 protein and not some mixture of bound and free, perhaps
Fe2  (ppm) aggregated, protein. To this end, we purified the elF4E:4E-
BP1 complex as a single species, usingGmP-agarose
B affinity and gel filtration chromatography, to obtain as nearly
as possible a 1:1 ratio of the two proteins. TAd HSQC
spectrum of 4E-BP1 in this complex was identical to those
obtained from the titration experiments.

Finally, note that although our data show that binding of
4E-BPs to elF4E does not require a folded structure at any
stage, it is possible that the full inhibitory effect of the 4E-
BPs requires structure that we have not observed.

A 20 Residue Fragment of 4E-BP1 Binds to elF4E and
Inhibits Translation in Vitro The results described above
suggested a model in which a small region of the 4E-BP
binds to elF4E and the remainder is flexible and unfolded.
To investigate this possibility further, we obtained a synthetic
peptide with the sequence of 4E-BP1 residues@® This
includes the conserved motif necessary for elF4E binding
and translation inhibition.

Titration of *N-labeled elF4E with this peptide produced
some, but not all, of the same chemical shift changes as the
whole 4E-BP1 (Figure 3C). This indicates that the peptide
binds to elF4E, although it suggests that the peptide does
8.5 8.0 7.5 7.0 not make as many contacts or bind in quite the same way as

Fa  (ppm) the whole 4E-BP1. Furthermore, in reticulocyte lysate

FiGURE 4: Binding to elF4E does not cause folding. 600 M assays, the peptide inhibited translation in a dose-dependen
HSQC spectra of 4E-BP1: (A) alone, (B) fully titrated with ~Mmanner (Figure 5). These experiments used full-length 4E-
unlabeled elF4E. Boxed peaks in panel A move or disappear uponBP1 as a positive control and were reproducible.

addition of elF4E, boxed peaks in panel B appear upon addition of Thus, residues 4968 of 4E-BP1 are sufficient for elF4E

elF4E. A number of slighter changes are not indicated here. The . . S - . .
dotted line connects the two signals from a side chain COjbup binding and translation inhibition. This is consistent with

(see Results). These spectra were acquired and processed identicallpur observation that the whole proteins do not require a
We recorded 128 scans pgrincrement and the measuring time  folded structure for binding or inhibition and with the model
for each spectrum was approximately 10 h. Similar results were described above.

obtained with 4E-BP2.

o
[}

120.0 115
FI  (ppm)

125.0

130.0

110.0

L0

120.0 11
F1 (ppm)

125.0

Lo - . . . DISCUSSION
indicating that such a group is involved in the interaction

with elF4E. The elF4E binding region contains no glutamines ~ We have shown that the 4E-BPs bind to elF4E without
and a single asparagine (residue 64; see Figure 1). folded structure and that the same protein samples are able
Although the elF4E binding region of the 4E-BPs contains to inhibit translation. This conflicts with the common
conserved arginine residues, none of the weak new cross-assumption that proteins require folded structure for their
peaks in the elF4E:4E-BP1 complex are from arginine side biological activity. A few proteins are unstructured under
chains. This was deduced from'3N HSQC spectrum of  physiological conditions but fold upon binding to their
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relative intensity: 100 65 52 110

Ficure 5: A 20 residue fragment of 4E-BP1 inhibits translation
in vitro. SDS-PAGE gel of 35S-labeled protein produced by
translation of capped CAT mRNA in reticulocyte lysate. In the
control experiment no 4E-BP1 or peptide was included. In other
cases the translation mixture contained the indicated amount of
histidine tagged rat 4E-BP1 or the 4E-BP1 peptide. This experiment
was repeated with similar results.

ligands (reviewed in ref 34). Also, an unfolded peptide
fragment of the cell cycle regulator p21 adopts a rigid
extended conformation upon binding to its target protein
PCNA (35, 36). However, the 4E-BPs appear to be the first
examples of whole proteins that bind and function without
folded structure at any stage.

Although this seems surprising, it is similar to the flexible
binding loops found in many folded proteins, except that
there is no framework of folded structure to present the
binding residues in a particular way. This rules out the
possibility of complementary shape contributing to the
binding affinity and specificity, making the interaction an
extreme example of an induced fit. Another interesting
implication of the lack of structure is that it rules out the
possibility of allosteric control of 4E-BP activity. This
implies that the phosphorylation sites responsible for dis-
sociation from elF4E are close in sequence to the binding
site.

Can an unfolded protein be stable in vivo? This is an
important consideration since in the absence of mitogenic
stimuli the 4E-BPs must be present at high enough levels to
prevent uncontrolled growth. The available knowledge of
proteolytic degradation in eukaryotic cells suggests that an
unfolded protein may be no more susceptible than a folded

one, since these processes either recognize specific sequencé“'

motifs (e.g., the PEST motifs mentioned below) or involve
indiscriminate harvesting of a region of the cytoplasm for
breakdown in lysosomes37). Regarding nonenzymatic

chemical degradation, oxidation is no more likely than for
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any exposed thiol group and the rates of aspartate and
asparagine deamidation are fairly slow, although they are
somewhat faster in unstructured peptides than in folded
proteins 88). Thus, there seems to be no compelling reason
why an unfolded protein cannot be stable in the cell.

Our results suggest that a small central region of the 4E-
BPs binds to elF4E while the rest is unfolded and flexible.
However, it seems unlikely that the terminal regions of the
proteins have no function, since the entire sequences have
been highly conserved during mammalian evolution. What
role might the terminal regions play in the absence of a
requirement for a folded structure? They might carry out
additional activities required for translation inhibition or even
completely separate, as yet undiscovered, functions. One
possibility is suggested by the sequence of the proteins. They
contain PEST motifs flanking the elF4E binding region: 4E-
BP1 residues 2150 and 74-96 and 4E-BP2 residues 33
50 and 64-91. These motifs are characterized by an
abundance of proline, glutamate, aspartate, serine, anc
threonine residues in a region bound by a pair of basic amino
acids. They are typically found in short-lived proteins and
have been proposed to make them targets for degradatior
by the C&" activated protease calpaiBd 40). It is therefore
possible that PEST motifs in the flanking regions are
important for regulating 4E-BP turnover.
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