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ABSTRACT: Recognition of the 5′ cap by the eukaryotic initiation factor 4E (eIF4E) is the rate-limiting
step in the ribosome recruitment to mRNAs. The regular cap consists of 7-monomethylguanosine (MMG)
linked by a 5′-5′ triphosphate bridge to the first transcribed nucleoside, while some primitive eukaryotes
possess a N2,N2,7-trimethylguanosine (TMG) cap structure as a result of trans splicing. Mammalian eIF4E
is highly specific to the MMG form of the cap in terms of association constants and thermodynamic
driving force. We have investigated conformational changes of eIF4E induced by interaction with two
cap analogues, 7-methyl-GTP and N2,N2,7-trimethyl-GTP. Hydrogen–deuterium exchange and electrospray
mass spectrometry were applied to probe local dynamics of murine eIF4E in the apo and cap-bound
forms. The data show that the cap binding induces long-range conformational changes in the protein, not
only in the cap-binding pocket but also in a distant region of the 4E-BP/eIF4G binding site. Formation
of the complex with 7-methyl-GTP makes the eIF4E structure more compact, while binding of N2,N2,7-
trimethyl-GTP leads to higher solvent accessibility of the protein backbone in comparison with the apo
form. The results suggest that the additional double methylation at the N2-amino group of the cap causes
sterical effects upon binding to mammalian eIF4E which influence the overall solution dynamics of the
protein, thus precluding formation of a tight complex.

A complicated process of eukaryotic mRNA translation
initiation involves formation of a large protein-RNA
complex that directs the ribosome to the initiation codon.
Canonical cap-dependent translation begins with specific
recognition of the mRNA 5′-terminal monomethylguanosine
cap [MMG-cap, 7-methylG(5′)ppp(5′)N, where N ) G, A,
U, or C] by the eukaryotic translation initiation factor eIF4E,1

the smallest (25 kDa) component of a large eIF4F multi-
protein complex (1, 2). The 5′ terminus of most nematode

mRNAs, e.g., those in Caenorhabditis elegans, contains a
trimethylguanosine cap structure, TMG-cap, with two ad-
ditional methyl groups at N2, m3

2,2,7G(5′)ppp(5′)N (3). Both
the TMG-cap and MMG-cap are recognized by some of the
nematode eIF4E isoforms (4, 5), while the affinity of the
hypermethylated cap analogues for mammalian eIF4E factors
is 2-3 orders of magnitude lower than that of the MMG-
cap (6). Binding of the MMG-cap to murine eIF4E is highly
enthalpy-driven and entropy-opposed, while formation of the
complex with m3

2,2,7GTP is accompanied by a weak negative
enthalpy change but a strong positive entropy change at 20
°C (7).

eIF4E is the least abundant initiation factor in most of the
cell types (8), and its accessibility is thought to limit the
efficiency of the overall ribosome recruitment to mRNA (9).
A crucial role of eIF4E in translation initiation makes it a
target for several regulating processes, including phosphoryla-
tion (10, 11) and suppression by eIF4E-binding proteins, 4E-
BPs (12). A fragment of 4E-BP1 competes with the eIF4G
scaffolding protein (13), the second component of the
initiation eIF4F complex, for the same binding site at the
dorsal surface of eIF4E, on the opposite side of the protein
in relation to the cap-binding center (14). Structures of
various mammalian and yeast eIF4Es bound to cap analogues
were determined by X-ray crystallography (6, 15, 16) and
multidimensional NMR (17), respectively. Crystal structures
were also resolved for ternary complexes of mammalian eIF4E
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bound to a cap analogue and to a peptide mimicking the eIF4E
recognition motif of either eIF4GII or 4E-BP1 (14, 18).

Without any bound ligand, eIF4E was found to be unstable
and prone to aggregation (6, 19). The first evidence of a high
flexibility of the apo-eIF4E and of significant conformational
changes leading to stiffening of its structure upon binding
to specific ligands came from thermodynamic studies that
revealed a nontrivial isothermal enthalpy–entropy compensa-
tion for the 5′ cap analogue series (7). Then, a disorder-to-
order transition upon m7GDP binding was shown for yeast
eIF4E by NMR (20), but the actual regions of induced
folding still remain to be defined. Structural and dynamic
consequences of m7GDP binding were recently elucidated
by the solution structure of apo-eIF4E, resolved by NMR
(21). The authors showed a concerted hinge lock mechanism
involving the W102 and W56 containing regions responsible
for cation-π stacking with the m7G moiety and ligand-
induced conformational rearrangements close to R157 and
K159 that are engaged in binding of the phosphate chain.
Some changes of the local dynamics and electrostatic charge
distribution were also found in the dorsal eIF4G/4E-BP
binding site. However, most of current conclusions were
based on comparison of the 3D solution structures of apo-
eIF4E (21) with the crystal structures of eIF4E-cap
complexes (6, 15, 16). Our work is focused on direct analysis
of structural changes of eIF4E upon binding to the MMG
and TMG cap structures in solution within the same
methodological assay.

Mass spectrometry (MS) has become an indispensable
technique in proteomic research (22, 23) bringing us closer
to understanding protein functions. One of the methods used
to follow protein dynamics and their structural features is
mass spectrometry coupled with hydrogen–deuterium ex-
change (HDE) (24–28). HDE-MS was successfully applied
to determine protein–protein (29–32) and protein–ligand
interactions (33, 34). This technique allows to perform
experiments at low protein concentrations and to obtain
structural information on those targets for which application
of methods like NMR and/or X-ray crystallography are
difficult. For these reasons HDE-MS seems to be a method
of choice for studies of eIF4E conformational changes.

