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Abstract: The high-resolution NMR structure of the N-domain of human eRF1, responsible for stop
codon recognition, has been determined in solution. The overall fold of the protein is the same as
that found in the crystal structure. However, the structures of several loops, including those
participating in stop codon decoding, are different. Analysis of the NMR relaxation data reveals
that most of the regions with the highest structural discrepancy between the solution and solid
states undergo internal motions on the ps-ns and ms time scales. The NMR data show that the N-
domain of human eRF1 exists in two conformational states. The distribution of the residues having
the largest chemical shift differences between the two forms indicates that helices ¢2 and «3, with
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tide chain release factor; eRF3, eukaryotic class-2 polypeptide chain release factor 3; HNCACB, 3D experiment correlating the amide
NH with the Ca and CB signals; HNCO, 3D experiment correlating the amide NH with the C’ signal of the preceding amino acid;
HSQC, heteronuclear single quantum coherence spectroscopy; M-eRF1 or M-domain, eRF1 middle domain (or domain 2); N-eRF1
or N-domain, N-terminal domain (or domain 1) of class-1 polypeptide chain release factor; NOE, nuclear Overhauser effect; NOESY,
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square deviation; S2, order parameter reflecting the amplitude of ps—ns bond vector dynamics.
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the NIKS loop between them, can switch their orientation relative to the p-core of the protein. Such
structural plasticity may be essential for stop codon recognition by human eRF1.

Keywords: termination of protein synthesis; human polypeptide release factor eRF1; N-domain;
NMR structure and dynamics; stop codon recognition

Introduction

The molecular mechanism of translation is the focus
of intensive studies. While most aspects of this com-
plex process have been explored in detail, the mech-
anism of termination still has several unanswered
questions. The mechanism of stop codon recognition
by the class 1 eukaryotic release factor eRF1 is one
of such issues (reviewed in Refs. 1 and 2). It has
been determined that the prokaryotic release factors,
RF1 and RF2, recognize pairs of stop codons (UAG/
UAA and UGA/UAA, respectively) through interac-
tions with the so-called tripeptide “anticodon”
regions of mRNA.3™ In contrast to their prokaryotic
analogues, the eukaryotic termination factor, eRF1,
from organisms using the universal genetic code is
equally able to recognize all three stop codons
(reviewed in Ref. 7).

The crystal structure of eRF1%° shows that the
protein contains three spatially separated domains
(the N-, M-, and C- domains). Functional analysis of
eRF1'° has suggested that the N-terminal domain is
involved in stop codon recognition. More recently, the
role of the N-domain has been confirmed unambigu-
ously: chimeric eRFls, in which the N- and MC-
domains were derived from variant-code ciliate organ-
isms''? and human/yeast eRF1, respectively, exhibit
ciliate stop codon decoding specificity in vitro.*>1% Sev-
eral hypotheses for the molecular mechanism of stop
codon recognition by eRF1 have been suggested,®1"23
but none satisfactorily explain the available experi-
mental data which are somewhat contradictory.

High-quality structural information is essential
for understanding the nature of the mRNA-eRF1
interaction. However, atomic resolution data for eu-
karyotic termination complexes are unavailable; and
the quality of the eRF1 crystal structures®® also
leaves something to be desired, as several regions of
the protein are ill-defined. Previously we determined
the structure of the middle (M) and C-terminal
domains of human eRF1 in solution.?*?® Clear dis-
tinctions between the protein conformations in solu-
tion and in crystals were found for both the M- and
the C-domains, especially for their functionally im-
portant regions. Some chemical shift assignments
for a limited set of the signals (Co, CB, 'HN, and
5N) of the N-domain of human eRF1 have been
reported?® but the structure of the N-domain in solu-
tion was not determined. Here we report the high-
resolution solution NMR structure of the N-terminal
domain of human eRF1, responsible for stop codon
decoding, and present data on its dynamics.
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Results

