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ABSTRACT: Enzymatic reactions occur in a crowded and
confined environment in vivo, containing proteins, RNA and
DNA. Previous reports have shown that interactions between
macromolecules, and reactions rates differ significantly
between crowded environments and dilute buffers. However,
the direct effect of crowding on the level of high-resolution
structures of macromolecules has not been extensively
analyzed and is not well understood. Here we analyze the
effect of macromolecular crowding on structure and function
of the human translation initiation factors eIF4A, a two-
domain DEAD-Box helicase, the HEAT-1 domain of eIF4G, and their complex. We find that crowding enhances the ATPase
activity of eIF4A, which correlates with a shift to a more compact structure as revealed with small-angle X-ray scattering.
However, the individual domains of eIF4A, or the eIF4G-HEAT-1 domain alone show little structural changes due to crowding
except for flexible regions. Thus, the effect of macromolecular crowding on activity and structure need to be taken into account
when evaluating enzyme activities and structures of multidomain proteins, proteins with flexible regions, or protein complexes
obtained by X-ray crystallography, NMR, or other structural methods.

■ INTRODUCTION
Cellular environments are crowded. Concentrations of macro-
molecules (DNA, RNA, and proteins) vary widely between cell
types and growth phase. For Escherichia coli, concentrations are
in the range of 300−400 g/L. These macromolecules occupy a
large fraction of the cellular volume (20−30%).2 In the past,
biophysical properties of macromolecules have been tradition-
ally measured in dilute solutions. However, the complex
environment inside cells changes these properties3 and the
biochemical parameters such as equilibrium constants and
association and dissociation rates. Thus, in vitro structural
parameters as obtained from solutions of isolated components
are significantly different from those in a crowded compart-
ment.3 Recent progress has been made in studying the structure
and function of proteins in cellular environments, for example,
by in-cell NMR.6 However, such an endeavor is often not
feasible for detailed structural and functional studies. However,
cellular conditions can be mimicked using inert crowding
agents, such as polyethylene glycol (PEG), Dextran, or Ficoll.
Other proteins like bovine serum albumin are used as crowding
agents as well.7 However, the most widely used crowding agent
is PEG. Numerous studies have shown the influence of PEG on
enzymatic reaction rates, thermal denaturation, protein
foldin,g8−10 and renaturation. Several studies show the effect
of crowding on protein structure using simulations.11,12 We
have shown recently the impact of macromolecular crowding
on the structure and the function of the replisome of

bacteriophage T7.14 To our knowledge, there are no
experimental studies examining the influence of PEG on the
atomic structure of folded proteins.
Here we investigate the effect of crowding on factors

involved in human translation initiation. The control of
translation (mRNA encoded protein synthesis) is crucial for
cell proliferation and differentiation. More than 10 eukaryotic
translation initiation factors are known to be involved in the
assembly of the 80S ribosome−RNA complex enabling
placement of the initiator Met-tRNA at the correct start
codon of the mRNA. The dominant mechanism used by
cellular mRNAs, named cap-dependent translation, requires the
recognition of the 5′ m7G cap structure of the mRNA by the
cap binding complex eIF4F. The eIF4F complex is composed
of the cap binding subunit eIF4E, the RNA helicase eIF4A, and
the scaffolding protein eIF4G.15−17 The eukaryotic translation
factor 4A (eIF4A) is the prototypic member of the DEAD-box
family of RNA helicases,18 a subfamily of superfamily 2 (SF2)
of RNA helicases.19 The ATP-dependent RNA helicase eIF4A
unwinds secondary structure in the 5′ untranslated region
(UTR) of mRNAs to facilitate 40S ribosome binding and
scanning for the start codon. eIF4A by itself is a poor ATPase
and helicase (kcat = 3/min).20 However, these activities are
stimulated when eIF4A is part of a multiprotein complex
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consisting of eIF4G, eIF4E, eIF4B, and/or eIF4H.21−25 eIF4G,
a scaffolding protein that binds several initiation factors,
contains three HEAT repeat domains in the C-terminal two-
thirds of its sequence. The first two, HEAT1 and HEAT2 bind
to eIF4A. The binding of HEAT1 increases kcat by about 4-
fold.26 The binding of HEAT2 is thought to have only a
modulatory role.15,16,26 There are now high-resolution
structures available for full-length human eIF4A, eIF4G-
HEAT1, or their complex. However the domain orientation
of eIF4A differs significantly between the various structures.
Nevertheless, the structural information on the domains of this
system now allows mechanistic analysis of crowding with
structural methods, such as NMR spectroscopy or small-angle
X-ray scattering (SAXS).
Thus far, NMR studies of crowding effects on proteins under

