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Abstract The kinetics of binding 7-methyl-GpppG, an
analogue of the 5-mRNA cap, to the cap-binding pro-
tein elF4E, at 20 °C, in 50 mM Hepes-KOH buffer,
pH 7.2, and 50, 150 and 350 mM KCl, was measured
using a stopped-flow spectrofluorometer, and was sim-
ulated by means of a Brownian dynamics method. For
most of the stopped-flow measurements a single bimo-
lecular step is an inadequate description of the binding
mechanism and an additional step is required to ac-
commodate the kinetic data. The rate constants derived
from assumed one-step and two-step binding models
were determined. The forward rate constants towards
the complex formation decrease, and the reverse rate
constants increase, with increasing ionic strength. The
association rate constants derived from the stopped-flow
measurements and the computed diffusional encounter
rate constants agree, indicating that the first observed
step can be viewed as a diffusionally controlled en-
counter of the protein and the ligand. Moreover, com-
parison of experimental and computed bimolecular
association rate constants indicate that the experimen-
tally observed decrease of the rate constants with the
increasing ionic strength is caused by two factors. The
first is less effective steering of the ligand towards
the binding site at higher ionic strengths, and the second
is that for higher ionic strengths the ligand must be
closer to the binding site to induce the fluorescence
quenching.
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Introduction

The initiation of eukaryotic mRNA translation is a
complicated process, involving assembly of a large
protein-RNA complex that directs the ribosome to the
initiation codon. Messenger RNA is recruited by
binding to the 43S initiation complex to form the 48S
initiation complex (Merrick and Hershey 1996). Cis-
acting elements in the mRNA that stimulate this pro-
cess include the 5-terminal cap, 7-methylguanosine,
connected by a 5’-to-5" triphosphate bridge to the next
nucleotide, 7-methyl-GpppN, where N may be any
nucleoside: A, G, C or U (Shatkin 1976). Cap-depen-
dent initiation also requires ftrans-acting factors that
include elF3 and the members of the elF4F complex:
an ATP-dependent RNA helicase elF4A, elF4G and a
25 kDa cap-binding protein elF4E, as reviewed by
Sonenberg (1996). Analogues of the mRNA cap have
proven very useful in studying eIF4E function in cap-
dependent translation. The structure of the complex of
murine e[F4E with 7-methyl-GDP was solved by means
of X-ray diffraction (Marcotrigiano et al. 1997). A
similar structure was obtained for yeast ¢IF4E com-
plexed with 7-methyl-GDP by means of a multidimen-
sional NMR study (Matsuo et al. 1997). Binding of cap
analogues to eIF4E has been followed by quenching of
the intrinsic tryptophan fluorescence of eIF4E (see e.g.
Carberry et al. 1989), owing to sandwich stacking be-
tween 7-methylguanine and two tryptophan indole rings
(Marcotrigiano et al. 1997, Matsuo et al. 1997). Spec-
troscopic emission studies of eIF4E-cap complexes give
further insight into the physicochemical basis of the
interaction and structural requirements of the cap an-
alogues for their inhibitory properties in translation
(Cai et al. 1999). The aim of the present study is to
apply stopped-flow measurements and Brownian dy-
namics (BD) simulations to analyze the rate constants
for complex formation between elF4E and 7-methyl-
GpppG.



488

Materials and methods

Reagents and syntheses

All chemicals for sample preparations and chemical syntheses were
of analytical grade, purchased from Roth. The synthesis of 7-
methyl-GpppG was performed as described by Darzynkiewicz et al.
(1990), and GpppG was synthesized according to Stepinski et al.
(1995).

Protein preparation

Murine elF4E(28-217) was expressed in Escherichia coli, strain
BL21(DE3)pLysS, transformed with a pET 11d plasmid. The cul-
tures of bacteria were grown in Luria-Berthani broth with ampi-
cillin and chloramphenicol until ODsg5,,, = 1.0, when IPTG was
added (0.5 mM) to induce T7 polymerase (Marcotrigiano et al.
1997). The protein was purified from an inclusion bodies pellet and
folded by one-step dialysis from 6 M guanidine hydrochloride,
followed by anion exchange chromatography on a MonoS column.

Fluorescence measurements and determination
of the equilibrium association constant

Fluorescence measurements were carried out on a Perkin-Elmer LS
S50B spectrofluorometer, thermostated at 20.0+0.2 °C, the tem-
perature being controlled inside the cuvette with a thermocouple.
The cuvette had 4 mm and 10 mm path lengths for absorption and
fluorescence, respectively. For all measurements, an excitation slit
giving 2.5 nm spectral band width at the excitation wavelength of
280 nm, and an emission slit giving 2.5 or 4.0 nm at 336 or 350 nm,
were employed. Fluorescence titrations were performed in 50 mM
Hepes-KOH buffer, pH 7.2+0.1, 50, 150 and 350 mM KClI,
0.5 mM EDTA, by adding 1 pL aliquots of 7-methyl-GpppG to a
1400 pL solution of eIF4E. Corrections for dilution (less than 3%)
and for the inner filter effect (absorption up to 0.18) were made
(Wieczorek et al. 1998). Neglect of the corrections led to the
equilibrium association constants within 5% of the values obtained
with the corrections. The fluorescence intensity was monitored by
means of time-synchronized measurements at the emission wave-
length of 336 nm or 350 nm, with an integration time of 40 s, and a
gap of 20 s for adding the cap analogue. The equilibrium associa-
tion constant K was obtained as a parameter of a numerical least-
squares nonlinear regression analysis of the fluorescence F(cp) of
elF4E upon total concentration of the cap ¢, according to the
equation:

F(CL) = F(O) — [CPL(A(D + (DFL) — CL(DFL} (1)

where the concentration of the protein-ligand complex, cpy, is given
by:

c.  cap 1 \/(KCL — Keap + 1)7 + 4Keap
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and A® is the difference between the fluorescence efficiencies of the
native and complexed protein, @y is the fluorescence efficiency of
the free ligand and cap is the total concentration of the active
protein. The final value of K was calculated as a weighted average
from five independent titration series for each KCI concentration.
A®D, O and cap are also free parameters of the fit.