The aim of this work was to reveal differences in the eIF4E
local structural stability due to the binding of two forms of
the cap and to check whether interactions within the cap-
binding slot could induce nonlocal conformational changes,
especially in the eIF4E dorsal surface recognized by the 4E-
BP inhibitory proteins and the eIF4G translation factor (14).
We present structural consequences of binding of synthetic
cap analogues to murine eIF4E, monitored by HDE-MS. The
sequence-specific information was derived from kinetics of
the amide protons exchange for deuterons, followed by the
MS analysis of the protein fragments after pepsin cleavage.
We determined a correlation between the affinities of the
cap analogues to eIF4E and localized conformational changes
of the protein caused by the interaction. Following NMR
and X-ray crystallography techniques, the HDE experiments
provide a complementary structural insight into the submo-
lecular mechanism of eIF4E activity upon eukaryotic transla-
tion initiation.

MATERIALS AND METHODS

Cap Analogues, Proteins, and Reagents. m7GTP and
m3

2,2,7GTP (Scheme 1) were synthesized as reported previ-
ously (35, 36). Murine eukaryotic initiation factor eIF4E
(residues 28–217) was expressed in Escherichia coli (37)
and purified from inclusion bodies without any contact with
cap analogues as described previously (6). The protein was
filtered through Biomax 100K NMWL (Millipore) before
each experiment. Deuterium oxide (99.8%) was purchased
from Armar AG (Switzerland) and pepsin from ICN (Ger-
many).

Isotope Labeling. 1H-2H exchange (in-exchange) was
performed in a 20 µM solution of eIF4E (28–217) in 50 mM
HEPES, pH 7.0, and 200 mM KCl, either in the apo form
or in the complexes with a cap analogue (30 µM m7GTP or
7 mM m3

2,2,7GTP, to ensure 99% saturation, based on the
association constants (6)), by 10-fold dilution in 2H2O and
incubation on ice for increasing periods of 15 s to 10 min.
The exchange was terminated by acidification with formic
acid to a p2H value of 2.8–3.0, calculated by means of a
SPHERE program (38) which took into account a consecu-
tive sequence of the amino acid pairs in a protein sequence
and calculated the pH value of the slowest exchange rate of
each specific amide hydrogen. The average of the pH values
calculated for all amino acid pairs in eIF4E was applied in
our HDE experiments. The temperature at the termination
step of the exchange was shifted to 10 °C.

The protein samples were either directly analyzed by MS
or subjected to pepsin digestion (1:1 enzyme-to-protein ratio),
at p2H 3.0, for 4 min at 10 °C. The peptide mixture was
subsequently analyzed for deuterium incorporation by LC-
MS and identified by LC-MS/MS (see below). To determine
the peptide masses and to identify the nonexchanged peptides
(control 1), the same protocol was used as in the in-exchange
experiments, except for replacing 2H2O by H2O. Another set
of control samples of the fully exchanged eIF4E peptides
(control 2) was prepared as follows. The protein was first
digested with pepsin (1:1 protein-to-enzyme ratio) at 0 °C,
pH 3, for 5 min, then diluted 10-fold in 2H2O at room
temperature, p2H 7, and incubated for 2 h to replace all
exchangeable protons by deuterons.

Mass Spectrometry. The deuterium incorporation level in
the undigested protein as well as in the pepsin-generated
peptides was determined by mass spectrometry. The samples
of the undigested protein were desalted for 5 min on a C4
precolumn and eluted with a linear gradient of acetonitrile,
0-70%, for 10 min (flow rate of 0.2 µL/min) directly to the
ion source of the MS spectrometer by means of a nano-HPLC
system (LC Packings). The samples containing peptides after
pepsin digestion were desalted and fractionated on a C18
precolumn using the same acetonitrile gradient. A time lapse,

Scheme 1: Chemical Structures of the Cap Analogues, the
Monomethylguanosine Cap Analogue, m7GTP (R ) H), and
the Trimethylguanosine Cap Analogue, m3

2,2,7GTP (R ) CH3)
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from adding of pepsin to loading of the sample on the nano-
HPLC column, was kept constant for all samples and was
limited by the autosampler procedure (4 min from “start” to
sample loading). To minimize the loss of deuterium due to
the back-exchange effect (39, 40), the buffers used to load
the samples and to elute the peptides were adjusted to pH
2.8 and cooled to 4 °C. The autosampler plate was cooled
to 10 °C. The eluate from the precolumn was directly injected
to the spectrometer ion source.

Mass spectra were acquired on a Q-ToF1 ESI-MS
spectrometer (Waters) in a positive ion mode, with a capillary
voltage of 2.5 kV and a cone voltage of 35 V. The flow
rates of the nebulizing gas and the drying gas were 20 and
450 L/h, respectively. The spectrometer worked either in the
data-dependent MS to MS/MS mode for peptide identifica-
tion or in the MS survey mode for the assessment of the
deuterium incorporation. To improve sequence coverage, a
LTQ-FT-MS spectrometer (Thermo), working in the MS/
MS mode, was used instead of Q-ToF1, in a positive ion
mode, with a capillary voltage of 1.5 kV and a cone voltage
of 44 V. Acquired data were analyzed and visualized using
in-house LC-MS data analysis software (Poznanski et al., to
be published elsewhere).