physiological conditions have focused primarily on measuring
relaxation parameters and protein stability27 and targeted
mainly disordered proteins. Studies of globular proteins and
protein complexes, and experiments that could provide more
mechanistic insights, are hampered by increased line broad-
ening and unfavorable relaxation properties. Nevertheless,
recently the structure of a 66 amino acid protein,
TTHA17178 from Thermus thermophilus, was determined in
cells by NMR.28 However, the samples used were highly
concentrated (3−4 mM), and an attempt to determine the
structure of a larger protein (17 kDa) was unsuccessful.
Additionally, the RMSD of the final structures seems
significantly higher than the RMSD of the structure of the
same protein determined in solution. Thus, differences due to
cellular crowding are difficult to assess.
In the present study we have used biochemical assays, SAXS,

and NMR to characterize the effect of macromolecular
crowding on the structure and activity of eIF4A and eIF4G-
HEAT1. The combination of SAXS and NMR overcomes some
of the problems of studying proteins in a crowded medium by
NMR only. There is no size limitation for SAXS, and SAXS also
allows investigating proteins that are difficult to measure by
NMR, such as eIF4A. Indeed, we find a clear correlation
between structural and functional properties of the translation
initiation complex. The addition of a crowding agent, which
mimics cellular conditions, shifts the conformational equili-
brium of eIF4A from an inactive open state toward the closed
active conformation. On the other hand, the crowding effect is
rather minor for the folded part of isolated HEAT1 domain of
eIF4G but significantly alters mobile regions.

■ MATERIALS AND METHODS
Protein Expression and Purification. Human eIF4GI

(747−994, 4GH1) was expressed in E. coli Bl21(DE3) with N-
terminal GB1 and His-tags and purified via metal immobilized
affinity chromatography using TALON resin (Clontech, USA)
followed by overnight TEV cleavage at 4 °C. The cleaved
product was purified by size exclusion chromatography. Human
eIF4A was expressed in E. coli Bl21(DE3) with an N-terminal
His-tag and purified via metal immobilized affinity chromatog-
raphy using TALON resin (Clontech, USA) followed by Q-
Sepharose and size exclusion chromatography. 15N, D labeled
4GH1 was expressed in M9 media dissolved in D2O with
15NH4Cl as the sole nitrogen source. Chemical shift assign-
ments of eIF4G-HEAT1 were published previously.29

Small/Wide Angle Scattering (SAXS/WAXS). SAXS/
WAXS data were collected at beamline X9 of the National
Synchrotron Light Source at Brookhaven National Laboratory

in New York as described previously30 on a MarCCD SAXS
detector and Photonic Science WAXS detector at 14.5 keV,
respectively. The X-ray wavelength was 0.855 Å. All samples
were measured at a temperature of 15 °C. SAXS data were also
measured at the Cornell High Energy Synchroton Source
(CHESS, beamline G1) at an X-ray energy of 9.467 keV (λ =
1.3096 Å) using a CCD detector.
Samples were dialyzed overnight against SAXS buffer

(eIF4G: 20 mM HEPES at pH 6.5, 2 mM DTT, 300 mM
KCl, 0.01% NaN3, 10% glycerol, eIF4A: 20 mM HEPES, pH
7.5, 130 mM KCl, 0.01% NaN3, 10% glycerol; eIF4A/eIF4G:
20 mM HEPES, pH 7, 130 mM KCl, 0.01% NaN3, 10%
glycerol) using Slide-A-Lyzer cassettes (pierce, 10 kDa
MWCO). Five mM ATP and 3 mM MgCl2 were added to
the buffer for samples containing ATP. Dialysis buffers were
kept as reference samples for buffer subtraction. Samples for
measuring concentration series were adjusted to 1−10 mg/mL.
Samples for measuring the effect of PEG were adjusted to 5
mg/mL. Polyethylene glycol 1k was added to 8% to the sample
and the corresponding buffer sample. Samples were exposed for
60 s and 120 s. The scattering of the buffer alone was measured
with 60 s and 120 s exposure as well and subsequently
subtracted from the sample scattering. The magnitude of the
scattering vector (q) is defined as

π θ
λ

=q
4 sin

(1)

,where 2θ is the scattering angle and λ is the wavelength.
Scattering curves were analyzed using PRIMUS,11 GNOM12

and in-house scripts.31 No radiation damage or aggregation was
observable. SAXS and WAXS scattering curves were merged
using in-house scripts.31 Values for the radius of gyration were
obtained from the linear region of the Guinier plot, using data
from the low angle region with qRg < 1.3, the Guinier
approximation

= −I Iq( ) (0)e R q /3g
2 2

(2)

,and the program GNOM, which was used to fit the
experimental data. DAMMIN1 was used to model the structural
envelope based on the GNOM fit. Ten models per sample were
calculated and averaged using DAMMAVER.14