Stopped-flow measurements

Stopped-flow kinetic measurements were run on a SX.18MV
stopped-flow reaction analyzer from Applied Photophysics in the
SK1E configuration, which allows for selection of both emission
and excitation wavelengths. Emission of eIF4E was excited at
280 nm (slit widths =1 mm =4.65 nm), and the fluorescence of the

protein was monitored at 335 nm (slit widths =3 mm). Absorption
and emission pathlengths in the stopped-flow cell were 2 mm and
10 mm, respectively. The investigated reactions were initiated by
mixing equal volumes of equimolar concentrations of eIF4E and 7-
methyl-GpppG at 20 °C, in 50 mM Hepes-KOH buffer, 0.5 mM
EDTA, pH 7.2, and 50, 150 and 350 mM KCI. Control experi-
ments were performed with GpppG, which weakly binds to eIF4E.
The solutions were filtered prior concentration determination and
subsequently degassed before placing them into the stopped-flow
syringes. One thousand data points were recorded over the course
of each reaction using an oversampling option of the instrument,
and over 100 runs were averaged for each concentration of the
reagents. Concentrations of the reagents were determined spec-
trophotometrically using €»sonm= 53,400 M~' cm™' for the protein
at pH 7.2, €3g0nm= 14,000 M 'em™! for 7-methyl-GpppG and
€80nm = 15,000 M~ em™! for GpppG. The average fraction of the
active protein resulting from more than 50 independent titration
series was 57+ 16% (see previous section). The concentrations of
the reagents, as determined by absorption measurements, covered
the range of 0.1-4.1 pM in the apparatus syringes. This is well
below the concentration range where any problems with the protein
aggregation can be expected (Marcotrigiano et al. 1997).

Analysis of the stopped-flow data

Kinetic traces were analyzed using a 4.34 version of the Applied
Photophysics SX.18MV kinetic spectrometer workstation software.
The fluorescence decrease accompanying the binding of 7-methyl-
GpppG to elF4E was analyzed in terms of both one-step and two-
step models:

k, ky ko
P+L%(PL) and P+Lé(PL)*f(PL) 3)
D

—1 —2
where kR=k+1k+2/(k+2+k 1) and szk 1k 2/(k+2+k 1) for the
steady-state condition. Rate constants for both mechanisms were
derived from the well-known relations between the relaxation times
7, obtained from the kinetic traces, and the equilibrium concen-
trations of the free protein ¢p and the cap analogue ¢ (Bernasconi
1976; Eigen and De Maeyer 1974). For the one-step process the
following relation holds:

l/‘EIkR(Z’p+Z‘L)+kD (4)

which requires an a priori knowledge of the equilibrium association
constant K of the process. On the other hand, for the two-step pro-
cess, four rate constants were derived from the following relations:

1

;:k+1(EP+EL)+k71 (5)
and
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which are valid when the first step equilibrates much more rapidly
than the other. It seems that the system investigated in the present
study partially fulfills this condition, as the observed dependences
of 1/t; and 1/7, are close to the functional forms presented by
Egs. (5) and (6). For the two-step process, four rate constants can
also be derived from the following relations:
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which do not depend on any assumption regarding the speed of
equilibration of both steps. However, it should be noted that when
7, and 7, are not different by a factor of at least 5, the utility of
Egs. (5), (6), (7) and (8) is limited.



Structures used in calculations

Calculations were based on the crystal structure of truncated mu-
rine el F4E (28-217) (Marcotrigiano et al. 1997). Figure 1 presents a
ribbon model of eIF4E complexed with 7-methyl-GDP shown in a
CPK representation. The residues important for the ligand binding
and directly involved in fluorescence quenching are shown in the
stick representation, and are labelled by the names and residue
numbers in the eIF4E sequence. The coordinate file of Marcotri-
giano et al. (1997) contains hydrogen atoms. For the purpose of
calculations in this paper, all hydrogen coordinates were stripped
from the protein coordinates data set and subsequently all polar
and aromatic rings hydrogens were added using a HBUILD com-
mand of CHARMm (Brunger and Karplus 1988). Their orienta-
tions were subsequently optimized with CHARMM (Brooks et al.
1983).

An all-atom model of 7-methyl-GpppG was prepared using the
Biopolymer module of the InsightIl Molecular Modeling software
(Molecular Simulations 1992b). It is known that the two guanine
bases of 7-methyl-GpppG participate in internal stacking interac-
tions (Wieczorek et al. 1997). However, in the complex with the
protein the ligand is in an extended form. Unfortunately, the pre-
sent simulation algorithm used by us does not allow inclusion of
such extensive conformational changes in the ligand. Therefore, the
model was constructed in an extended conformation and refined
subsequently in 500 steps of energy minimization.

The atomic models of the protein and the ligand were used to
construct their electrostatic and hydrodynamic models in the
Poisson-Boltzmann and BD simulations, as described below.

Hydrodynamic models of the protein and the ligand

The protein and ligand are modelled by sets of spherical beads so
that their shapes are close to reality. In such models the appropriate
diffusion tensors, which take into account hydrodynamic interac-
tions (Yamakawa 1970) between subunits of the given molecule,
are calculated as described in detail elsewhere (Antosiewicz and
Porschke 1989; Garcia de la Tore and Bloomfield 1981).

In the case of the protein, each amino acid is substituted by one
bead. The common radius of the beads (4.6 A) reflects an average
size of the residues, and includes additionally 1.4 A to take into
account the hydration layer. Such a procedure leads to the com-
puted average translational diffusion coefficients of proteins in
reasonable agreement with the experimental data (Antosiewicz

Fig. 1 Structure of murine eIF4E complexed with 7-methyl-GDP,
showing the amino acids involved in the binding of the ligand
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1995). The computed ayerage translational diffusion coefficient of
elF4E is 9.97 x 1077 cm?/s at 20 °C, which is equivalent to a sphere
of radius of 21.5 A.