Identification of Pepsin CleaVage Products. Identification
of the nonexchanged peptides was carried out using the
Mascot data search engine (41). The MS/MS raw data were
processed by Mascot Distiller followed by Mascot Search
(Matrix Science, London, U.K.) against the NCBI nonre-
dundant database. Search parameters for precursor and
product ion mass tolerance were 200 ppm and 0.4 Da,
respectively, without a defined enzyme specificity (enzyme
) “none”) and without fixed modifications. Only methionine
oxidation was allowed. The sequence and the HPLC retention
time obtained in this way were stored in the Pepsin Peptides
Database (PPD).

Unambiguous identification of peptides after HDE and
pepsin cleavage was carried out by visual inspection of two
overlaid 2D signal maps, i.e., the one for the nonexchanged
sample with the identity tags assigned from PPD and the
other for the exchanged sample (Figure 2G). In cases of
doubt, a comparison of the fragmentation patterns of the

signals arising from the exchanged and nonexchanged
samples was sufficient to confirm or disprove the sequence
identity.

Corrections for Back-Exchange. To estimate an ap-
proximate level of back-exchange of deuterons for protons
for undigested eIF4E, the protein was denatured by 1 h at
60 °C in 10 mM ammonium acetate and 90% 2H2O, p2H
7.0. Next, formic acid was added to a final p2H of 3, and a
fraction of the sample was manually injected directly to the
spectrometer ion source. Another fraction of the same sample
was loaded on a C4 precolumn and eluted with a similar as
previously gradient of acetonitrile.

To determine the individual back-exchange level for each
pepsin-generated peptide, a mixture of the fully exchanged
peptides was subjected to LC-MS analysis with various
additional delay times during the desalting step on the C18
precolumn, which resulted in a quasi-controlled variation of
the retention time, 11-20 min. The back-exchange rate was
measured and analyzed by means of a linear function of the
retention time, atrt + b, independently for each peptide.

Determination of Deuterium Incorporation. The level of
deuteration, D%, was calculated according to (24)

D% )
MHD(tex) - M0%

M100% - M0%
× 100 (1)

FIGURE 1: Comparison of deuteration level of the whole eIF4E in
three forms. Kinetics of deuterium incorporation into the
eIF4E-m7GTP complex (open circles), apo-eIF4E (filled squares),
and eIF4E-m3

2,2,7GTP complex (filled triangles). Inset: Fragments
of mass spectra corresponding to undeuterated eIF4E (dotted line)
and after 10 min of hydrogen–deuterium exchange for the protein
in the complex with m7GTP (dashed line), apo form (solid line),
and the complex with m3

2,2,7GTP (thick solid line), at the eIF4E
charge state of +25, uncorrected for back-exchange.

FIGURE 2: Examples of LC-MS analysis of peptic digestion of apo-
eIF4E. (A) MS signal of the unexchanged 61RLISKFDTVEDF72

peptide (m ) 1468.7 Da, z ) +3, retention time 10–14 min); (B)
MS signal of the peptide after the complete hydrogen–deuterium
exchange; (C) the corresponding 2D signal map. (D) MS signal of
the unexchanged 63ISKFDTVEDF72 peptide (m ) 1199.6 Da, z )
+2, retention time 10–14 min); (E) MS signal of the peptide after
the complete HDE; (F) the corresponding 2D signal map. (G)
Overlay of two 2D signal maps for unexchanged peptides (red)
and the peptides after HDE (green).
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where MHD(tex) is the weighted average of the mass peak
distribution after the 1H-2H exchange time, tex, M0% is the
weighted average of the mass peak distribution of the
nonexchanged peptide (control 1), and M100% is the weighted
average of the mass peak distribution corresponding to the
completely exchanged peptide (control 2). The changes of
peptide masses before and after maximal HDE determined
directly from the raw data were in the range of 0.8-2.5 Da
due to high back-exchange; hence a following correction was
implemented.

The equation was modified to take into account back-
exchange that occurred during the HPLC retention time, trt,
bearing in mind that both MHD and M100% of each analyzed
peptide have to be determined for the same retention time,
and thus for the same delay, starting from pepsin digestion
to the mass determination in the spectrometer:

D% )
MHD(tex,trt) -M0%

M100%(trt) - M0%
× 100 (2)

A retention time shift between the HPLC runs precluded
direct measurements of M100%(trt). Measurements of deute-
rium incorporation for given tex were performed with the
shortest retention time possible, in at least three independent
series. The time dependence of the maximal number of the
exchanged protons for each peptide, M100%(trt) - M0%, was
approximated by a linear function of the retention time, atrt

+ b, with the fitting parameters, a and b, derived from linear
regression to the previously measured experimental data
describing the back-exchange. Hence

D% )
MHD(tex,trt) - M0%

atrt + b
× 100 (3)

The total number of deuterons, D, present in each particular
peptide at time tex was calculated using a specific trt of that
peptide, as follows:

D )
MHD(tex,trt) - M0%

atrt + b
× Hamide (4)

where Hamide was the number of all amide protons belonging
to the peptide bonds in the sequence.