NMR Spectroscopy. All NMR measurements were
conducted at 298 K on Bruker Avance 750 MHz and Avance
600 spectrometers equipped with TXI cryoprobes with Z
gradient. Data were processed and analyzed using NMRPipe32

and NMRView.33 2D [1H,15N] TROSY HSQC experiments
were acquired at 750 MHz using 256 t1 increments with a
sweep width of 2659 Hz and 2048 t2 points with a sweep width
of 9014 Hz. Samples contained 0.5 mM 15N,D-eIF4G-HEAT1
in 10 mM phosphate buffer pH 6.5, 300 mM KCl, 2 mM DTT,
0.5 mM EDTA, 0.01% NaN3, 5% D2O. PEG 400 was titrated to
concentrations of 1%, 2%, 5%, 8%, and 16%. eIF4A-CTD was
titrated to 0.36 mM 15N,D-eIF4G-HEAT1 at ratios of 0:1,
0.25:1, 0.5:1, 0.75:1, and 2:1. Binding of full length eIF4A was
evaluated by a comparison of the spectra of 15N,D-eIF4G-
HEAT1 and 15N,D-eIF4G-HEAT1 with eIF4A at a 1:1 ratio.
Chemical shift changes were calculated based on the formula

Δ = Δ + Δ⎜ ⎟⎛
⎝

⎞
⎠H

N
ppm ( )

5
2

2

(3)

.Linewidth analysis was performed using NMRView.34

Measurements of R1 and R2 were performed at 600 MHz
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using previously reported sequences.35 R1 measurements were
based on the acquisition of seven time points with delays of
20−1500 ms. R2 measurements were based on six time points
with delays of 16.8−100.8 ms. Peak intensities were determined
using NMRViewJ peak picking procedures. R1 and R2 values
were obtained by nonlinear least-squares fitting of the data to
exponential curves I(t) = I0 exp(−Rjt) with j = 1 or 2 using
NMRViewJ and in-house Matlab scripts. Relaxation data was
analyzed using NMRView, Matlab, and in-house scripts.
Tumbling times τc were determined using the software
TENSOR.36

Modeling the Structures of eIF4A and eIF4G-HEAT1.
eIF4G-HEAT1 was modeled using SWISS-MODEL5 based on
the structures of isoform II of eIF4G4 (PDB code 1HU3) and
the structure of yeast eIF4G-HEAT137 (PDB code 2VSO), the
open and closed form of eIF4A and the complex between
eIF4G-HEAT1 and eIF4A were modeled based on the
structures of the corresponding yeast proteins37,38 (PDB
codes 2VSO and 1FUU).
TLC Assay. ATP hydrolysis by eIF4A was determined using

thin-layer chromatography (TLC). Reaction mixtures con-
tained 3 μM eIF4A, 3 μM poly(U), 5 mM ATP, 0.1 mCi of
[α-32P] ATP, and polyethylene glycol (PEG) of varying
molecular weights and concentrations (0−8%) as indicated in
the corresponding figures. After 1-h incubation at 37 °C, 0.4 μL
of the reaction mixture was spotted onto a ESI cellulose TLC
plate and developed using 0.5 M LiCl, 0.5 M Na-formate. The
amount of [32P]-Pi formed was analyzed using a Fuji BAS 1000
bioimaging analyzer. TLC spots were further analyzed using
Melanie 7 (GeneBio, Geneva, Switzerland).
Norit Assay. The standard assay for ATPase measures the

formation of Norit-adsorbable nucleoside arising from the
hydrolysis of [γ-32P]-ATP. The reaction mixture (20 μL)
contained 10 mM Na-phosphate buffer (pH 7), 80 mM KCl, 3
mM MgCI2, 50 mM EDTA, 2 mM DTT, 50 μM [γ-32P]-ATP
(30 cpm/pmol), and 3 μM eIF4A. Incubation was at 37 °C for
60 min. The reaction was stopped by the addition of 200 μL of
a solution consisting of 0.6 mL of 1 M HCl, 0.1 M Na4P2O7,
0.02 M KH2PO4, 0.2 mL of a Norit A suspension (20% packed
volume), and 0.1 mL of bovine serum albumin (5 mg/mL).
The solutions were mixed and allowed to sit for 5 min at 0 °C.
After centrifugation, 4 μL of the supernatant was spotted on a
filter paper and the radioactivity was determined.
Normal Mode Analysis (NMA). The force constant matrix

based on atomic potentials with respect to Cartesian
coordinates can be used to describe the motion of a
molecule.39,40 The eigenvectors of this matrix are called normal
modes. The vibrational frequency is determined by the
eigenvalues. NMA can be used to examine vibrational and
thermal properties of molecular structures at the atomic level.
We calculated the normal modes of eIF4G-HEAT1 based on
the model using the NOMAD-REF server.13

■ RESULTS
Macromolecular crowding alters the rate of enzymatic
reactions. Using polyethylene glycol (PEG) as an inert
crowding agent, we examined the effect of macromolecular
crowding on the ATPase activity of the eukaryotic translation
initiation factor 4A (eIF4A) and its dependence on the
eukaryotic translation initiation factor 4G (eIF4G). We also
examined the effect of PEG on the structures of these proteins.
PEG is the most widely used crowding agent. It is a straight

chain polymer with repeating subunits of the formula HO−

CH2−[CH2−O−CH2]n−CH2−OH. It was shown that PEG
and other crowding agents increase the rate of enzymatic
reactions,41 alter reaction products,42 protect macromolecules
from thermal denaturation,11 accelerate protein folding,43 and
facilitate nucleic acid renaturation.44 At higher concentrations
(up to about 30%) PEG is used to precipitate proteins to aid in
protein purification.45