In the case of the ligand, each atom is initially substituted by
one 1.2 A bead. Such a representation leads to a reasonable
agreement of the measured and computed translational diffusion
coefficients for small molecules (Antosiewicz et al. 1995). The
computed average trdnSldthl‘ldl diffusion coefficient of 7-methyl-
GpppG is 3.44 x 10°° cm?/s, which is equivalent to a 6.2 A sphere.
The association rate constant for uniformly reactive, but electri-
cally neutral, spheres with the radii given above, predlcted by the
Smoluchowsk1 theory (von Smoluchowski 1917), is 9.2 x 10° M

. This gives us some reference for the measured and computed
ass0c1at10n rate constants in this paper. Subsequently, 7-methyl-
GpppG is represented by a five-sphere model. The positions of the
beads were calculated as follows. The first and the fifth beads are
situated at the geometric centers of G and 7-methyl-G, respectively.
The second and the fourth beads are positioned at the geometric
centers of both phosphoriboses, and the third bead is located at the
geometric center of the second phosphate group. The common
radius of these five beads was assigned a value of 3.3 A, which gives
for the resulting five-bead model the same average translational
diffusion coefficient as that computed for the all-atom-based hy-
drodynamic model. The distances between the ligand beads can
change within £0.1 A; therefore the model exhibits some degree of
flexibility.

Figure 2 shows the resulting bead models of eIF4E and 7-
methyl-GpppG. By such modelling we have accurately estimated
the relative diffusion coefficients, provided that hydrodynamic in-
teractions between the protein and the ligand can be neglected. We
are forced to do so, because calculations with the hydrodynamic
interactions between 183 subunits of the protein and 5 subunits of
the ligand, required in the present case, are too computationally
demanding for present-day computers. It is difficult to estimate
how large would be the decrease of the calculated rate constants for
a detailed hydrodynamic model of protein-ligand interactions while
it depends on many details (Deutch and Felderhof 1973; Friedman
1966). Recent simulations (Antosiewicz and McCammon 1995) for
a dumbbell protein and a dumbbell ligand model showed that
computations neglecting the protein-ligand hydrodynamic inter-
actions, for stick boundary conditions for the solvent velocity on
the surfaces of moving particles, lead to rate constants which are
27-32% too high in comparison to the simulations which include
these interactions.

Fig. 2 Five-bead model of 7-methyl-GpppG and hydrodynamic
model of the protein used in Brownian dynamics simulations.
Several beads are marked: the black beads correspond to positive
charges (that of the 7-methyl-G of the ligand and Lys162 of the
protein), the dark grey beads correspond to negative charges
(phosphate beads of the ligand and Glul03 of the protein), and the
light grey beads correspond to Trp56 and Trpl102, participating in
the interactions with 7-methyl-G
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Electrostatic models of the protein and the ligand

BD simulations described below require that electrostatic interac-
tions (EI) between the associating molecules are included. In the
case of molecules like proteins and nucleic acids, the electrostatic
properties are determined to a large extent by the ability of nu-
cleotides and certain amino acids to exchange protons with their
environment, and the dependence of these processes on pH. Charge
distribution in eIF4E, corresponding to experimental conditions in
the stopped-flow measurements, was calculated by our computer
methodology for titration of proteins, as described in full detail
elsewhere (Antosiewicz et al. 1996; Briggs and Antosiewicz 1999).
Our approach is based on the assumption that the difference in
protonation behavior of a given group, in the isolated amino acid
and in the protein environment, results exclusively from the
differences in electrostatic interactions in the two situations. The
required electrostatic calculations were performed using the finite-
difference Poisson-Boltzmann (PB) method (Warwicker and Wat-
son 1982). The PB model for macromolecular electrostatics treats
the solute as a low-dielectric region bounded by the molecular
surface, and containing atomic charges. The charges are located at
the atomic positions determined, for example, by X-ray crystallo-
graphic methods. The solute is surrounded by high-dielectric
aqueous solvent which may contain a dissolved electrolyte. All
finite-difference calculations required by our procedures (Anto-
siewicz et al. 1996) were carried out using the UHBD program
(Madura et al. 1995).

In the current BD methodology employed here, charges of the
ligand molecule are treated as a set of trial charges. Hence, 7-
methyl-GpppG is treated in a simplified way: unit elementary
charges are assigned to the beads representing its hydrodynamic
model. The bead corresponding to 7-methylguanine has a positive
elementary charge, each of the three beads containing a phosphate
group has —1 elementary charge, and the bead corresponding to the
unmethylated guanine base is uncharged.

BD methods

Simulations of molecular diffusion and calculation of the rate
constant for the diffusion-controlled encounter between eIF4E and
7-methyl-GpppG are based on the BD method (Ermak and
McCammon 1978; Northrup et al. 1984). BD simulations were
done using the UHBD program (Madura et al. 1995). One com-
putes and then analyzes many trajectories of one reactant diffusing
toward its partner under the influence of electrostatic intermo-
lecular forces and the random forces mimicking the influence of
the bombardment by the solvent molecules. The latter forces are
modelled by generating random numbers from a Gaussian dis-
tribution and using estimated diffusion coefficients of the mole-
cules. The electrostatic forces are modelled by computing the
electrostatic potential generated by the protein and treating the
ligand as a set of trial charges moving in the field created by
the protein. Trajectories are initiated on the surface of a sphere of
radius rp, the b-surface, around the center of coordinates of the
protein. This sphere is made sufficiently large so that the electro-
static forces between the protein and the ligand are approximately
centrosymmetric for r>r,. Each trajectory is continued until the
ligand satisfies a predefined encounter criterion or reaches an
outer spherical surface of radius rq, the quit sphere. The fraction
of trajectories that finish with encounters, fy, is corrected to in-
clude the additional encounters that would have occurred if the
trajectories had not been truncated at the quit surface. It is then
multiplied by the rate constant for the encounter of the ligand
with the b-surface to yield the bimolecular diffusion-controlled
rate constant kg (Davis et al. 1991; Madura et al. 1995). This is
summarized in the following equations

kd :kb%
(- pk

where, in general (Friedman 1966; Kramers 1940):

©)
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and U(r) is a centrosymmetric potential of interaction between
molecules, and Dy(r) is a distance-dependent relative translational
diffusion coefficient.

Parameters and other details of the simulations

All simulations were performed at 293 K (RT = 0.58 kcal/mol), at
ionic strengths equivalent to 50, 100, 150, 250 and 350 mM
monovalent salt, with the solvent dielectric constant of 80, and that
of the protein of 4. The dielectric boundary between the protein
and the solvent is defined as a Richards probe-accessible surface
(Richards 1977) with a 1.4 A probe radius, and an initial set of 280
surface dots per atom (Gilson et al. 1988). All atomic partial
charges and radii for the protein were taken from the
CHARMM22 parameter set for the standard amino acids (Brooks
et al. 1983; Molecular Simulations 1992a).

