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Abstract
GCN2 is a conserved receptor kinase activating the integrated stress response (ISR) in eukaryotic cells. The ISR kinases detect 
accumulation of stress molecules and reprogram translation from basal tasks to preferred production of cytoprotective proteins. 
GCN2 stands out evolutionarily among all protein kinases due to the presence of a histidyl-tRNA synthetase-like (HRSL) domain, 
which arises only in GCN2 and is located next to the kinase domain (KD). How HRSL contributes to GCN2 signaling remains unknown. 
Here, we report a 3.2 Å cryo-EM structure of HRSL from thermotolerant yeast Kluyveromyces marxianus. This structure shows a 
constitutive symmetrical homodimer featuring a compact helical-bundle structure at the junction between HRSL and KDs, in the core 
of the receptor. Mutagenesis demonstrates that this junction structure activates GCN2 and indicates that our cryo-EM structure 
captures the active signaling state of HRSL. Based on these results, we put forward a GCN2 regulation mechanism, where HRSL drives 
the formation of activated kinase dimers. The remaining domains of GCN2 have the opposite role and in the absence of stress they 
help keep GCN2 basally inactive. This auto-inhibitory activity is relieved upon stress ligand binding. We propose that the opposing 
action of HRSL and additional GCN2 domains thus yields a regulated ISR receptor.
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Significance Statement

Regulation of protein synthesis (translation) is a central mechanism by which eukaryotic cells adapt to stressful conditions. In starv-
ing cells, this translational adaptation is achieved via the receptor kinase GCN2, which stays inactive under normal conditions, but is 
switched on under stress. The molecular mechanism of GCN2 switching is not well understood due to the presence of a structurally 
and biochemically uncharacterized histidyl-tRNA synthetase-like domain (HRSL) at the core of GCN2. Here, we use single-particle 
cryo-EM and biochemistry to elucidate the structure and function of HRSL. We identify a structure at the kinase/HRSL interface, 
which forms crossed helices and helps position GCN2 kinase domains for activation. These data clarify the molecular mechanism 
of GCN2 regulation.
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Introduction
GCN2 is a stress kinase from the family of four translation initi-
ation factor 2α (eIF2α) kinases (1, 2). These kinases sense signaling 
molecules produced specifically in stressed cells and phosphoryl-
ate a regulatory serine residue of translation initiation factor 
eIF2α. Phosphorylation of eIF2α inhibits the initiation step of pro-
tein synthesis and activates the integrated stress response (ISR) to 
allow cell adaptation to stress. The ISR attempts to reestablish 

normal cell function by reprogramming gene expression, and if 

homeostasis cannot be achieved, the ISR activates apoptosis (2).
The four ISR receptor kinases are GCN2, HRI, PERK, and PKR. They 

contain homologous kinase domains (KDs), which recognize and 

phosphorylate eIF2α. The KDs are linked to different stress-sensing 

and regulatory domains for each family member. These domains al-

low GCN2 to sense the nutrient status of a cell (2, 3), HRI to sense 

heme (4), PERK to sense unfolded proteins (5), and PKR to sense 
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harmful double-stranded RNA (6, 7). GCN2−/− mice have few pups 
under low-leucine diet and develop severe liver steatosis when 
under amino acid deprivation due to importance of GCN2 in meta-
bolic regulation of nutrients (8, 9). Depending on the type of training, 
GCN2−/− mice can exhibit enhanced or impaired learning ability, 
supporting the broad role of the ISR in cognitive processes (2, 10, 11).

Structural and biochemical studies have shown that regulation 
of the ISR kinases uses homo-dimerization, although the precise 
mechanisms of dimerization coupling to the ligand-sensing do-
mains remain poorly understood for all ISR kinases (6). 
Structures of every major domain are available for two of the 
four receptors: PERK and PKR. These structures with biochemical 
and other studies provide perhaps the most complete models of 
regulation among ISR kinases (5–7, 12–14). GCN2 is the largest 
ISR receptor kinase featuring five globular domains. Structures 
of three GCN2 domains have been reported. At the N terminus, 
GCN2 contains the Ring finger-WD repeat-DEAD-like helicase do-
main (RWD), which forms a stable homodimer and binds to GCN2 
partner proteins GCN1/GCN20 (15–17) (Fig. 1B, PDB ID 7E2M). At 
the C terminus, GCN2 contains the C-terminal domain (CTD), 
which also forms a homodimer and apparently has two functions: 
binding to the ribosome and auto-inhibition of the kinase (18, 19) 
(Fig. 1B, PDB 4OTM). Finally, structures of the KD have been 