The ATPase Activity of eIF4A Is Enhanced by PEG.
eIF4A is an RNA helicase that utilizes ATP as a source of
energy to unwind RNA.46 By itself the rate of ATP hydrolysis
eIF4A is extremely poor (3 min−1).47 We used thin layer
chromatography (TLC) and a Norit assay to determine the
effect of PEG on the ATPase activity of eIF4A. The effect of
PEG depends on the size of PEG as shown in Figure 1a. The
effect is due to the increase of the excluded volume with
increasing PEG size. At very large PEG sizes (35k PEG) eIF4A
tends to precipitate. To determine if PEG changes the ATPase
activity by affecting the eIF4A:RNA or the eIF4A:ATP
interaction, we performed the same experiment with and
without 3 μM RNA (poly(U)). The trend of the curve is the
same with and without RNA, indicating that PEG effects the
eIF4A:ATP interaction.
The effect of PEG 8k on the ATPase activity of eIF4A was

determined using TLC. Figure 1b shows the ratio [32P]-Pi
versus [32P]-ATP on the TLC plate with increasing amounts of
PEG 8k. As seen in the figure, PEG enhances the ratio of Pi to
ATP, which shows an increase of the ATP hydrolysis, up to a
factor of 6 at 10% PEG 8k. Figure 1c documents the effect of
PEG on the ATPase activity of eIF4A with increasing amounts
of ATP and constant concentration of eIF4A and RNA.
The activity of eIF4A without PEG increases only slightly

with increasing amounts of ATP (red circles). After the
addition of PEG the activity increases significantly with
increasing amounts of PEG (black circles).
Several other crowding agents are frequently used. We

compared the effect on the eIF4A activity of several agents
besides PEG, namely Dextran (6k, 40k, and 70k), Ficoll (70k)
and PVP (10k and 40k) over a concentration range of 0−4%.
The results are shown in Supporting Information, Figure S1. All
these crowding agents show an increase in activity with
increasing concentration of the crowding agent. PEG 8k leads
to the largest increase followed by PVP. Ficoll and Dextran
show a smaller increase. These crowding agents are most often
used at much higher concentrations, so we would expect a
larger effect at higher concentrations.

Enhancement of eIF4A ATPase Activity by eIf4G-
HEAT1 and PEG. eIF4A is a poor, nonprocessive helicase
when acting alone.20 Its activity is enhanced in the
heterotrimeric translation initiation complex with eIF4G and
eIF4E, and additionally by eIF4B and/or eIF4H.48,49 eIF4G
contains two eIF4A binding sites, one in the first and the other
in the second HEAT domain.50 A construct containing the first
HEAT domain increases RNA affinity and the catalytic step but
does not affect ATP affinity. However, a construct containing
the second HEAT domain decreases affinity to ATP and RNA
with no effect on the catalytic step.16,26 The enhancement of
the ATPase activity of eIF4A by the first HEAT domain of
eIF4G (eIF4G-HEAT1) with and without PEG as a crowding
agent is shown in Figure 2. First, we tested the effect of the
eIF4A:eIF4G-HEAT1 ratio on the ATPase activity. As can be
seen in Figure 2a, the addition of eIF4G-HEAT1 enhances the
activity by a factor of 1.6 for a 1:1 ratio of eIF4A:eIF4G-
HEAT1, and up to a factor of 3.6 at a 1:10 ratio of
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eIF4A:eIF4G-HEAT1. Figure 2b shows the effect of increasing
PEG concentrations at constant eIf4A:eIF4G-HEAT ratios of
1:0, 1:1, and 1:10. Increasing amounts of PEG increase the
ATPase activity of eIF4A alone (red diamonds) and for the
complex (blue circles: 1:1 ratio, black squares: 1:10 ratio).
Structural Changes Induced by PEG As Measured by

SAXS. We measured the SAXS curves of eIF4A, eIF4G-
HEAT1, and their complex in the absence and presence of 8%
PEG 1000. The scattering curves of the three samples without
PEG are shown in Figure 3a. Figure 3b−d depicts the Guinier
plot of the small angle region for samples with (gray) and

without (black) PEG as crowding agent. The solid lines
represent the regression to the linear part of the Guinier plot.
The slope of this regression is proportional to the square of the
radius of gyration. Results for the Rg values extracted from the
Guinier plot are shown in Table 1.
We also determined Rg and Dmax (the longest distance within

the molecule) using the fitting software GNOM.51 Results are
summarized in Table 1. It is evident from the data, that the
crowding agent has a large effect on the Rg and Dmax of eIF4A
and its complex with eIF4G-HEAT1, but only a small effect on
the size of eIF4G-HEAT1 alone. GNOM fits using the small
angle regions and resulting distance distribution functions are
shown in Supporting Information, Figure S2. Prior to
measuring the samples with and without PEG we measured a
concentration series of eIF4G-HEAT and eIF4A to evaluate the
effect of protein concentration on the Rg value. These
concentration curves are shown in Supporting Information,
Figure S3. No significant effect of the concentration on Rg was
found for eIF4A. A very slight increase in Rg of <3% was found