Electrostatic potential around the protein was generated on a
100° cubic grid with a 1.0 A spacing. The b-sphere radius was 65 A,
and the q-radius was 300 A. In order to account for steric exclusion
of the ligand by the protein, the center of any bead of the ligand
was not allowed to come closer than 2 A to the van der Waals
surface of any protein atom. This rather small exclusion radius
attempts to crudely account for the conformational fluctuations of
the protein binding site, making the encounter criteria (see below)
easier to satisfy.

We used variable time steps in the BD simulations: for the
ligand closer than 42 A to the center of eIF4E the time step was set
to 0.03 ps, between 42 and 100 A it was set to 0.15 ps, and above
100 A it was set to 0.30 ps.

As a reference, simulations which neglect the electrostatic in-
teractions between protein and ligand were also performed. Dif-
fusional rate constants reported in the present work are based on
90,000 Brownian trajectories.

The encounter or complex formation criteria for the BD
simulations were established as follows. First, the 7-methyl-GDP
complexed with eIF4E (Marcotrigiano et al. 1997) was modelled
by three spherical beads in the analogous way as 7-methyl-
GpppG was modelled by five beads. These three beads are
equivalent to the first three beads of the 7-methyl-GpppG model.
The center of the 7-methyl-G bead in the crystal structure of the
elF4E-7-methyl-GDP complex is located 5.4 A from the CD at-
om [the name follows PDB file nomenclature (Bernstein et al.
1977)] of Glul03 and 3.8 A from the CH2 atom of Trp102, and
the bead corresponding to the second phosphate is located 3.6 A
from the NZ atom of Lysl162. These three distances define the
three corresponding “‘reaction” distances in the final complex.
For the purpose of BD simulations, these three distances were
increased to 6, 5 and 5 A, respectively, just to increase the
probability of formation of the complex. Moreover, because it is
not known at which distance of the ligand from its binding site
the quenching of the protein fluorescence starts, several less re-
strictive criteria were also used, and we increased all three en-
counter distances at 1 A steps, ending with 11, 10 and 10 A. All
the encounter criteria are given in Table 4, which also reports the
results of the BD simulations.

Results
Equilibrium association constants
A typical example of the fluorescence titration, giving

the equilibrium association constant, is illustrated in
Fig. 3. Table 1 presents the equilibrium association
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Fig. 3 Intrinsic fluorescence quenching of eIF4E due to associa-
tion with 7-methyl-GpppG (top) and the accuracy of fitting of the
theoretical relationship [Eq. (1)] to the experimental data points
(bottom)

constants at three ionic strengths applied for the kinetic
studies. The equilibrium constants were subsequently
used in calculations of the sum of the equilibrium con-
centrations of free protein and free ligand, ¢p + ¢r, for
experimentally determined rate constants, according to
Eqgs. (4), (5), (6), (7) and (8), with the total concentration
of the protein taken as 60% of the concentration de-
termined from UV absorption, in accordance with
analysis of the steady-state fluorescence measurements

Signal
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[see Eq. (1) in Materials and methods]. Such an ap-
proach leads to consistency between equilibrium asso-
ciation constants from stopped-flow measurements,
determined as kgr/kp with those obtained from the flu-
orescence titrations.

Relaxation times and amplitudes
from stopped-flow experiments

As is well known, formation of a complex between
elF4E and 7-methyl-GpppG leads to a decrease of the
intensity of fluorescence, owing to quenching processes
(Carberry et al. 1989). Figure 4 shows examples of ki-
netic traces obtained after mixing of eIF4E with 7-
methyl-GpppG, and for comparison, with non-binding
GpppG. Relaxation times and relative relaxation am-
plitudes obtained with assumption of single-step and
two-step association reactions are summarized in Ta-
bles Al, A2, and A3 in the Appendix. Concentrations in
Tables Al, A2, and A3 were obtained from absorption
measurements and refer to their values in the stopped-
flow apparatus syringes. However, ¢p + ¢ were calcu-
lated assuming that the actual concentration of the
active protein, participating in the binding, is 60% of
the indicated values (see the subsection Stopped-flow

Fig. 4 Comparison of the fluorescence time dependence on mixing
of elF4E with 7-methyl-GpppG (decaying trace, the average of 168
shots), shown with the two-relaxation fit, and with GpppG (flat
trace, the average of 56 shots). The insert shows the initial stages of
both traces. The difference between the flat trace and the beginning
of the decaying trace indicates the extent of binding, which occurs
during the dead time of the stopped-flow instrument (ca. 1.2 ms).
The experimental conditions were as follows: excitation at 280 nm,
fluorescence observation at 335 nm, temp. 20 °C, 350 mM KCl,
pH 7.2, initial concentrations of the protein and ligand 2.9 uM (in
the syringes, protein concentration before correction for active
protein)
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Table 1 Equilibrium association constants K for the elF4E-7-
methyl-GpppG complex, at 293 K, in 50 mM Hepes-KOH buffer,
pH 7.2, at indicated concentrations of added KCI. The buffer adds
to the ionic strength an equivalent of ca. 33 mM monovalent salt

Added KCl (mM) K (10°M™
50 16.1+0.5
150 44+0.3
350 0.9+0.3

measurements). The last columns of Tables Al, A2, and
A3 indicate relative increase in accuracy of the fit, if
instead of a single step process a two-step process is
assumed. It can be clearly seen that for most cases the
assumption of two relaxation processes leads to a sta-
tistically significant improvement of the fits. The errors
in Tables A1, A2, and A3 are standard errors given by
the kinetic spectrometer workstation software. Repro-
ducibility of the relaxation times and amplitudes with
samples coming from independent preparations indicate
that the statistical error is about +15-20% of the
measured value, but not less than +5 s ! for the inverse
of relaxation time and =+ 0.04 for the relative amplitude.