Resonance assignment. 'H, '3C, and 5N chemi-
cal shifts were assigned for ~99% of the protein
backbone resonances of the isolated N-domain. More
than 85% of all the side chain 'H, '3C, and *N
chemical shifts were also assigned. The amide HN
and '°N signals of the residue Asn86 could not be
observed in the N-'H HSQC spectra and the
signals of residues Arg65, Glul03, and Thr133 had
reduced intensities, probably due to fast exchange
with water. Several residues had duplicate sets of
signals with a ratio of intensities of ~5:1 (Support-
ing Information Fig. S1). This indicates the pres-
ence of at least two conformational states of the
protein.

Structure determination. A family of 20 NMR
structures was determined on the basis of 3092 ex-
perimental restraints measured at 298 K (see Table
I and Supporting Information Fig. S2). The statistics
of the final ensemble are given in Table I and the
superposition of the final calculated family is pre-
sented in Figure 1(A) (the backbone atoms of the N-
domain of the human eRF1 crystal structure® are
also shown in red for comparison). The RMSD of the
calculated family from the representative structure
is less than 0.5 A for the backbone heavy atoms of
the residues 6-142. In the Ramachandran plot anal-
ysis (Supporting Information Fig. S3), 93.3% of the
residues in the whole NMR family were found in the
most favored regions and none in the disallowed
regions.

Backbone dynamics. Supporting Information Fig-
ure S4 presents the experimentally obtained relaxa-
tion rates R; and Ry and NOE values for the amide
15N nuclei measured at 298 K, the calculated values
of the order parameter S? and the conformational
exchange contributions to the transverse relaxation
rates R.,. The relaxation parameters were obtained
using a model with an axially symmetric diffusion
tensor. The order parameter is smallest for the N-
and C-terminal residues and also for the residues in
several loops (30-33, 64, 106-108, 122-123). This
indicates the regions in the structure where there is
the highest amplitude of internal motions. The aver-
age correlation time (1/(2D + 4D,) was 11.04 +
0.16 ns and the ratio of the principal axis of the ten-
sor (D/D,) was 1.6 * 0.1. The best model that
allows the most successful fit of the experimental
data is that based on two internal motions with
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Table I. NMR Restraints and Structural Statistics for the N-Terminal Domain of Homo sapiens Polypeptide Chain

Release Factor eRF1

A. Restraints used in the structure calculation

Total NOEs

Long range (i —jl > 4)
Medium (1 < 1i —jI <4)
Sequential (17 —jl =1)
Intraresidue

Ambiguous

H-bonds

2631 Total dihedral angles 316
519 Phi (¢) 126
494 Psi () 126
638 Chil (x1) 64
975

5
76 Residual dipolar couplings 69

B. Restraint violations and structural statistics (for 20 structures)
No NOE or dihedral angle violations are above 0.1 A and 2°, respectively.
No residues are in disallowed regions of the Ramachandran plot.

CNS energies (kcal mol )2 <S>P Srep
EnoE 6.46 + 0.87 6.83
Ecpm 0.84 + 0.24 1.08
Egant 1.84 = 0.14 1.54
Average RMSD
From experimental restraints
Distance (A) 0.0059 = 0.0005 0.0060
Dihedral (°) 0.1459 = 0.0206 0.1680
From idealised covalent geometry
Bonds (A) 0.0012 = 0.0001 0.0013
Angles (°) 0.3312 = 0.0053 0.3320
Impropers (°) 0.1915 * 0.0118 0.1880
% residues in the most favorable regions of Ramachandran plot 93.3 93.7
% residues in additional allowed regions of Ramachandran plot 6.2 4.8
C. Superimposition on the representative structure A)

Backbone (C, Ca, N) RMSD of the residues 6-142 0.510 = 0.087

Heavy-atom RMSD of residues 6-142 1.031 *= 0.076

2 Exor, Ecpm, and Egany are the values of NOE, dihedral angle, and residual dipolar coupling energy target functions.
The final force constants used for their calculation in the simulated annealing protocol were 50 kcal mol ! A% for NOE and

50 kecal mol~! grad?® for dihedral angles.