Figure 1. The effect of PEG on the ATPase activity of eIF4A. (a) The
influence of the size of PEG on the ATPase activity. eIF4A at 3 μM
was incubated for 1 h with 3 μM poly(U) (black) and without RNA
(gray), 5 mM ATP with 0.1 mCi of [α-32P] ATP and 4% PEG of
varying sizes. The amount of released Pi was determined using the
Norit assay. (b) Ratio of Pi:ATP after incubation of 3 μM eIF4A at
varying concentrations of PEG 8k. Amounts of Pi and ATP in the
samples (same content as described in panel a) containing varying
concentrations of PEG 8k were determined using a TLC assay. (c)
Dependence of the ATPase activity for increasing amounts of ATP
with and without 8% PEG 8k. Sample content was the same as
described in panel a) with the exception of varying ATP
concentrations. All data points are averages of duplicates.

Figure 2. Enhancement of the eIF4A ATPase activity by eIF4G-
HEAT1. (a) Effect of the eIF4G-HEAT1:eIF4A ratio on the ATPase
activity of eIF4A determined using the Norit assay. (b) Influence of
PEG on the ATPase activity of eIF4A alone and at two selected ratios
of eIF4G-HEAT1:eIF4A (1:1 and 1:10). All data points are averages of
duplicates.

Figure 3. (a) SAXS/WAXS scattering profiles and Guinier plots for
eIF4A, eIF4G-HEAT, and their complex. SAXS/WAXS scattering
profiles of eIF4A (circles), eIF4G-HEAT1 (triangles), and their
complex (diamonds). (b−d) Guinier plots and linear fit for the
scattering profiles of eIF4G-HEAT1, eIF4A and their complex for
samples with (gray) and without (black) the addition of PEG 1k. Note
that all curves were translated vertically to avoid overlap and gain
better visibility.
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for eIF4G-HEAT1; however, Rg values for 5 mg/mL protein
(as used for further experiments) and 1 mg protein (∼infinite
dilution) are still within errors.
Using the software DAMMIN we determined the structural

envelopes from the SAXS curves of the three samples with and
without PEG. We compared these envelopes with structural
models of eIF4A, eIF4A in complex with eIF4G-HEAT1 and
eIF4G-HEAT1 derived from crystal structures of isoform II of
eIF4G-HEAT1,4 the structure of eIF4G-HEAT1 from yeast,37

the open form of eIF4A from yeast, and the eIF4G-HEAT1/
eIF4A complex from yeast37,38 (Figure 4). Figure 4 graphics a
and b show the filtered average structures of eIF4A without (a,
red) and with (b, blue) PEG.

The structure of eIF4A with PEG is much more compact
indicating closure of the main cleft between the two RecA like
domains. Figure 4 graphics c and d show the overlay of the
representative structures of eIF4A without (4c) and with (4d)
PEG with the model of the open form of eIF4A (non-ATP
bound). Figure 4 graphics e and f show the overlay of the same
representative structures with the model of the closed form of
eIF4A. The open form overlays well with the representative
structure of eIF4A without PEG, whereas the closed form
overlays well with the envelope of eIF4A with PEG, suggesting
that the conformation most prevalent in a crowded environ-
ment is more similar to the closed/active form than to an open,
more flexible form.
We measured the TROSY HSQC spectra of the two domains

of eIF4A with and without PEG. Whereas eIF4A-CTD does
not show any significant chemical shift changes, residues of
eIF4A-NTD facing eIF4A-CTD shift significantly. An overlay of
the HSQC spectra for eIF4A-NTD is shown in Figure 4i.
Additional peaks that shift originate from residues in the linker
between the 2 domains as shown in Figure 4k. These data
support that the structures of the domains do not change
significantly (except for some residues on eIF4A-NTD facing
toward eIF4A-CTD), and the main conformational change
originates from the domain−domain orientation.
Figures 4 graphics g and h depict the average structure of the

eIF4A/eIF4G-HEAT1 complex without (g, red) and with (h,
blue) PEG and the overlay with the model derived from the
YEAST crystal structure. No major structural rearrangement
can be observed; however, the structure of the complex is
significantly more compact in the presence of the crowding
agent. This result corresponds well with the hypothesis that
eIF4G confers the active conformation upon eIF4A when
bound, so no additional rearrangement would be expected
upon the addition of PEG. The change of Dmax from 95 Å to 82
Å, and of Rg from 30.6 Å to 27.6 Å (Table 1 and Figure 4) is
consistent with a significant compaction of the structure.
Figure 5a is a homology model of eIF4G-HEAT1 obtained

based on the crystal structure of isoform II of eIF4G-HEAT1.4

Figure 5 models b and c show the average SAXS structure of
eIF4G-HEAT1 without (red) and with PEG (blue).
Although the overall effect of crowding on the structure of