Relaxation times presented in Tables Al, A2, and A3
are shown in Figs. 5, 6, 7 as functions of ¢p + ¢. It can
be seen that the relaxation times resulting from single-
relaxation fits satisfy the linear relation to ¢p + ¢
according to Eq. (4) pretty well (see Fig. 6). The two
relaxation times obtained from dual fits are not so well
compatible with the relations predicted by Egs. (5) and
(6) (see Fig. 6), and Egs. (7) and (8) (see Fig. 7). This
apparently results from difficulties with accurate esti-
mation of the two relaxation times when they are not
well separated and/or because we are dealing with a
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Fig. 5 Dependence of the inverse of the single-fit relaxation times
on the sum of the equilibrium concentrations of the free protein
and ligand, for different amounts of added KCI (in mM) to 50 mM
Hepes-KOH buffer, pH 7.2: filled circles for 50 mM, filled squares
for 150 mM and filled diamonds for 350 mM

spectrum of the relaxation processes rather than two
separate steps.

Experimental rate constants

Two overall rate constants, kg and kp, obtained from
the present experimental data are shown in Table 2. It
should be noted that the overall equilibrium constants
calculated from the ratio of kr and kp agree well with
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Fig. 6 Dependence of the inverse of the shorter relaxation time
(filled symbols) and of the longer relaxation time (open symbols) on
the sum of the equilibrium concentrations of the free protein and
ligand for different amounts of added KCI (in mM) to 50 mM
Hepes-KOH buffer, pH 7.2: circles for 50 mM, squares for
150 mM and diamonds for 350 mM
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the inverse shorter and longer relaxation times on the sum of the
equilibrium concentrations of the free protein and ligand, for
different amounts of added KCl (in mM) to 50 mM Hepes-KOH
buffer, pH 7.2: circles for 50 mM, squares for 150 mM and
diamonds for 350 mM

the equilibrium constants K, determined in the station-
ary experiments (Table 1). It can be seen that the overall
rate constant for the association between elF4E protein
and 7-methyl-GpppG decreases significantly with in-
creasing ionic strength. On the other hand, the overall
rate constant for the dissociation process is only slightly
dependent on the ionic strength. However, for most
cases, dual relaxation fits are significantly better than the
corresponding single fits, and therefore the two-step
association model was also considered, regardless of the
fact that our experimental data do not follow exactly the

Table 2 Rate constants for association and dissociation of the
elF4E protein and 7-methyl-GpppG obtained from single- and
from dual-relaxation fits to the kinetic traces registered during the
stopped-flow experiments at 293 K, in 50 mM Hepes-KOH buffer,
pH 7.2, at indicated concentrations of added KCI. The buffer adds
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predictions made by Egs. (4)—(8). The four rate con-
stants are also shown in Table 2, and they are estimated
by the following procedure.

First, from linear regression fits according to Eq. (5)

the rate constants k£, ; and k_, were obtained. Second,
the ratio of the slopes of the linear relations predicted by
Egs. (8) and (7), and shown in Fig. 7, gave estimates of
kir+k,as 125+12s !, 105+7s "' and 85+8s ! for
the three concentrations of added KCl, i.e. 50, 150 and
350 mM, respectively. These values agree well with the
averages of the last 5-7 values of 1/, as functions of
¢p + ¢, shown in Tables Al, A2, and A3; therefore they
seem reliable. The next step was to estimate individual
values of k_, and k. ,. However, this is difficult because
our experimental relaxation times 7; and t, are not well
separated. On the one hand, extrapolation of 1/7, to-
wards zero values of ¢p + ¢ suggests that the k& , values
are very small. On the other hand, from the relation
K= kR/kD:(k+ 1/k,1)(k+2/k72) = K1K2 and the esti-
mated ratios of the equilibrium constants K/K; for dif-
ferent amounts of added KCl (see Table 2), we can
conclude that the values of k_, and k., », cannot differ too
much. Because of these discrepancies, we estimated the
values of k , and k., from one-parameter fits to the
modified Eq. (6) in the form:
1 cp +CL
= K (k,Z + ko AO) 11K (EP n EL) (11)
where A0 is the adjustable parameter which has the
meaning of an individual value of k_,. The restrictions
imposed on the adjustable parameter were A0 > 1. Fig-
ure 6 presents linear plots for 1/, data according to
Eq. (5) and one-parameter plots for 1/7, data according
to Eq. (11). For 150 and 350 mM of added KCI the
latest procedure leads to reasonable estimates of k_,. For
50 mM of added KCI the scatter of the data is too large
and the the fit is not good even for 40 = 1. Therefore for
this experimental condition, k., and k , were roughly
estimated as 124 and 1s', respectively. All the data
resulting from stopped-flow experiments are presented
in Table 2. Although estimation of individual values of
k_ > and k., can be only treated as semiquantitative, we
think that these data allow a conclusion that k£, in-
creases, and k. , decreases, with an increase of the ionic
strength. This is a similar dependence as observed for kg
and kp and for k,, and k_,.

+ 40

to the ionic strength an equivalent of 33 mM monovalent salt. The
rate constants for the second step are given without error estimates,
as they are derived in a rather heuristic way, using one-parameter
least-squares fits according to Eq. (11)

Concentration of Single fit Dual fit
added KCI (mM)
kr (10°M™'s7) ko (7 ke (10°M7's7 ka7 kiz (s ks (s
50 3.33+0.17 24 +8 4.58+0.18 30+8 124 1
150 1.09+0.02 28 +3 1.59+0.07 50+8 99 6
350 0.39+0.01 35+2 0.68 +£0.04 45+7 73 12
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Table 3 Predicted electrostatic properties of elF4E at 293 K,
pH 7.2, as a function of ionic strength

ITonic strength Average charge Mean dipole moment

(mM) © (D)
50 0.56 571
100 0.58 579
150 0.58 585
250 0.58 591
350 0.58 595

Diffusional encounter rate constants
from BD simulations

The predicted average charges of eIF4E at pH 7.2 and
its mean dipole moments are given in Table 3 as func-
tions of the ionic strength. Both the charge and the di-
pole moment are rather insensitive to the ionic strength.
Our calculations predict that eIF4E at pH 7.2, and at
ionic strengths corresponding to 50-350 mM KCl,
should have an average charge of +0.6 units of ele-
mentary charge, and an average dipole moment of
600 D units. Thus it can be expected that electrostatic
steering plays some role in the association process.