determined for two functionally relevant dimeric states. They re-
vealed a head-to-head inactive dimer (20) (Fig. 1B, PDB 1ZYD) and 
a back-to-back active dimer, which is similar to active dimers 
formed by other protein kinases (21, 22) (Fig. 1B, PDB 6N3O and 
7QQ6). Structure of GCN2 pseudo-kinase domain (ΨKD), proposed 
to help GCN2 activation (23), remains unknown. The largest GCN2 
domain, sharing 22% sequence identity with histidyl-tRNA syn-
thetase HisRS (HisRS-like domain, HRSL; Fig. 1A and B), has re-
mained structurally uncharacterized until recently.

The deficit of structural information about major domains of 
GCN2 and the absence of tRNA synthetase-like domains in other, 
better-studied protein kinases (Fig. 1A) (24) limits our understand-
ing of the molecular mechanism of GCN2. To lift this limitation, 
here we present single-particle cryo-EM and biochemical analyses 
of GCN2 HRSL, offering insights into the function of HRSL.

Results
Cryo-EM structure of GCN2 HRSL domain reveals 
an intertwined homodimer
To characterize the HRSL domain, we cloned GCN2 from 
three species—human, S. cerevisiae, and thermotolerant yeast 

Fig. 1. Phylogenetic attributes of GCN2 and characterization of HRSL domain. A) Location of GCN2 within human kinome. B) Domain architecture of 
GCN2 with available crystal structures superimposed. PDB codes of shown structure: RWD 7E2M; kinase 6N3O (active dimer) 1ZYD (inactive dimer); CTD 
4OTM. C) Left: Size exclusion chromatography FPLC trace of purified GCN2 HRSL. GCN2 HRSL runs at a molecular weight consistent with a dimer at 
∼120 kDa. Right: Coomassie-stained SDS–PAGE with purified GCN2 HRSL collected from indicated fraction (marker). D) Left: Representative 
motion-corrected cryo-EM micrograph for GCN2 HRSL. Right: Classes selected from final round of 2D classification used for initial 3D reconstruction.
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Kluyveromyces marxianus—and subsequently purified the corre-
sponding HRSL domains, both individually and with flanking do-
mains of various length. Kluyveromyces sequence yielded a 
soluble homogeneous HRSL domain suitable for structural studies 
(residues 996–1,511; Materials and methods). HRSL migrated as a 
stable homodimer (Fig. 1C). Milligram quantities of Kluyveromyces 
HRSL were produced and tested in high-throughput crystalliza-
tion screens, without success. By contrast, well-dispersed 
Quantifoil Cu grid samples suitable for cryo-EM analysis were suc-
cessfully prepared (Fig. 1D).

We determined a 3.2 Å cryo-EM structure of GCN2 HRSL 
(Fig. S1; Table S1), in which most side chains are well resolved 
(Fig. 2A and B). To build the structure of GCN2 HRSL, we generated 
an initial AlphaFold model from protein sequence (25) (Materials 
and methods). The predicted model, containing a crossed homo-
dimer formed by intertwined monomers, had a nearly perfect fit 
into the map and required only minor corrections of several side 
chains and a conservative all-atom refinement to achieve the final 
structure (Fig. 2A–D; Materials and methods). Compared with 
HRSL HisRS (26), GCN2 HRSL has an additional N-terminal 
structure comprised of bundled alpha-helices (Fig. 2C and D, 
boxed). Truncation of these N-terminal helices in a mutant 
Δ(V996-N1009) caused a loss of the N-terminal density, providing 
experimental verification of correct helix placement in our model 
(Figs. 2E and S2A–C; Table S2). Concomitantly with our work, a 

related study described 3.2A cryo-EM stricture of human HRSL 
was published (27), revealing structural conservation of HRSL 
from yeasts to humans.