P <S> is the ensemble of 20 final structures; Siep is the representative structure, selected from the final family on the cri-
teria of having the lowest sum of pairwise RMSD relative to the remaining structures in the family.

correlation times of 1.05 + 0.05 ns and <50 ps (Sup-
porting Information Fig. S5).

of the crystal and solution
The topology of the
human eRF1 can be described as a [-sheet core
formed from four anti-parallel p-strands, surrounded
by four helices, al-04 [Fig. 1(B)]. There are also a
number of loops of differing lengths, some of which
are reported to be involved in stop codon recognition.
For example, the loop between helices a2 and o3
contains conserved NIKS tetrapeptide. The overall
fold of the N-domain of human eRF1 is the same in
the crystal and solution structures but the detailed
structures are far from identical [Fig. 1(A)]l. The
RMSD of the superposition of the heavy backbone
atoms (Ca, N, O, and C’) of the family of 20 NMR
structures onto the crystal structure of the N-do-
main is 1.8 = 0.1 A,

To identify the goodness of fit of the solution
and crystal structures and the regions of the maxi-
mum displacement, local RMSD values p;2” were cal-
culated for local pairwise superposition of the two
structures (Supporting Information Fig. S6). The
thickness of the ribbon [shown in Fig. 1(C)] is pro-

Comparison

structures. N-domain of
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portional to the p; values, which reflects the degree
of divergence of the local protein backbone geometry
in the two structures.

Minor protein conformer. Signals from several
amino acids of the N-domain of human eRF1 are
observed in NMR spectra as double peaks, repre-
senting major (80-90%) and minor (10-20%) compo-
nents. The assignment of the minor conformer peaks
is based on the characteristic cross peaks in the 3D
heteronuclear spectra, including the NOESY spec-
tra. Supporting Information Fig S1 illustrates the
two sets of signals in the ’N-'H HSQC spectrum of
the protein backbone and side chain amide groups.

Discussion

A comparison of the structure of the N-domain in
solution and in the crystal showed that its N- and
C-termini and most of the protein loops show clear
differences in their backbone conformations. This
can either be due to real structural differences
between the protein in the crystal and in solution or
to the absence of the neighboring M- and C-domains
in the structure solved by NMR. It is likely that the
differences in the protein conformation of loop 115—

NMR Structure of Human eRF1 N-Domain



61-64

101-105

139-141

115-123

Figure 1. NMR solution structure of the N-domain of the human polypeptide chain release factor eRF1. (A). The stereo view
of the ensemble of the final 20 calculated NMR structures superimposed on the heavy backbone atoms (Ca, N, and C) of the
residues 6-142 of the representative structure. The crystal structure of the N-domain of the human eRF18 is superimposed on
the same set of atoms and is shown in red. (B). The topology of the N-domain of human eRF1 and the secondary structure
elements displayed using PyMol. (C). Ribbon representation of the backbone of the N-domain of human eRF1. The thickness
of the ribbon is proportional to the RMSD values for the heavy atoms of each residue i after superposition of the family of 20
NMR structures onto the crystal structure using the set of backbone atoms of the four adjacent residues (-2, i-1, i+1, and

i+2).