Data Analysis. Numerical analyses were performed using
OriginPro 7.5 (OriginLab Co.) and Prism 3.02 (GraphPad
Software, Inc.). Kinetic parameters of amide deuteration were
derived from nonlinear fitting of a multiexponential function
to the data points calculated from eq 3 (Figures 1 and 4) or
eq 4 (42):

D(tex) ) ∑
i

Di
(1 - e-kitex) (5)

where ki are the rate constants and Di are the numbers of
protons exchanging at corresponding rates observable in the
experimental time scale. A choice of the final model applied
in the particular regression, i.e., the number and the kind of
floating parameters related to different possible categories
of amides, was determined on the basis of the statistical two-
parameter Snedecor’s F-test (43) with the significance level
P(ν1,ν2) ) 0.1. The selected model had the greatest possible
number of floating parameters that led to the statistically
important [P(ν1,ν2) < 0.1] improvement of the fit. For
peptides that showed an immediate exchange, a monoexpo-
nential function with one floating parameter, D1, and the fast
rate constant, k1, fixed as 30 min-1 (30, 44) proved to be
statistically satisfactory. In some cases, two-parametric
models were sufficient, and then two types of functions were
possible, i.e., a monoexponential function with floating D1

and k1 or a two-exponential function with the fast rate, k1,
fixed as 30 min-1 and the slow rate, k2, fixed as 0.1 min-1,
according to Mandell et al. (30) and Hoofnagle et al. (31),
while D1 and D2 were free. A choice was then made directly
on the basis of the absolute sums of squares. In remaining
cases, two-exponential functions with either k1 fixed as 30
min-1 and floating D1, k2, D2 or with all floating parameters
fit best. A three-exponential function with one rate fixed as
either g30 min-1 or e0.1 min-1 did not improve the fits in
any case.

Error Calculus. All reported errors were calculated ac-
cording to propagation rules by the exact differential method
(45). Total experimental errors of the data points (Figures 3
and 4) include both the uncertainty of a result of a single
experiment, calculated from the uncertainties of all experi-
mentally determined parameters that appear in eq 3, and the
statistical scattering of the results obtained from different

FIGURE 3: (A) Percentage of deuterium incorporation, D%, into different regions of apo- and cap-bound eIF4E after shorter, 15 s (top), and
longer, 10 min (bottom), exchange time. D% was calculated according to eq 3. (B) Maximal deuteration level of the cap-bound eIF4E in
comparison with the apo form, Dmax

cap/Dmax
apo. Dmax is a sum of all exchangeable amide hydrogens in all kinetic classes, detectable within

the experimental time scale, and calculated according to eqs 4 and 5.
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experimental series. Standard errors reported in tables (SEM)
were calculated on the basis of numerical uncertainty
resulting from the fitting.

RESULTS AND DISCUSSION

Deuteration of Whole eIF4E. The possibility of exchange
of amide protons for deuterons is regulated by the local
secondary structure, dynamics, and solvent accessibility
which, in turn, can be influenced by interactions with ligands.
We performed a series of HDE-MS experiments on murine
eIF4E in the apo form and in the binary complexes with
two cap analogues, m7GTP (MMG-cap) or m3

2,2,7GTP (TMG-
cap). The MMG-cap analogue binds to eIF4E with the
highest equilibrium association constant, Kas, of 108 M-1,
while the Kas value for m3

2,2,7GTP is ∼700-fold lower (6).
We were able to selectively observe the changes of the

intrinsic amide exchange rate constants, kex, in these
eIF4E-cap complexes, since the association rate constant,
ka (46), for the electrostatically driven encounter (6, 47) of
eIF4E with mononucleotide triphosphates ensured that ka-

[cap] g 106 min-1 . kex at our exprimental conditions (30).

The results of HDE-MS experiments for all eIF4E forms
are presented in Figure 1 and Table 1. In general,
deuteration of eIF4E is rapid and is almost completed
already after 5 min. Each protein form showed two classes
of amides. The apo form had ∼55 immediately exchanging
amides with the fixed fast rate of 30 min-1 (30) and ∼37
of those with an intermediate rate of ∼4 min-1. Slowly
exchanging hydrogens were not detected. These results
are in accord with previous findings that large regions of
apo-eIF4E have a highly fluctuating (7) and partially
disordered (20) structure.

FIGURE 4: Kinetic traces of hydrogen–deuterium exchange for selected peptides derived from pepsin digestion of the eIF4E-m7GTP complex
(open circles), apo-eIF4E (filled squares), and the eIF4E-m3

2,2,7GTP complex (filled triangles). Exponential curves were fitted according to
eqs 3 and 5. Sequences and residue numbers of the peptides are listed as insets in each panel. Residues engaged in the cap or 4E-BP/eIF4G
binding are marked in bold.
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By contrast, both protein–ligand complexes showed no
intermediate class but slowly exchanging hydrogens were
unambiguously detected instead, with the rate <1 min-1,
which suggests some ordering of the eIF4E structure upon
binding of the ligands. The number of rapidly exchanging
amide hydrogens was slightly reduced when eIF4E was
complexed with the MMG-cap in comparison with the
TMG-cap complex. This means that some residues, which
are completely solvent accessible in the TMG-cap complex,
are protected in the MMG-cap complex. The most interest-
ing observation is that the total number of exchangeable
amides was significantly greater in the eIF4E-TMG complex
(117 ( 4) than in the eIF4E-MMG complex (69 ( 4) and
even in the apo form (∼90). This difference results from
the large number of slowly exchanging amides that appear
in the TMG-cap complex, which is greater by ∼40 than
that for the MMG-cap, while the number of fast backbone
amides, completely exposed to the solvent, is similar in all
protein forms, within the 95% confidence interval. The
appearance of tens of additional slowly exchanging amide
hydrogens suggests that some large parts of the protein
interior, which are completely solvent-protected in the
eIF4E-m7GTP complex, become slightly solvent-accessible
in eIF4E bound to m3

2,2,7GTP. Hence, one can speculate that
the overall protein conformation is influenced by the hyper-
methylated cap binding.