Conservation analysis of HRSL surface 
electrostatics suggests a loss of tRNA 
complementarity
Based on sequence homology with His-tRNA synthetase HisRS, 
HRSL domain of GCN2 was initially proposed to also bind free 
tRNAs, modestly preferring deacylated tRNAs, to sense the nutri-
tional status of a cell (28). An alternative and perhaps comple-
mentary recent model proposes that GCN2 binds the P-stalks of 
stalled ribosomes, using the ribosome to sense whether the cell 
undergoes a translational stress (29–31). The HRSL domain is 
linked directly to the KD, and thus, it should play a role in regula-
tion. Indeed, strong activation of GCN2 kinase by ribosomes de-
pends on HRSL (30).

Here, we assessed the phylogenetic–structural conservation of 
the electrostatic potential to evaluate the tRNA-sensing model. 
We analyzed and compared the conserved tRNA interaction site 
of HisRS with the equivalent surface of HRSL of GCN2 proteins 
by computing conserved electrostatic potentials (Materials and 
methods). Our analysis takes into account 3D structures and evo-
lutionary conservation of amino acid charges obtained from 

Fig. 2. Cryo-EM structure analysis of GCN2 HRSL domain. A) Final sharpened GCN2 HRSL cryo-EM map generated from CryoSPARC, surface colored by 
local resolution based on gold-standard FSC threshold 0.143. B) Representative densities of amino acid backbone and side chains. C) Structure tRNA 
synthetase HisRS (PDB ID 4RDX). D) Structure of GCN2 HRSL. Boxed region shows a unique subdomain absent in HisRS. E) Cryo-EM map for ΔN-terminal 
GCN2 HRSL dimer (purple) superimposed onto the cryo-EM map of GCN2 HRSL (gray) (Tables S1 and S2).
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multiple sequence alignments of more than 190 eukaryotic pro-
teins, from yeasts to human. HisRS exhibits an evolutionarily con-
served positive surface potential that tracks well with tRNA 
(Fig. 3A and B), as expected for the recognition of the negatively 
charged tRNA backbone. By contrast, HRSL of GCN2 lacks the elec-
trostatic complementarity with tRNA and harbors a conserved an-
tagonizing negatively charged patch at the putative binding site 
for tRNA anticodon stem-loop (ASL) (Fig. 3C and D). The remaining 
weaker positive charge at the putative acceptor arm binding site 
(Fig. 3C and D) may underlie the detectable affinity toward 
tRNA, as considered in Discussion below.

Our conclusions derived from conserved electrostatics are in 
line also with standard protein conservation analysis. The surface 
of HRSL shows worse match with tRNA, including the catalytic 
center and the area of ASL interaction (Fig. 3E vs. F).

HRSL connects to the KD via dimerized junction 
α-helices
The N-terminal part of HRSL (aa 1,000–1,029) contains two se-
quential α-helices, which are absent in tRNA synthetases and 
form a symmetrical parallel homodimer (bundle) in the dimeric 

Fig. 3. Comparison of conservation in tRNA synthetase HisRS vs. GCN2 HRSL. A) HisRS structure (PDB: 4RDX) colored by the conserved electrostatic 
potential (Materials and methods). Dotted box indicates ASL site. Bound tRNA is hidden for visualization of surface charge. B) Structure from (A) with 
bound tRNA (green). C) GCN2 HRSL structure colored by the conserved electrostatic potential. D) Structure from (C) with tRNA (green) docked to the 
surface of HRSL domain based on structure alignment with HisRS (B). E) HRS colored by protein sequence conservation using BLOSUM62 matrix 
(Materials and methods). F) HRSL colored by protein sequence conservation using BLOSUM62 matrix as in (E).
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HRSL structure (Figs. 2B–D and 4A). The bundle is kept by exten-
sive hydrophobic interactions. Helix 1 of one HRSL copy 
(D1000-P1013, Fig. 2D) is followed by helix 2 (S1014-P1029) placed 
at an angle. Two symmetry-related helices from the partner chain 
complete the bundle. The core is held by I1003, L1007, and I1010 
(helix 1) and W1017, V1021, and L1025 (helix 2) from both HRSL 
monomers. The first helix has been captured in the previous crys-
tal structure of GCN2 KD; however, its role could not be assigned: 
neither does it pack compactly with the rest of the kinase nor is it 
located proximally to known functional sites of kinase (20) 
(Fig. 4B). Our work now shows that the α-helix is a part of HRSL do-
main, serving as kinase/HRSL junction helix (JH).