Computed diffusional encounter rate constants
[Egs. (9) and (10)] as functions of the ionic strength, for
different encounter criteria, are given in Table 4. This
table presents also the rate constants computed when
electrostatic interactions are neglected. It can be noted
that the range of presented values, with the electrostatic
interactions included, agree with the experimental eval-
uations of k., given in Table 2. The electrostatic in-
teractions introduce approximately fivefold (for 50 mM)
to twofold (for 350 mM) acceleration of the rate of as-
sociation.

Discussion

The present study provides estimates of the rate con-
stants which characterize association of murine euk-
aryotic translation factor eIF4E with a cap analogue,

Table 4 Computed diffusional association rate constants k4 (units
105M s for 7-methyl-GpppG and eIF4E protein, at 293 K,
pH 7.2, as a function of the ionic strength of the solution and
various distance criteria for complex formation. Encounter criteria
are defined as distances between the following three pairs of protein

7-methyl-GpppG. Analysis of experimental data in
terms of one relaxation process is useful because it
provides us with accurate estimates of average values of
kinetic parameters characterizing processes for forma-
tion of the molecular complexes. Ionic strength depen-
dences of kg and kp agree with expectations based on
electrostatic considerations. Screening of the electro-
static interactions should lead to slower rates of associ-
ation of electrostatically interacting partners of the
encounter and to make easier separation of electrostat-
ically interacting molecules in the complex. Also the
screening should be much more effective for the associ-
ation process than for the dissociation of the complex
because in the complex the solvent is removed from
some part of the molecular surface. Accordingly, the
ionic strength effects should be more pronounced for kg
and much smaller for kp.

In the previous section it was shown that single re-
laxation is not sufficient to explain kinetic traces ob-
served in the stopped-flow experiments consisting of
mixing the cap binding protein eIF4E with the analogue
of the 5-end cap of mRNA, 7-methyl-GpppG. Unfor-
tunately, despite an enormous number of experimental
data, large numbers of concentrations and very large
numbers of traces averaged for each concentration, our
two relaxation fits do not lead to dependencies of re-
laxation times on concentrations which exactly agree
with Egs. (5), (6), (7) and (8). Consequently, our eval-
uations of all four rate constants, accompanying the two
relaxation processes, are not highly accurate. Never-
theless, they can be treated as useful estimates. Our BD
simulations gave the rate constants kyq in good agree-
ment with the k,; obtained from the stopped-flow
measurements. Therefore, the faster relaxation process
can be attributed to the entering of the ligand to the
binding site pocket of the protein and its speed is limited
by diffusion processes. A large value of the measured
rate constant k| does not necessarily mean diffusional
control and the results of BD simulations are helpful at
this point. Different factors, like geometry and size of
the protein’s binding site and electrostatic and hydro-
dynamic interactions, can change diffusional encounter

atoms and the ligand subunits: 7-methyl-G-CD(Glu103), 7-methyl-
G-CH2(Trp102) and P2-NZ(Lys162), being not greater than indi-
cated values in Angstrom units. EI refers to electrostatic interac-
tions, and indicated errors refer to the 90% confidence level

Encounter | Electrostatic model in calculations
distances (A)

Tonic strength No EI

50 100 150 250 350
11/10/10 4.18+0.18 4.01+0.18 3.63+0.17 3.36+0.17 3.30+0.17 1.89+0.13
10/9/9 3.26+0.16 3.23+0.16 2.76+0.15 2.61+0.15 2.58+0.15 1.40+0.11
9/8/8 2.30+0.14 2.28+0.14 2.00+0.13 1.81+£0.12 1.81£0.12 0.85+0.08
81717 1.30£0.10 1.23+0.10 1.15£0.10 1.01+£0.09 1.00+£0.09 0.47+0.06
7/6/6 0.80+0.08 0.78 £0.08 0.71+0.08 0.64+0.07 0.58+0.07 0.26+0.05
6/5/5 0.38+£0.06 0.35+0.05 0.32+0.05 0.29+0.05 0.25+0.05 0.08+£0.03




rate constants by 2-3 orders of magnitude. The slower
relaxation processes relate to internal changes in the
protein-ligand complex. However, comparison of ex-
perimental and computed association rate constants
leads to one more interesting observation.

When we compare the experimental values of kp
with the computed values of kg, it can be noted that
fluorescence quenching is completed before the ligand
comes to its final position in the binding site. For an
ionic strength of 350 mM it occurs ca. 1 A apart from
its position in the crystal structure, for an ionic strength
of 150 mM it occurs 2 A above it, and for an ionic
strength of 50 mM it occurs 5 A above this point.
Similar observations can be made when we compare the
experimental value of k., and the computed k4. The
agreement between the computed and experimental
diffusional encounter rate constants occurs for even
larger distances. This leads to the conclusion that the
observed decrease of the association rate constant with
increasing ionic strength is due to two factors. The first
is that electrostatic steering towards the binding site is
less effective and the second is that for larger ionic
strengths the ligand must be closer to the binding site to
induce the fluorescence quenching. This points to the
important role of electrostatic interactions in fluores-
cence quenching. The most probable mechanism of
fluorescence quenching is the formation of a dark
complex of the molecules, i.e. static quenching domi-
nates (Lakowicz 1983). However, because of rather
small overlapping of the protein emission and the cap
analogue absorption spectra, possible participation of
resonance energy transfer of the Forster type would be
of less importance. Even if the resonance transfer does
occur, the energy is quickly dissipated as we observe
neither fluorescence enhancement of 7-methylguanine
nor any bathochromically shifted emission band of the
Trp56/7-methyl-G/Trp102 heteroexcimer.

Stopped-flow experiments with p28, a functional
analogue of eIF4E from wheat germ initiation factor
elF-(is0)4F, and 7-methyl-GpppG were reported pre-
viously (Sha et al. 1995). These authors have estimated
ki as 12.2's"' for the elF-(iso)4F initiation complex
bound with 7-methyl-GpppG, and 123.5s' for the
binding with the subunit p28, at 100 mM KCIl and
23 °C. The latter is in very good agreement with results
obtained in the present work for 50 and 150 mM KCl
(see Table 2).