These observations prompted us to perform more detailed
studies focused on local conformational changes, based on
pepsin-generated peptides. However, the results obtained for
the whole protein should not be quantitatively related to those
determined from the pepsin cleavage experiments due to
different experimental setup which rendered the correction
for back-exchange of the undigested protein only ap-
proximate, while the corresponding corrections for the
peptides were determined more precisely, as follows.

ImproVements of HDE Methodology. Our HDE methodol-
ogy included systematic corrections for back-exchange
calculated for each individual peptide as well as unambiguous
identification of the peptides on the basis of their retention
times, similarly to the Griffin group (48). Our method was
enriched by explicit visualization of the signals on 2D maps
(HPLC retention time vs m/z, Figure 2C,F,G), which
provided us with over 80% sequence coverage of both light
and deuterated peptides.

To minimize back-exchange, the retention time was kept
as short as possible. This caused a decrease in the quality of
the peptide separation during the LC step and was compen-
sated by using the 2D signal maps. However, the extent of

back-exchange was very significant, up to 70–85% of the
total initial value after 10 min on HPLC. A similarly high,
80% and 90% loss of deuterium after 10 and 20 min,
respectively, was recently reported in systematic MS and
NMR studies of amide hydrogen back-exchange in deuterated
peptides (49). Application of LC was sometimes found to
lead to back-exchange up to 60% (50, 51), and quite efficient
back-exchange, up to 50%, was also detected even in such
assays that minimized the time spent by peptides in H2O by
omitting the HPLC stage and using MALDI instead of
ESI-MS (29, 52, 53). This indicates that systematic correc-
tions for back-exchange, e.g., as proposed herein, should be
applied in studies of proteins where conclusions are drawn
from quantitative analysis based on the HDE data.

Since it was impossible to calculate the back-exchange
level for each peptide theoretically, we performed a complete
deuteration experiment for each analyzed peptide and
determined a relationship of the back-exchange level of the
amide protons on the controlled retention time, trt. The
coefficients describing time-dependent back-exchange for
each peptide are summarized in Table 2. The suitable values
of a and b were then introduced into denominators of eqs 3
and 4 to recover the proper extent of peptide deuteration.

Peptide Identification. Pepsin digestion of eIF4E provided
enough protein fragments to cover almost the whole protein
sequence in a reproducible manner. The enzyme was found
to be very efficient even at 1:1 enzyme-to-protein ratio during
the short digestion times, <10 min. The identification of
peptides by mass spectrometry allowed to determine the level
of deuterium incorporation in various, well-defined parts of
eIF4E and hence gave insight into the structure flexibility
and solvent accessibility.

The signals of the exchanged peptides are generally lower
than those of the corresponding peptides in the control
samples either because of nonhomogeneous deuterium
exchange that created several species for a given peptide (54)
or due to insufficient signal-to-noise ratio resulting from the
envelope broadening caused by the exchange (55). In
addition, HDE can lead to overlapping of the mass peaks
for the coeluting peptides. A set of useful pepsin-generated
peptides of eIF4E (28–217) covered 81% of the sequence
in the apo form and in the complex with m7GTP and 75%
in the complex with m3

2,2,7GTP. We have chosen these 11
common peptides (Tables 2-4) that covered 75% of the
eIF4E sequence in each form. Their masses were also
determined after exchange in all eIF4E forms by localizing
appropriate peaks in the signal maps (Figure 2). Among
them, there were the peptide fragments that form both the
cap-binding pocket, i.e., S1–S2 loop (residues 48–62),
S3-S4 loop (residues 94–113), and �-fragment S5–S6
(residues 152–165), as well as the 4E-BP/eIF4G binding
region, �-fragment S2 (residues 61–72), R-helix H2 (residues
73–81), and H6-S5 loop (residues 138–151) (Table 3, Figure
6). In particular, the analyzed peptide fragments contained
two tryptophans (W56 and W102) and glutamic acid (E103)
engaged in sandwich cation-π stacking and hydrogen
bonding with the 7-methylguanosine moiety, arginines and
lysines (R112, R157, K162, and K206) that stabilize the cap
phosphate chain, and residues forming the 4E-BP/eIF4G
binding site. Unfortunately, an important peptide in the 4E-
BP/eIF4G binding region, 127DRFWLETL134, was hardly

Table 1: Overall Solvent Accessibility of Amide Hydrogens in eIF4E in
the m7GTP-, apo-, and m3

2,2,7GTP-Bound Formsa

protein form D k (min-1)

m7GTP complex 60.3 ( 1.4 30b

14 ( 5 0.1b

apo 55 ( 30 30b

37 ( 30 4 ( 3
m3

2,2,7GTP complex 68 ( 3 30 b

49 ( 3 0.78 ( 0.10
a D, number of deuterons; k, corresponding exchange rate constant.

Kinetic parameters of hydrogen–deuterium exchange were determined
by nonlinear regression according to eqs 2 and 5. Experimental data
were approximately corrected for back-exchange estimated as ∼75%.
b Values fixed as constant parameters of fitting (30).
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detectable by HPLC-MS in a positive ion mode due to strong
hydrophobicity and negative charge of the peptide.