Analogous to the HRSL domain, which exists as a stable homo-
dimer, the KD of GCN2 also forms a homodimer. Structural stud-

ies identified two types of dimers for GCN2 kinase. The first type 

contains the catalytically inactive “OFF” conformation of kinase 

(PDB ID 1ZYD) (20), whereas the second type contains the catalyt-

ically active “ON” conformation of kinase (PDB ID 6N3O) (21). To 

understand how HRSL could interact with these dimers, we placed 

either dimeric kinase next to the dimeric HRSL from our cryo-EM 

structure. The dimer of GCN2 kinases in the “OFF” state is steric-

ally incompatible with our structure due to the large distance be-

tween the N termini of JH in kinase compared with that in HRSL 

dimer (Fig. 4C). In contrast, structure of the dimeric kinase in 

“ON” conformation matched well with the HRSL dimer (Fig. 4C 

and D). The cryo-EM structure of HRSL therefore likely represents 
the active signaling state of GCN2.

JH dimerization activates GCN2
Dimerization of JH helices at the core of GCN2 suggests their role 
in regulating the receptor, whereas the steric match with the ac-
tive kinase dimer (Fig. 4) indicates that JH/JH interaction activates 
(rather than inhibits) the kinase output. To test this hypothesis, 
we developed an assay for quantitative biochemical analysis of 
GCN2 kinase activity based on a previous publication (29). We 
measured phosphorylation of eIF2α by the GCN2 construct com-
prising the N-terminally FLAG-tagged kinase/HRSL domains of 
thermotolerant yeast (residues 578–1,511; Table S2) purified 
from HEK293 cells (Materials and methods). As a control for non-
specific interactions with antiflag resin, we used a mock pulldown 
from naïve HEK293 cells.

Time-dependent phosphorylation of eIF2α was observed in the 
presence of GCN2 kinase/HRSL (Fig. S3A–C; Table S3). Eluates 
from naïve pulldowns did not cause eIF2α phosphorylation, indi-
cating that the observed kinase activity arises specifically from 
the transfected GCN2 construct rather than from a stray cellular 
kinase activity (Fig. S3). To test whether GCN2 kinase/HRSL con-
struct is truly active autonomously or might depend on an acci-
dentally co-purified cellular RNA, we treated GCN2 kinase/HRSL 
with an excessive (300 nM) concentration of RNase A. RNase 

Fig. 4. Dimerized α-helices JH connect HRSL and KDs. A) GCN2 HRSL dimer with junction helices (JH) colored red for each chain. B) GCN2 KD 
(monomer-PDB: 1ZYD) with JH colored red. C–D) Structure of inactive (PDB: 1ZYD) and active (PDB: 6N3O) dimers of GCN2 KD next to the dimer of GCN2 
HRSL. Distances between equivalent amino acids in kinase and HRSL domains are marked with arrows. The inactive dimer has the KDs bound 
N-lobe-to-N-lobe, with anchor points for JH helices well separated. The KDs adapt the inactive (α-C helix-out) conformation. The active dimer has the KDs 
bound back-to-back, with anchor point for JH helices positioned proximally. The KDs adapt the active (α-C helix-in) conformation. Amino acid numbers 
(aa) match numbers in K. marxianus.
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A treatment did not inhibit the eFI2α phosphorylation activity 
of GCN2 kinase/HRSL (Fig. S4). These results with GCN2 
kinase/HRSL from thermotolerant yeast agree with those ob-
tained using GCN2 kinase/HRSL from human, which also demon-
strated constitutive catalytic activity in the absence of tRNAs and 
ribosomes (29).

We next tested whether disruption of the JH/JH helical homo-
dimer affects the catalytic activity of GCN2. Due to unavailability 
of biochemically well-behaved full-length GCN2, we used the 
same kinase/HRSL construct as above. Therefore, we must note 
that our analysis relies on the expectation that functional 

interactions between HRSL and kinase in the kinase/HRSL con-
struct are representative of those in the native receptor.