eIF4G-HEAT1 is less pronounced than for eIF4A, there are
several observable effects. First, the loop between residues 848
to 881 was not observed in the crystal structure of isoform II of
eIF4G-HEAT1 and is shown with spheres in the model for
isoform I in Figure 5a. This loop is significantly more compact
in the presence of PEG as indicated by a smaller occupied
volume of the SAXS envelope in the region of the loop. The
second difference is a larger Dmax in the presence of PEG
(Table 1) and a slightly different angle between the upper and
lower half of the molecule. To take the flexibility of the
molecule into account, we calculated normal modes using the
NOMAD-REF server13. Mode 14 shows a breathing type
motion of eIF4G. Snapshots of the motion of mode 14 are
shown in Figure 5d. The two extrema of this motion show
similar changes as the structures of eIF4G-HEAT with and
without PEG. This would suggest that PEG influences the
equilibrium between conformations shifting it toward a
different conformation than is prevalent in buffer.

PEG Reduces Flexibility. To further explore the effect of
PEG on the structure of eIF4G-HEAT1, we performed an
NMR titration experiment. We measured the [15N,1H]-
TROSY-HSQC spectra of 15N, D-eIF4G-HEAT1 with

Table 1. Rg and Dmax Values Derived From SAXS Data

sample
Rg [Å]

(Guinier)a
Rg [Å]

(GNOM)b
Dmax
[Å]b

0% PEG 1k eIf4G-HEAT1 23.6 ± 0.04 23.41 ± 0.02 68
eIF4G-HEAT1/
eIF4A/ATP

30.6 ± 0.2 30.62 ± 0.05 95

eIF4A/ATP 29.7 ± 0.3 29.8 ± 0.1 85
8% PEG 1k eIf4G-HEAT1 23.3 ± 0.1 23.32 ± 0.02 71

eIF4G-HEAT1/
eIF4A/ATP

26.4 ± 0.4 27.4 ± 0.1 82

eIF4A/ATP 27.6 ± 0.3 25.2 ± 0.1 68
aDetermined by fitting the linear region of the Guinier plot.
bDetermined using an in-house script31 for an automatic search for
the best fit based on the software GNOM.51

Figure 4. Structural envelopes determined based on SAXS data of
eIF4A and the complex between eIF4A and eIF4G-hEAT1. The
structural envelopes were calculated using DAMMIN1. (a and b)
Structure calculated for eIF4A without (a, red) and with 8% PEG 1k
(b, blue). (c and d) Overlay of the SAXS envelope for EIF4A without
(c, red) and with 8% PEG 1k (d, blue) with the model of the closed
conformation of eIF4A. (e and f) Overlay of the same SAXS envelopes
with the open conformation of eIF4A. (g and h) Structural envelopes
for the eIF4A/eIF4G-HEAT1 complex without (g, red) and with 10%
PEG 1000 (h, blue). (i) [15N,H]-TROSY HSQC spectra of the
titration of PEG 400 to 0.3 mM eIF4A-NTD (black: 0% PEG, red: 4%
PEG, blue: 8% PEG). Selected peaks are shown in the excerpts. (k)
Mapping of chemical shift changes induced by PEG onto the
structures of eIF4A-CTD and eIF4A-NTD.
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increasing amounts of PEG. Figure 5e shows the overlay of
these spectra and Figure 5f shows an excerpt of Figure 5e. Only
very small changes in chemical shifts are observed upon the
addition of PEG indicating that PEG does not induce major
structural changes and does not bind to EIF4G-HEAT1.
Supporting Information, Figure S4 shows the mapping of the
chemical shift changes on the structure of eIF4G-HEAT1. The
largest changes are observed for residues in the loop between
residue 848 and 881 (3a−3b loop, see Supporting Information,
Figure S4a,c) and in helix 1a.
Additionally, we observed changes in the peak intensity upon

the addition of PEG. We therefore determined proton T2*
values with increasing PEG 400 concentrations (0−5%) based
on the line width of the HSQC peaks as shown in Figure 5g.
This graph clearly shows an overall decrease in T2* values and
high decrease in the regions containing the 3a−3b loop
(residues 848−881), the 2b−3a loop (residues 820−833) as
well as the N-terminus. Figure 5 parts h−k shows the mapping

of the changes in peak intensity on the structure of eIF4G-
HEAT1. The changes in peak intensities/line width are not
related to the charges or hydrogen bond network as was
suggested for GB17 but are highest in flexible regions and
especially the region between 848 and 881. The SAXS data
suggest that the 3a−3b loop occupies less volume in the
crowded medium, supporting the results from the proton T2*
values. This region also shows the largest conformational
changes as calculated by the normal-mode analysis. Other
regions that undergo large changes are on the face of the
protein opposite to the flexible loop and the termini. Chemical
shift changes are largest for the above-described regions
corroborating the notion of small local conformational changes.
Additionally, we measured the relaxation rates R1 and R2 for

eIF4G-HEAT1 with and without 5% PEG 400. Plots of R1 and
R2 as well as the ratio R1/R2 in PEG vs buffer are shown in
Figure 5. Supporting Information, Figure S5 shows T1 vs T2
plots for the samples in buffer and PEG.
Tumbling rates τc were determined using the software