Deuteration LeVel and HDE Kinetics of Pepsin-Generated
eIF4E Peptides. Analysis of HDE kinetics made it possible
to determine a maximal level of peptide deuteration, Dmax/
Hamide, attainable within the experimental time scale, as well
as to divide the exchangeable amides into three kinetic
categories (30, 31). The results obtained from nonlinear data
analysis are presented in Tables 3 and 4 and Figures 3 and

4. The parameters reflect differences in accessibility of the
solvent molecules to various parts of the protein in each form.

In general, hydrogen–deuterium exchange kinetics is rapid
for all peptides in each of the eIF4E forms. HDE-MS data
show that association of m7GTP leads to a decrease of the
HDE level in all peptides (average exchange of 57%) in
comparison with the apo form (65%), while binding of
m3

2,2,7GTP leads always to an elevated deuterium exchange
(96%) (Table 3, Figures 3 and 4). This is in accordance with

Table 2: Parameters of Linear Regression for Back-Exchange in the Initially Fully Deuterated Pepsin-Generated eIF4E Peptides

residues sequence mass (Da) a b

28–46 VANPEHYIKHPLQNRWALW 2371.2 -0.13 ( 0.10 4.6 ( 1.5
48–62 FKNDKSKTWQANLRL 1848.0 -0.15 ( 0.10 4.3 ( 1.4
61–72 RLISKFDTVEDF 1468.8 -0.09 ( 0.01 2.8 ( 0.2
63–72 ISKFDTVEDF 1199.6 -0.04 ( 0.01 1.65 ( 0.12
73–81 WALYNHIQL 1156.6 -0.06 ( 0.02 2.5 ( 0.3
82–90 SSNLMPGCD 922.4 -0.04 ( 0.02 1.2 ( 0.3
94–113 FKDGIEPMWEDEKNKRGGRW 2477.2 -0.10 ( 0.03 3.6 ( 0.6
118–129 NKQQRRSDLDRF 1561.8 -0.06 ( 0.03 2.7 ( 0.2
138–151 IGESFDDYSDDVCG 1577.6 -0.14 ( 0.01 3.5 ( 0.2
152–165 AVVNVRAKGDKIAI 1452.9 -0.25 ( 0.21 4.9 ( 3.0
197–217 YQSHADTATKSGSTTKNRFVV 2297.2 -0.06 ( 0.02 2.98 ( 0.03

Table 3: Maximal Level, Dmax/Hamide, of Deuterium Incorporation into Different Parts of m7GTP-Bound, apo-, and m3
2,2,7GTP-Bound eIF4Ea

Dmax/Hamide (%)

residues function secondary structure m7GTP apo m3
2,2,7GTP

28–46 loop/� 52 ( 7 54 ( 3 85 ( 3
48–62 cap binding loop/R 45 ( 1 55 ( 1 99 ( 11
61–72 4E-BP/eIF4Gbinding �/R 51 ( 5 71 ( 6 120 ( 15
63–72 4E-BP/eIF4Gbinding �/R 72 ( 1 72 ( 1 95 ( 6
73–81 4E-BP/eIF4Gbinding R/turn 78 ( 5 78 ( 3 102 ( 3
82–90 loop 72 ( 1 74 ( 6 106 ( 2
94–113 cap binding loop/turn 49 ( 1 58 ( 2 80 ( 3
118–129 R/turn/R 47 ( 2 51 ( 3 95 ( 3
138–151 4E-BP/eIF4Gbinding R/�/R 62 ( 1 72 ( 2 94 ( 12
152–165 cap binding � 32 ( 2 40 ( 1 71 ( 7
197–217 cap binding �/R/� 61 ( 2 84 ( 4 110 ( 5

a Dmax is a sum of all exchangeable hydrogens in all kinetic classes, detectable within the experimental time scale, and calculated according to eqs 4
and 5. The level of Dmax/Hamide corresponds to the plateau in HDE kinetics (Figure 4, eqs 3 and 5).

Table 4: Kinetic Parameters of Hydrogen–Deuterium Exchange for Pepsin-Generated Peptides of m7GTP-, apo-, and m3
2,2,7GTP-Bound eIF4E a

D and k (min-1)

m7GTP apo m3
2,2,7GTP

residues fastb intermediate slowc fastb intermediate slowc fastb intermediate slowc

28–46 8.27 ( 1.13 8.6 ( 0.5 13.6 ( 0.3
0.9 ( 0.4

48–62 6.33 ( 0.13 7.7 ( 0.2 11.0 ( 0.4 2.99 ( 1.12
61–72 5.61 ( 0.06 6.1 ( 0.3 1.9 ( 0.7 10.4 ( 0.4 2.9 ( 1.3

7.0 ( 0.5
63–72 6.53 ( 0.15 6.50 ( 0.12 7.14 ( 0.12 1.4 ( 0.4

9.0 ( 1.9
73–81 3.3 ( 0.2 3.1 ( 0.2 6.2 ( 0.2 8.12 ( 0.18

0.62 ( 0.11
82–89 5.06 ( 0.05 4.4 ( 0.2 0.8 ( 0.3 7.4 ( 0.2

4.9 ( 0.3 0.3 ( 0.3 5.8 ( 0.9
94–113 8.9 ( 0.2 10.4 ( 0.3 14.4 ( 0.5
118–129 5.2 ( 0.2 4.3 ( 0.2 1.3 ( 0.2 10.5 ( 0.4

4.3 ( 1.09 0.6 ( 0.2
138–151 8.02 ( 0.13 9.3 ( 0.3 8.5 ( 0.5 3.8 ( 1.6

5.5 ( 1.0
152–165 4.2 ( 0.2 5.29 ( 0.13 9.2 ( 0.5

9.6 ( 2.4
197–217 12.1 ( 0.3 12.3 ( 0.2 4.4 ( 0.7 19.3 ( 0.5 2.5 ( 0.5

5.3 ( 0.7 0.5 ( 0.3
a D, number of deuterons; k, corresponding exchange rate constant (in italics) for three kinetic categories of amides (fast, intermediate, and slow).