We tested mutations of hydrophobic residues L1007A, V1021N, 
and V1021A located at the core of the N-terminal helical bundle in 
our cryo-EM structure (Fig. 5A). As a positive control for activity 
readout with mutants, we tested a known catalytically dead mu-
tant D848N (29), in which the nucleophilic aspartate required for 
proton transfer is replaced by noncatalytic isosteric asparagine 
(Fig. 5B and C; S5). The mutation L1007A was detrimental to activ-
ity of GCN2 kinase/HRSL, indicating that the amino acid L1007 
forms a functional interaction that helps maintain GCN2 kinases 

Fig. 5. Close-up view of JH/JH interface and functional analysis of GCN2 activation. A) Structure of HRSL with JH helices colored orange. The interface 
between dimerized helices JH is created by several closely packed hydrophobic side chains. We selected hydrophobic amino acid L1007 in JH and 
hydrophobic amino acid V1021 located in α-helix immediately downstream of JH for mutagenesis. The α-helix harboring V1021 together with JH 
contributes to the formation of the α-helical bundle present in GCN2 and absent in HisRS. Two rotationally related close-up views of the bundle structure 
are showed in boxed panels. B) In vitro kinase activity for WT and interface mutants (L1007A, V1021A, and V1021N) in GCN2 kinase/HRSL (“K/HRSL”) 
visualized by western blot. C) Quantification of biochemical data for the mutants D848N, L1007A, V1021A, and V1021N. Statistical significance (P) was 
calculated using Welch’s two-tailed unpaired t test: P-value ≤0.05*, ≤ 0.01**, ≤ 0.001***, ≤ 0.0001****, N.S: nonsignificant.
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in the active dimeric state. The mutation V1021A was neutral, in-
dicating that although alanine is smaller than valine, it is suffi-
ciently hydrophobic to preserve JH/JH interaction. In contrast, a 
more invasive mutation V1021N interfered sufficiently to disrupt 
the kinase activity (Figs. 5 and S5).

Discussion
Two features stand out in the structure of GCN2 HRSL domain: the 
loss of electrostatic complementarity to tRNA and the presence of 
a compact helical bundle formed via dimerization of α-helices JH 
connecting kinase and HRSL. The loss of the electrostatic comple-
mentarity, conserved from yeasts to human (Fig. 3), provides a 
biophysical argument against binding of free tRNAs to GCN2 
HRSL as the main stress-sensing step and indicates that sensing 
stressed ribosomes via ribosomal P-stalk could be the primary 
mechanism (29–31). Indeed, the apparent Kd values of tRNA inter-
action with mammalian GCN2, estimated at ∼2 μM (32) and ∼4 μM 
in the recent study by Yin et al. (27), reflect a substantially weaker 
affinity than for tRNA binding by a mammalian histidyl-tRNA syn-
thetase (Km ∼ 6 nM) (33). In line with this, 5 μM tRNA fails to acti-
vate GCN2 (29, 30), whereas nanomolar concentrations of the 
isolated ribosome or the isolated P-stalk are sufficient for GCN2 
activation in vitro (29, 30). The P-stalk is required for GCN2 activa-
tion in most starved or otherwise stressed mammalian and yeast 
cells (30, 31, 34–36), in keeping with the stalled ribosome being the 
major activator of GCN2.

Additionally, a unified mechanism of GCN2 activation by both 
the P-stalk and tRNA may play a role. In this model, the loss of 
electrostatic complementarity to tRNA could be beneficial to de-
sensitize GCN2 to specific tRNAs and render the receptor sensitive 
to all accessible acceptor arms in tRNAs that co-bind to the ribo-
some. This is consistent with the observation that under synthetic 
conditions, yeast GCN2 can be activated by amino acid depriv-
ation in P-stalk-deficient strains, where deacylated tRNAs appear 
to be the primary activator presumably due to their accumulation 
to high levels in the absence of the timely stress response (31, 36).