TENSOR as 20.0 ns ± 0.1 ns for the sample without PEG and
20.1 ns ± 0.1 ns for the sample with PEG. Although no
significant difference could be observed under these conditions,
15N-R2 values are slightly longer with PEG, and the spread of
15N-R1 values is larger as well. The addition of PEG to eIF4G-
HEAT1 causes very small chemical shift changes spreading
through the entire molecule. As these changes are very small
and effect residues on the surface as well as buried residues with
no preference for residue type, it is highly unlikely that they are
caused by the binding of PEG. Major structural changes would
result in large chemical shift changes, so we conclude that these
minor changes might be caused by minor conformational
changes.
Independently, we measured the chemical shift changes upon

the binding of eIF4A-CTD and eIF4A full length to EIF4G-
HEAT1. eIF4A-CTD binds in the -terminal part of EIF4G-
HEAT1. All residues in this binding site located on helix 1a, 1b,
2a, and 2b and their connecting loops disappear in the TROSY
HSQC spectrum upon binding. These residues are represented
as gray spheres in Supporting Information, Figure S4c. In
addition to those residues, several other residues show minor
chemical shift changes. The addition of eIF4A full length to
eIF4G-HEAT leads to additional chemical shift changes.
Just like for the sample with PEG, these chemical shift

changes spread over the entire molecule suggesting minor
conformational changes such as a small shift in the conforma-
tional equilibrium.
Comparing the chemical shift changes upon binding of

eIF4A-CTD/eIF4A and PEG shows that structural changes
occur in similar positions throughout the molecule (see
Supporting Information, Figure S4). Therefore, although
eIF4G-HEAT1 is more rigid, it does adopt a slightly different
conformation in the bound form, and this conformation is
sampled more frequently in the unbound form in a crowded
environment.

■ DISCUSSION

We have studied the effect of macromolecular crowding on the
structure and activity of the translation initiation factor eIF4A,
the HEAT1 domain of eIF4G, and their complex. The addition
of a high concentration of PEG has a significant effect on
structure, dynamics, and activity but the effect on eIF4A and its

Figure 5. Effect of PEG on the structure and flexibility of eIF4G-
HEAT1. (a) Model of eIF4G-HEAT1 based on the structure of
isoform II of eIF4G (PDB code 1HU34) determined using SWISS-
MODEL.5 The loop between residues 848 and 881 that was not visible
in the electron density map is shown in gray spheres. All helices are
labeled. (b and c) Structural models of eIF4G-HEAT1 without (b,
red) and with PEG (c, blue) calculated by DAMMIN1 based on the
SAXS experimental data. The location of the loop between 848 and
881 is indicated with an arrow. (d) Overlay of snapshots of
confirmations for motion of eIF4G-HEAT1 as determined by Normal
Mode Analysis using the NOMAD-REF sever.13 We only show the
motion described by mode 14. The first six modes describe
translational and rotational motions. The other modes are very
similar. (e) Overlay of the [15N,H]-TROSY-HSQC spectra of the
titration of PEG 400 to 0.5 mM 15N,D -eIF4G-HEAT1. Panel f shows
an excerpt of panel e with peak assignments. (g−j) Mapping of the
changes in peak intensity with increasing concentrations of PEG (g,
1%; h, 2.5%; i, 5%; j, 8%). The degree of changes is indicated by the
color coding as shown in the color bar on the bottom. (k) Apparent T2
values for the samples described in panels e−j plotted versus residue
numbers. T2* values were calculated according to line width = 1/(πT2).
(l−n) 15N-R1 and

15N-R2 values measured for eIF4G-HEAT1. (l) Plot
of 15N-R2 with 5% PEG versus 15N-R2 in buffer. (m) Plot of 15N-R1
with 5% PEG versus 15N-R1 in buffer. (n) Plot of the R1/R2 ratio with
5% PEG versus the ratio in buffer.
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complex with eIF4G-HEAT-1 is much larger than that on
HEAT-1 alone.
Conformation in a Crowded Environment. The

scattering pattern of a protein in solution represents the
average of all conformations present in the solution. The
envelope obtained for a highly dynamic protein would therefore
have a larger volume compared to the static protein. eIF4G-
HEAT1 is a domain consisting of 10 helices. PEG affected the
overall structure of this domain only slightly. We made two
significant observations. First, the flexible linker between
residues 111 and 144 is more confined in the crowded
environment. Second, the overall flexibility of the molecule is
affected and a slightly different conformation is preferred in the
crowded medium. We used NMA to assess this difference in
conformations. The range of motion determined by NMA
explains the minor changes in the structures with and without
PEG and suggests that the equilibrium between the
conformations is shifted in the crowded environment.
In contrast to eIF4G-HEAT1, eIF4A is a two-domain protein