Based on the presented experimental and theoretical
results, it seems that any more detailed conclusions
regarding the mechanism of association of the elF4E
protein with the cap analogue 7-methyl-GpppG would
not be justified. However, the presented combined ex-
perimental and theoretical study can be extended in
several ways and more detailed analysis might be pos-
sible. The simplest extension is consideration of addi-
tional models of dinucleotide cap analogues like
GpppG, and 7-methyl-GpppG-7-methyl, and mononu-
cleoitde cap analogues like 7-methyl-GMP, -GDP and
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-GTP. Even keeping the theoretical approach at the
same level of resolution, one can obtain further sig-
nificant insights into the understanding of this associ-
ation process, particularly regarding interpretation of
the two association steps concluded from the present
study. A second aspect is inclusion of the protein’s
binding site flexibility during BD simulations (Wade et
al. 1993), or even a combination of BD simulations of
the diffusional encounter with more detailed molecular
dynamics simulations of subsequent events, see e.g.
Luty et al. (1993). Another aspect is related to proto-
nation equilibria within the binding site and the ligand.
In this respect, pK, values of Glul03 on the eIF4E and
N1 on the 7-methylguanine of the ligand are the most
interesting. The pK, of NI in a free 7-methyl-GpppG
was determined spectrophotometrically as 7.35+0.06 at
20 °C at an ionic strength of 150 mM (Wieczorek et al.
1995). The pK, of Glul03 in an unliganded eIF4E,
computed in the present work, is 5.5; unfortunately
there is no experimental data for comparison. In the
complex, the N1 of the 7-methylguanine and Glul03 are
in close proximity, and their pK, values are certainly
affected. Such extension requires that our computer
methodology for predicting protonation equilibria in
proteins (Antosiewicz et al. 1996) is developed towards
including also nucleic acids and their constituents.
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Appendix
Tables

Tables A1, A2 and A3 are a summary of experimental results
(relaxation times t and amplitudes A4) obtained by stopped-flow
measurements for mixing of equimolar amounts of eIlF4E with
7-methyl-GpppG at concentration C for different ionic strengths
corresponding to indicated concentrations of added KCI. The last
column shows relative improvement of the fit with two relaxations

over the fit with one relaxation, "‘*5’,‘” .
y
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Table A1 Added KCI 350 mM

C Number Number of relaxation terms s — 0a
(uM) of traces da

One Two

1/‘[ 1/‘51 A] 1/‘52 A2

(1/sec) (1/sec) (relative) (1/sec) (relative)
0.2 600 51.5+£2.5 70.4+19 0.78+0.17 23.4+7.5 0.22+0.17 0.01
0.3 640 55.7+1.5 83.9+13.9 0.71+0.15 30.0+8.0 0.29+0.15 0.02
0.4 168 51.3+1.0 75.4+89 0.56+0.04 36.8+6.1 0.44+0.04 0.01
0.4 440 58.5+1.3 72.5+9.6 0.60+0.20 46.6+8.1 0.40+0.20 0.01
0.5 320 643+1.1 82.1+15. 0.65+0.30 46.3+15.5 0.354+0.30 0.01
0.6 168 68.7+0.9 93.0+6.9 0.65+0.07 46.3+5.3 0.35+0.07 0.02
0.8 210 71.0+0.6 91.6+4.6 0.63+0.07 50.1+£3.7 0.37+0.07 0.02
1.0 126 75.0+£0.9 101.£7.2 0.61+0.07 54.4+5.6 0.394+0.07 0.01
1.1 112 79.5+£1.0 126.+7.5 0.454+0.03 622+2.1 0.55+0.03 0.02
1.3 168 83.3+0.7 136.+9.5 0.45+0.05 64.4+3.5 0.55+0.05 0.05
1.5 168 90.1+0.8 146.£8.6 0.48+0.05 67.8+3.7 0.524+0.05 0.07
1.7 224 98.1+£0.6 169.+8.9 0.45+0.04 75.1+£2.8 0.55+0.04 0.14
1.8 168 103.+£0.7 155.+£9.2 0.62+0.07 66.8+6.1 0.38+0.07 0.22
1.8 168 99.8+£0.7 191. £21. 0.43+0.07 74.7+3.6 0.57+0.07 0.24
2.0 168 109.+0.7 174. £ 10. 0.534+0.05 79.3+6.2 0.47+0.05 0.17
2.0 168 105.+£0.7 188.+£8.9 0.504+0.03 752+3.2 0.504+0.03 0.24
2.2 224 118.4£0.7 205.+12. 0.54+0.03 79.8+3.5 0.46+0.03 0.49
2.3 168 112.+£0.7 216.+15. 0.48+0.03 80.7+3.1 0.524+0.03 0.44
2.6 168 121.£0.7 196.£12. 0.544+0.07 86.5+£6.5 0.46+0.07 0.23
2.9 168 145.+£0.8 232.+8.8 0.63+0.04 91.0+3.9 0.37+0.04 0.75
34 168 143.£0.8 221.+6.7 0.69+0.02 80.3+34 0.31+0.02 0.85
3.7 126 154.£0.8 246.+9.1 0.56+0.03 112.£6.0 0.44+0.03 0.28
4.1 126 165.+1.1 235.+£5.8 0.80+0.02 71.4+39 0.20+0.02 0.84
Table A2 Added KCI1 150 mM
C Number Number of relaxation terms ds — Oa
(M) of traces Od