The second major feature of HRSL, JH helix, plays a central role 
in regulation of GCN2. Dimeric HRSL with dimerized JH/JH region 
is structurally complementary only to the active configuration of 
dimeric GCN2 kinase (Fig. 4C vs. D). This conclusion is supported 
by biochemical analyses (Figs. 5B, C and S5) and confirms that our 
cryo-EM structure represents the kinase-activating state of HRSL. 
Based on these observations, we propose a mechanism of GCN2 
regulation, which predicts free energy relationships and roles of 
multiple domains of this receptor. The thermodynamic role of 
HRSL is to favor the catalytically active dimers of GCN2 kinase 
(Fig. 6, first panel). If these additional domains were absent, 
GCN2 would exhibit uncontrollable, persistent activity with 
harmful consequences, such as apoptosis due to global transla-
tional arrest. Therefore, the free energy role of at least some of 
the additional domains of GCN2, present besides kinase and 
HRSL, is to counteract the action of HRSL and auto-inhibit the re-
ceptor under basal conditions (Fig. 6, middle panel). The previous-
ly proposed auto-inhibitory action of CTD is in line with this model 
(18, 19). The auto-inhibited state must have JH/JH interface dis-
rupted to sterically match HRSL with the inactive dimer of GCN2 
kinase (Fig. 4C) and to account for the deleterious effect of the 
L1007A and V1021N mutations (Fig. 5). GCN2 becomes activated 
once it encounters translationally compromised ribosomes. 
These ribosomes likely outcompete (distract) the auto-inhibiting 
domains of GCN2, allowing stored free energy in separated JH heli-
ces to be released via JH/JH dimerization. The resulting JH/JH di-
merization switches GCN2 kinase from the inactive kinase 
dimer to the active dimer (Figs. 4C, D and 6, last panel). We predict 
that the main HRSL domain remains constitutively dimeric in 
both active and inactive states of GCN2. This prediction is based 
on constitutive dimeric state of known tRNA synthetases and on 
our experimental observation that HRSL remains dimeric even 
when the dimerizing JH helices are truncated (Figs. 2E and S2). 
Multiple sequence alignment shows that linker between kinase 
and HRSL domain is a conserved element of GCN2, suggesting 
that our model likely applies to all GCN2 proteins from yeasts to 
human (Fig. S6).

Fig. 6. Proposed model of GCN2 regulation. Relative free energies for kinase/HRSL (left panel), full-length GCN2 (middle panel), and GCN2 bound to the 
ribosome (right panel) are marked. Kinase/HRSL core of GCN2 favors active conformation, aided by JH/JH interface. Additional domains are 
auto-inhibitory, while ribosome binding releases the auto-inhibition.
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Database depositions
Coordinates and cryo-EM map were deposited to the PDB and 
EMDB databases under accession numbers PDB ID 9BF3 and 
EMD-44489.

Note added in revision
After our work was completed and manuscript was finished (37), a 
related work was published by Yin et al. (27). and Bou-Nader et al. 
(38). References and discussion of the competing work were in-
cluded during revisions.

Materials and methods
Kluyveromyces marxianus GCN2 HRSL sequence (Table S2) was in-
serted into pETM11-SUMO vector and expressed in Escherichia 
coli and purified to homogeneity by size exclusion fast protein li-
quid chromatography (FPLC). Cryo-EM samples were prepared 
with Quantifoil 1.2/1.3 on Cu 300 mesh holey carbon film using 
FEI vitrification robot. Cryo-EM data were collected using a Titan 
Krios G3 cryo-transmission electron microscope at 300 kV. Data 
processing was done with cryoSPARC v4.4.1 (39) (for the 3.2 Å 
structure) and RELION (40) (for the 6 Å dataset). AlphaFold predic-
tion of initial model of GCN2 HRSL was obtained using a local in-
stallation of AlphaFold (25). The model was real-space refined in 
Phenix and Coot (41–43). In vitro kinase assays were conducted 
at 32 °C using eIF2α from LifeSpan Biosciences. K. marxianus kin-
ase/HRSL domain sequence (Table S2) was inserted into 
pcDNA4.TO and expressed in HEK293T cells. Cells were grown 
in DMEM media + 10% FBS (Gibco). eIF2α phosphorylation was 
measured via western blot using primary antibodies for eIF2α 
phospho-S51 (Abcam) and total eIF2α (Cell Signaling 
Technologies). Detailed materials and methods are provided in SI.
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