Kinetic parameters were determined from the nonlinear regression according to eqs 4 and 5. b The fast rate constant was fixed as 30 min-1 (30). c The
slow rate constant was fixed as 0.1 min-1 (30, 31), unless explicit values are indicated.

2716 Biochemistry, Vol. 47, No. 9, 2008 Rutkowska-Wlodarczyk et al.



the estimates of the total amount of exchangeable amides
obtained for the undigested protein that was 1.7-fold greater
for the TMG-cap complex than for the MMG-cap (Table
1, Figure 1).

Several processes contribute to slowing the HDE in the
cap-binding regions upon saturation with m7GTP (Table 4).
The number of rapidly (k ) 30 min-1) or moderately (k ∼10
min-1) exchanging amides is reduced by four in those
peptides; 12 fast amides belonging to the C-terminal peptide
(197–217) are slowed to ∼5 min-1 in the m7GTP complex,
and 4 weakly exchangeable amides (k ) 0.1 min-1) become
completely protected in the complex. Hence, according to
the interpretation proposed by Mandell et al. (30), these
changes can be partially attributed to simple shielding of the
binding site by the tightly bound ligand and to ordering of
the protein structure upon the cap binding (7, 20, 21).

Strikingly, the most significant changes in the HDE
kinetics for apo- and m7GTP-bound eIF4E are observed for
the fragments which are not engaged in cap binding but
contain amino acids responsible for interaction with 4E-BP
or eIF4G (Figures 3, 4, and 5A, Tables 3 and 4). In the
N-terminal fragment (28–46) that forms a kind of a “wrist”
around which eIF4G forms a molecular “bracelet” (56), all

amides that reveal immediate exchange (k ) 30 min-1) in
the apo form are shifted to the slowest kinetic category (k
) 0.1 min-1) after m7GTP binding. Six fast amides which
belong to the next part of the 4E-BP/eIF4G binding site
(61–72), containing residues that buttress the common 4E-
BP/eIF4G helix (14, 18, 56), are slowed to ∼7 min-1, and
two slow amides become hidden upon m7GTP binding. In
the W73-containing peptide (73–81), three of the six fast
amides are markedly slowed to ∼0.6 min-1. In the acidic
region of 138–151, one of the nine intermediate hydrogens
(k ∼ 6 min-1) becomes buried while eight remaining become
fully solvent accessible (k ) 30 min-1).

While the nature of the eIF4E conformational changes
underlying the cap-binding enhancement in the presence of
eIF4G has been studied exhaustively (56), our results suggest
a possible submolecular mechanism by which the 5′ cap can
modulate eIF4E recognition by eIF4G or 4E-BPs. Thus,
association of eIF4E with the cap structure makes the cap-
distal, 4E-BP/eIF4G binding surface to assume locally more
compact shape suitable for tight interaction with the proteins.
This proves a possibility of long-range conformational
changes in outlying protein regions induced by specific
binding of a small ligand.

Binding of m3
2,2,7GTP makes the backbone of the entire

protein much more solvent-accessible (Tables 3 and 4,
Figures 3 and 4). In each peptide coming from eIF4E in the
complex with m3

2,2,7GTP, the number of immediately or
moderately exchanging amides is significantly greater than
in the apo-protein. The results seem to suggest that the
majority of the eIF4E structure is influenced by binding of
m3

2,2,7GTP due to sterical hindrances caused by the additional
two methyl groups at N2 of the cap.

Interestingly, the HDE data made it possible to address the
question, what eIF4E region could contribute most to the MMG
vs TMG specificity of the mammalian protein? The comparison
of two similar peptides, i.e., 61–72 and 63–72, reveals that the
longer peptide is more sensitive to the presence of different
cap analogues than the peptide shorter by two residues (Tables
3 and 4). This suggests that two amino acids belonging to
the S2 �-sheet, R61 and L62, can play a role in
discrimination between the MMG and TMG form of the
cap. Sequence alignments of human and murine eIF4E
with its five isoforms from C. elegans and eIF4E-3 from
Ascaris suum show that the position corresponding to 62
in human eIF4E is taken by different types of residues in
the proteins which are selective to the MMG-cap vs the
proteins which exhibit affinity to both MMG and TMG
cap (Figure 5B). The proteins specific to MMG have
hydrophobic residues (L, M, or P), while those with the
affinity to both the MMG- and TMG-cap possess residues
with the amine group (Q, N, or K) here, which is capable
of being a donor to a hydrogen bond. Putative contribution
of these amino acids to the cap-binding process requires
further studies by mutation analysis.