with a flexible linker connecting the two domains. All DEAD-
box helicases show a similar domain structure; however, the
domain−domain orientations are different in all known
structures of DEAD-box helicases due to the flexibility of the
linker. The currently accepted model is that the apoenzyme (no
ATP or ADP bound) adopts an open form with a large
interdomain angle. The binding of ATP to eIF4A leads to
transformation to a closed, active conformation. eIF4A alone is
a poor helicase whose activity is enhanced by binding to eIF4G.
In this model eIF4G stabilizes the closed conformation of
eIF4A and thereby enhances the activity.
We modeled the structure of eIF4A in the open and closed

conformations based on the crystal structures of yeast eIF4A
(PDB codes 1FUU and 2VSO). Comparing the SAXS envelope
of eIF4A to the models (Figure 4) clearly shows that the
structure of eIF4A in buffer is more similar to the open
conformation, and the structural envelope of eIF4A in the
crowded medium is more similar to the closed conformation.
Dmax decreases by 20% in the crowded vs noncrowded
environment.
Current models suggest that eIF4A prefers the closed form

upon binding to ATP and/or eIF4G. However, here we show,
that the ATP bound form of eIF4A without a crowding agent is
more similar to an open conformation. After the addition of
PEG as a crowding agent, the conformation becomes more
compact and resembles the closed conformation of eIF4A.
Structural envelopes obtained using SAXS data are, just like

NMR data, a representation of the structure of a protein in
solution. And although the crystal structures represent static
pictures of an open and closed conformation, they correspond
well with the structural envelopes representing a snapshot of
the structure over time. We therefore conclude that the
equilibrium between the open and closed conformation is
shifted toward the open conformation in buffer and toward the
closed conformation a crowded environment.
The overall shape of the eIF4A/eIF4G-HEAT1 complex

does not change significantly after the addition of PEG;
however, the complex is more compact under crowding
conditions. This result confirms that eIF4G-HEAT1 confers
the closed/active confirmation of eIF4A without the presence
of the crowding agent.
Effect of PEG and eIF4G-HEAT1 on the ATPase

Activity of eIF4A. PEG has a significant effect on the
structure of eIF4A pushing the equilibrium between open and

closed form toward the closed conformation. We also show that
PEG increases the ATPase activity of eIF4A by a factor of 6.
Thus, we conclude that the prevalent conformation of eIF4A in
a crowded environment, such as inside the cell, is compact and
is the active conformation. This suggests that eIF4A is more
active in a cellular environment than when measured in vitro.
Just like in vitro in the absence of a crowding agent, eIF4G-
HEAT1 enhances eIF4A activity in the crowded environment
as well. The accepted mechanism for this enhancement was that
eIF4G-HEAT1 confers the closed/active conformation upon
eIF4A. However, since the conformation equilibrium in the
crowded medium is already shifted toward the closed
confirmation, we conclude, that eIF4G must play an additional
role in the enhancement of ATPase activity.
Phosphate release is the rate-limiting step in the catalytic

cycle for DEAD box RNA helicases.52 The independence of the
ATPase activity of eIF4A on ATP concentration in dilute buffer
as shown in Figure 1c complies with this observation. However,
in the presence of 8% PEG 1000, the ATPase activity increases
with increasing ATP concentration, showing that phosphate
release and ATP hydrolysis are not rate limiting under these
conditions.

■ CONCLUDING REMARKS

Macromolecular crowding has different effects depending on
the system concerned. Diffusion controlled reactions might be
slowed, enzymatic reaction rates accelerated, protein folding
hindered or enhanced, and it is difficult to predict the effect
accurately. Therefore, experimental data are crucial to properly
characterize the system in question. We showed here that
macromolecular crowding has a significant effect on structure
and activity. The ATPase activity of eIF4A is significantly
enhanced and it seems that phosphate release, the rate limiting
step in dilute buffer, is not rate limiting in the crowded
medium. The increase in activity is associated with structural
changes. The structural effect is more pronounced for
multidomain proteins with flexible linkers but can clearly be
observed for single domain proteins and flexible loops as well.
We have shown that the conformational equilibria of eIF4A as
well as eIF4G-HEAT1 structure are shifted toward the active
forms in the crowded environment. This shift toward the active
eIF4A state also explains the enhanced ATPase activity.
To our knowledge, this study shows the first high-resolution

structural data on the effect of macromolecular crowding. This
structural insight provides important information that needs to
be considered for any biological macromolecules, in particular
those containing multiple domains or protein complexes.

■ ASSOCIATED CONTENT
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Additional figures: ATP hydrolysis of eIF4A with different
crowding agents, GNOM Fit and Distance Distribution
Functions for eIF4G-HEAT1, concentration dependence of
the radius of gyration, chemical shift changes on eIF4G-HEAT1
with PEG and eIF4A-CTD, and 15N-T1/15N-T2 plots for
eIF4G-HEAT1 with and without PEG. This material is available
free of charge via the Internet at http://pubs.acs.org.
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