123 (having the largest RMSD values, Fig. 1(C),
Supporting Information Fig S4B) and the C termi-
nus originate from the absence of the neighboring
M- and C-domains in the solution structure. The
changes in residues 41-42 and 89-91 are likely to
be secondary effects caused by the conformational
change of loop 115-123. However, loops 29-33, 61—
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64, and 101-105 [Fig. 1(C)] are all far from both M-
and C-domains and therefore their large structural
displacement is very likely to reflect real conforma-
tional differences between the crystal and solution
states. It should be noted that loop 61-64 contains
the conserved NIKS tetrapeptide sequence which
is thought to be involved in the recognition of the
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Figure 2. Dynamic and conformational behavior of the N-domain of human eRF1. (A). Representative structure of the
N-domain colored in accordance with protein mobility on the ps—ns and ms time scale. Residues which have order
parameters S? less than 0.75 are colored yellow, and those which have substantial chemical exchange Rex contributions to
the transverse relaxation rate are colored red. The side chains of the functionally important residues are shown. Ca of residue
G31 is also shown by a sphere. (B). A representative structure and molecular surface of the N-domain. Side chains of
residues which have large chemical shift differences between the major and minor conformers are shown in blue. The arrow
represents the hypothetical movement of the helices, 42 and o3, which can explain special features of the two protein

conformers.

first uridine of the stop codons?®?! and the strictly

conserved GTS loop sequence (position 31-33) which
is implicated in the decoding of the stop
codons, 18:20.28.29

The ability of human eRF1 to recognize each of
the three stop codons UAA, UAG, and UGA and to
distinguish them from the UGG tryptophan codon
cannot be explained in terms of a simple static inter-
action.’® It is obvious that the N-domain of human
eRF1 should be able to undergo conformational rear-
rangements — not only in solution but also inside the
ribosome. Therefore the elucidation of the dynamic
properties of this protein is crucial for understand-
ing the mechanism of stop codon recognition. Model-
free analysis of the relaxation data shows that there
are several protein regions that undergo backbone
motions with a correlation time of about 1 ns.
Among these are residues 30-31, 64, and 122-123.
Several other residues (45, 54-57, 63, 67, 134-135)
were found to undergo conformational rearrange-
ments on the ms time scale. These results are sum-
marized in Figure 2(A), where residues undergoing
fast (ns) motions are shown as yellow and those
involved in slower (ms) motions are shown in red. It
can be seen that two helices («2 and a3), with NIKS
loop between them, and two other loops (29-33 and
101-105) have high conformational plasticity. These
protein regions are likely to be involved in stop
codon recognition, either by their direct interaction
with mRNA or by induced conformational rearrange-
ments from the recognition sites.

Interesting information can also be obtained
from an analysis of the residues which have dupli-
cated signals in the NMR spectra and their distribu-
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tion within the structure [Fig. 2(B)]. The duplication
indicates that the protein exists in two conforma-
tional states with a ratio of the major to minor forms
of about 5:1. Those residues which have large chemi-
cal shift differences between the two forms should
be close to the center of the conformational rear-
rangement. Most of these residues are located at the
interface between the B-sheet core of the protein and
helices o2 and 3. Their distribution [Fig. 2(B)] hints
at a possible conformational rearrangement. This
could be due to a change of helix orientation against
the bundle of B-strands. For example, the chemical
shifts of the side chain of Asnlll are substantially
different between the major and minor protein con-
formations. It is very likely that residue Asnlll,
which is isolated in the major form, becomes close to
the helix o3 in the minor form.

It is of interest and possible mechanistic
importance that the location of the highest ampli-
tude internal motions, the residues from the GTS
and NIKS loops of eRF1, coincide with the published
experimental data suggesting that amino acids in
these regions of the N-domain of eRF1 are essential
for stop codon decoding.

Materials and Methods

Sample preparation. The DNA fragment encod-
ing the N-domain of human eRF1 (residues 1-142)
with a C-terminal Hisg-tag fusion was cloned into
the pET23b(+) vector (Novagen) under the phage T7
RNA polymerase promoter. N-eRF1 was overpro-
duced in E. coli, strain BL21(DE3), in M9 minimal

NMR Structure of Human eRF1 N-Domain



medium and isolated using Ni-NTA resin (Qiagen).
The protein was further purified by cation exchange
chromatography using HiTrap SP columns (GE
Healthcare). For '2C- and/or '°N-isotope labeling,
[*3Cg]-D-glucose and/or ?NH,C] (Cambridge Isotope
Laboratories Inc.) were used as the isotope sources
in M9 minimal medium. The samples for NMR (pro-
tein concentration ~1 mM) were prepared in either
90% H50/10% DO or in 100% DO and 10 mM
sodium phosphate, 256 mM NaCl, pH 6.8. B-mer-
captoethanol (~2 mM) was added to the final
solution to prevent oxidation of the free cysteine res-
idues Cys97 and Cys127. Shigemi microcell NMR
tubes, containing 330-380 plL, were used for collec-
tion of the NMR spectra.