Conformational Differences between apo- and Cap-Bound
eIF4E. Structure determination of apo-eIF4E by multidi-
mensional NMR in solution (21) elucidated some confor-
mational changes upon formation of complexes with m7GDP
by comparison with the crystallographic data (15, 16). The
secondary structures of the apo- and the m7GDP-bound forms
are similar (Figure 6). Significant rearrangements occur in
the cap-binding region. The fragment containing W56 moves

FIGURE 5: (A) X-ray structure of eIF4E (PDB id code 1EJ4 (14) in
the complex with m7GDP (magenta) and 4E-BP1 peptide fragment
(red). Peptides with the largest changes between the apo- and
m7GTP-bound forms (Dmax

cap/Dmax
apo < 0.9) are shown in green

(48–62, 61–72, 94–113, 138–151, 152–165, and 197–217). Some
amino acids stabilizing the m7G moiety (W56, W102, and E103)
and 4E-BP1 (W73, I138, and E140) are marked in black. L62 that
could putatively modulate the TMG cap binding is marked in blue.
(B) Sequence alignments of eIF4E homologues (residues 56–73)
from human (60), mouse (61), C. elegans (62, 63), and A. suum
(64).
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as a hinge without any changes in the secondary structure,
while the region that contains W102 and E103 becomes more
helical upon cap binding. The eIF4G/4E-BP binding site was
found to have hampered dynamics (21). Our HDE results
generally confirm these conclusions. However, we show
further that the whole eIF4E backbone becomes much more
solvent protected in a tight complex with m7GTP. Addition-
ally, we show that interaction with m7GTP shifts the
N-terminal tail into a more structured state. Together, the
HDE data establish long-range cooperativity between distant
eIF4E regions.

The HDE results directly show that formation of specific
cap-eIF4E complexes causes significant stiffening of the
eIF4E structure, as was postulated indirectly on the basis of
our previous thermodynamic studies (19). We were also able
to point out the specific protein regions that underwent an
induced folding upon cap binding (20). In the light of our
data it is not surprising that the cap binding enhances the
eIF4E affinity for eIF4G/4E-BP (18, 57, 58) and changes
the kinetics of eIF4G binding toward more rapid interaction
(20) because the eIF4E dorsal surface is more compact when
complexed with the cap. It is also clear now that specific
cap binding yields such conformational changes in the
N-terminal part that could be responsible for the observed
protein disaggregation upon interaction with high-affinity cap
analogues (19) and prevention from spontaneous degradation
(59).

Opposite results were obtained for m3
2,2,7GTP binding since

an elevated solvent accessibility of the whole protein
backbone was observed. Our results allow us to propose a
binding model of the TMG cap to eIF4E. The additional
methyl groups of TMG can prevent the W56-containing
fragment from closing it up due to sterical effects, but the
attempt to bind the cap tightly by cation-π stacking
interactions causes disturbance of the structure in other parts
of the protein. Such structural disordering of the protein
clearly explains a puzzling fact why m3

2,2,7GTP binding to
eIF4E is highly entropy-favorable at 20 °C, as opposed to
other mRNA cap analogues (7).

Pepsin CleaVage Pattern. We have observed some dif-
ferences in the cleavage sites of various eIF4E forms (Figure
6). The pepsin cleavage pattern for eIF4E is slightly changed
if the protein is saturated to 99% with m3

2,2,7GTP. New
cleavage sites appear around W56 only for this complex.
They are located just between residues L45-W46 and
between residues N59-L60 and L60-R61. Hence, the
pepsin cleavage pattern seems to confirm in the independent
manner the above-mentioned conclusions drawn from HDE
experiments that the W56-containing short helix could be
crucial in discrimination between the MMG and TMG cap
and that the neighborhood of R61 and L62 is mostly
influenced by m3

2,2,7GTP binding. As suggested by Volpon
et al. (21), peptide fragment 48–62 can move as a hinge;
hence the additional methyl groups can act as a sterical
hindrance, preventing it from attaining the proper position
upon binding to m3

2,2,7GTP. The protein can then switch
quickly between the “close” and “open” forms, and the
sandwich stacking and hydrogen bonding cannot be formed
properly. Again, this gives a clue for the explanation of low
affinity of the hypermethylated cap to eIF4E.

CONCLUSIONS

The hydrogen–deuterium exchange method enabled us to
monitor structural rearrangements of eIF4E upon binding of
the mRNA 5′ cap analogues. Association of m7GTP with
eIF4E resulted in a marked decrease of the HDE level in all
eIF4E peptide sequences in comparison with the apo form.
This indicates that the whole protein structure becomes less
solvent-accessible, which can reflect a partial unfolded-to-
folded transition. The most distinct finding is that, besides
the cap-binding pocket, the region which is highly influenced
by association with the MMG-cap belongs to the dorsal
eIF4G/4E-BP binding site. On the other hand, the eIF4E
backbone in the complex with m3

2,2,7GTP is much more
solvent-accessible than in the apo form. This structural
destabilization would make the eIF4E-m3

2,2,7GTP complex
even more difficult to study by NMR or X-ray techniques

FIGURE 6: Comparison of secondary structure elements of apo-eIF4E (shaded, PDB id code 2GPQ (21)) with m7GDP-bound eIF4E (plain,
PDB id code 1EJ1 (15)). The secondary structure elements are represented schematically using DSSP parameters (65), �-sheets (S) as
arrows and helices (H) as rectangles. The pepsin cleavage sites are marked with vertical black lines.
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than the apo-protein, and hydrogen–deuterium exchange
combined with mass spectrometry seems to be one of a few
methods to handle such a dynamic phenomena.
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