One Two

1/‘[ 1/‘[1 Al 1/‘[2 A2

(1/sec) (1/sec) (relative) (1/sec) (relative)
0.1 800 38.3+£1.0 47.6+9.4 0.72+0.31 27.0+14.3 0.28 £0.31 0.00
0.2 660 48.8+0.7 60.7+6.6 0.75+0.15 30.6+7.6 0.25+0.15 0.02
0.2 680 47.8+0.7 495+14 0.994+0.03 17.0+£7.5 0.01+0.03 0.01
0.3 560 58.0+0.6 70.1+£3.5 0.754+0.09 37.7+£5.0 0.254+0.09 0.02
0.4 372 62.5+0.7 118.£13. 0.31+0.08 51.3+£2.5 0.69+0.08 0.04
0.5 400 72.1+£0.5 103.£12. 0.424+0.25 60.5+11. 0.58+0.25 0.03
0.6 600 83.8+0.5 110.£3.6 0.69+0.05 54.6+£3.5 0.31+0.05 0.11
0.7 300 85.8+0.7 137.£6.8 0.55+0.06 60.3+3.2 0.45+0.06 0.13
0.8 480 95.7+0.6 152.£7.8 0.50+0.07 71.4+5.0 0.50+0.07 0.21
0.8 210 94.84+0.8 201.+22. 0.43+0.06 70.7+3.4 0.57+0.06 0.22
1.0 320 105.£0.7 176.£9.4 0.51+0.07 77.5+5.3 0.49+0.07 0.21
1.1 224 116.£1.0 196.£8.0 0.57+0.04 79.7+4.4 0.43+0.04 0.30
1.2 280 126.+0.8 177.+£8.2 0.71+0.06 75.1+4.3 0.29+0.06 0.24
1.3 320 126.+£0.7 215.+11. 0.50+0.06 94.4+43 0.50+0.06 0.30
1.3 168 130.+1.0 216.+11. 0.61+0.04 81.9+4.3 0.39+0.04 0.43
1.5 168 143.+£1.0 223.4£9.0 0.65+0.04 89.6+£5.6 0.35+0.04 0.28
1.5 168 144. £1.1 217.4£9.0 0.71+0.04 81.9+£5.6 0.29+0.04 0.34
1.7 224 152.£1.0 245.+8.0 0.68+0.03 84.7+3.8 0.324+0.03 0.79
1.8 168 147.£1.0 238.+14. 0.61+0.06 93.1+6.0 0.39+0.06 0.37
1.8 168 158.£1.0 243.+10. 0.63+0.04 105.£7.0 0.37+0.04 0.24
1.8 224 153.+£1.0 253.+10. 0.63+0.03 94.5+4.4 0.374+0.03 0.60
2.0 168 164.£1.0 256.+14. 0.64+0.05 103.£5.9 0.36+0.05 0.40
2.0 168 171.£1.1 282.+14. 0.65+0.04 103.+54 0.35+0.04 0.48
2.2 168 180.+1.1 281.£9.0 0.734+0.03 93.6+4.2 0.274+0.03 0.94
2.6 168 193.£1.3 278.+£7.2 0.81+0.02 82.2+43 0.19+0.02 0.87
3.0 168 212.+£1.4 305.+£7.5 0.80+0.02 97.2+49 0.20+0.02 0.86
3.4 168 242.+1.5 327.+£6.4 0.854+0.02 95.6+5.0 0.15+0.02 0.96
34 168 226.+1.4 329.4£9.8 0.784+0.03 113.+£59 0.22+0.03 0.74
4.1 126 254.+1.7 375.+£11. 0.80+0.02 121.£6.0 0.204+0.02 0.71
4.1 126 251.+£2.8 375.+16. 0.81+0.03 118.£10. 0.194+0.03 0.68




Table A3 Added KCI 50 mM
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C Number Number of relaxation terms ds = Od
(M) of traces Od

One Two

1/’( 1/’[1 A] 1/’(2 Az

(1/sec) (1/sec) (relative) (1/sec) (relative)
0.05 1440 32.84+0.6 34.9+0.7 0.97+0.01 40+1.6 0.03+0.01 0.024
0.1 880 45.6+0.5 57.5+4.3 0.79+0.09 2494438 0.21+0.09 0.04
0.1 600 50.3+£1.2 58.5+5.1 0.93+0.05 11.9+3.7 0.07+0.05 0.03
0.2 1080 65.0+0.5 95.3+4.8 0.61+0.06 43.6+6.8 0.39+0.06 0.11
0.2 900 66.4+0.5 83.4+4.8 0.72+0.10 44.8+6.8 0.28+0.10 0.06
0.3 440 82.1+0.6 120.+6.0 0.65+0.05 51.8+4.0 0.35+0.05 0.18
0.3 440 83.0+1.6 151.+8.6 0.45+0.06 64.0+4.0 0.55+0.06 0.18
0.3 448 97.9+1.5 121.£6.3 0.89+0.04 28.8+7.1 0.11+0.04 0.08
0.4 294 133.+1.7 159.+11. 0.83+0.08 74.8 +18. 0.174+0.08 0.02
0.5 252 146.+1.7 163.+8.3 0.95+0.05 42.8+14. 0.05+0.05 0.04
0.5 448 135.+£1.0 160.+6.9 0.88+0.05 60.5+10.9 0.12+0.05 0.09
0.6 720 129.4+0.7 204.+£11. 0.61+0.05 84.3+4.7 0.39+0.05 0.42
0.6 300 167.£1.6 194.+£6.8 0.94+0.03 45.6+9.3 0.06+0.03 0.12
0.6 224 181.+2.4 230.+17. 0.63+0.11 141.+17. 0.37+0.11 0.00
0.6 280 151.+£1.9 235.+18. 0.70+0.06 85.2+9.9 0.30+0.06 0.09
0.7 280 180.+1.6 252.+14. 0.73+0.06 106. +12. 0.27+0.06 0.10
0.8 280 184.+14 258.+10. 0.77+0.04 95.1+7.7 0.23+0.04 0.25
0.9 480 175.+£1.1 226.+11. 0.75+0.06 95.8+9.1 0.25+0.06 0.18
0.9 224 205.+1.8 303.+ 14. 0.66+0.05 139. £+ 10. 0.34+0.05 0.08
1.0 440 182.+1.1 281.+12. 0.68 +0.04 109.+6.2 0.32+0.04 0.49
1.0 320 203.+1.5 288.+£9.9 0.78+0.03 106.+7.3 0.22+0.03 0.29
1.1 224 245.+1.9 311.£13. 0.85+0.04 111.+14. 0.15+0.04 0.17
1.2 340 206.+1.3 316.+12. 0.71+0.03 116.+6.5 0.29+0.03 0.55
1.3 360 228.+1.4 334. £ 11. 0.77+0.03 119.£6.6 0.23+0.03 0.62
14 280 302.+£2.5 373.+11. 0.91+0.02 106. +13. 0.09+0.02 0.23
1.5 224 281.+1.8 372.+18. 0.76 +£0.06 166.+19. 0.24+0.06 0.15
1.6 360 249.+£2.2 353.+6.1 0.89+0.01 71.7+34 0.11+0.01 0.49
1.8 340 285.+1.8 407.+14. 0.80+0.03 147. £ 10. 0.20+0.03 0.49
1.8 224 337.£2.3 420.+15. 0.79+0.05 202.+15. 0.21+0.05 0.08
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