NMR spectroscopy. All spectra were acquired on
Varian INOVA 600 and 800 MHz and Bruker
AVANCE 600 MHz spectrometers equipped with tri-
ple resonance z-gradient probes. The 800 MHz spec-
trometer was equipped with a cryoprobe. Spectra
were processed by NMRPipe®! and analyzed using
SPARKY.?? Sequential backbone assignments and
side chains assignments were obtained using the fol-
lowing 2D and 3D spectra: DQF-COSY, ['3C,'H]
HSQC, ['°N,'H] HSQC, HNCO, HNCACB, CBCA
(CONNH, HBHA(CO)NH, HNHA, HNHB, HCC-
(CONH, and HCCH-TOCSY?? measured at 298 K.
Assignments were obtained for ~99% of the H, 3C,
and °N atoms of the protein backbone and for more
than 90% of the side chains atoms. Backbone ¢ and
\ dihedral angle restraints were determined from
the chemical shift values of the backbone atoms
13Ca, 13Cp, 3C’, 'Ha, 'HN, and '°N using TALOS+
software.®*®® Side chain dihedral angles y1 were
obtained by the AngleSearch program.®® Residual
dipolar coupling constants were measured using a
partially oriented diluted liquid crystalline media
composed of ~5% v/iw C12E5/hexanol.?” The RDC
values were calculated from the 'Dyg and 'Jng con-
stants, extracted from the IPAP-HSQC spectrum?®®
acquired under anisotropic conditions, and the J-
modulated HSQC experiment,®® acquired under iso-
tropic conditions, respectively.

Structure calculation and refinement. NOE
distance restraints were determined from the ['H,
1301 NOESY and [*H, °N] NOESY spectra measured
at 298 K with a 100 ms mixing time. NOE peak vol-
umes were calculated using the Sparky software.®?
The structure calculations and refinement were
made by a simulated annealing protocol carried out
in Cartesian coordinate space using CNS.*° The
restraint violations were monitored after each cycle
of refinement by the NMRest program.?* 2631 NOE-
derived distance restraints, 316 dihedral angles, and
69 RDCs were used in the calculation of the final
ensemble (see Supporting Information Table S1).
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The structure quality has been analyzed with the
AQUA and Procheck-NMR software*' (Supporting
Information Fig. S3). The best 20 structures out of
50 (with respect to the minimum restraints violation
value criterion) were accepted as the final ensemble
for each protein conformer. Structure visualization
and analysis were carried out using the InsightIl
software package (Accelrys Software Inc.) and PyMol
(DeLano Scientific LLC).

NMR dynamics analysis. R;, Rs, and 'H-'°N
heteronuclear NOE data sets of N uniformly
labeled N-eRF1 were collected at 298 K on a
600 MHz Varian Inova spectrometer. The analysis of
the Ry, Rs, and 'H,'>N-NOE values was carried out
with a model-free formalism using the program
RelaxFit written in-house.*? All the details of
the NMR relaxation data analysis are presented in
Supporting Information.

Databank accession numbers. The 'H, °N, and
13C chemical shifts and the R;, Ro, and N{'H}
NOE values for protein backbone amides have been
deposited in the BioMagResBank database (http:/
www.bmrb.wisc.edu) under the accession number
BMRB-18092. The structural data and experimental
restraints used in calculations have been submitted
to the Protein Data Bank with the accession number
2LLX.
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