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SUMMARY

The human CDK-activating kinase (CAK) is a multifunctional protein complex and key regulator of cell growth
and division. Because of its critical functions in regulating the cell cycle and transcription initiation, it is a key
target for multiple cancer drug discovery programs. However, the structure of the active human CAK, insights
into its regulation, and its interactions with cellular substrates and inhibitors remained elusive until recently
due to the lack of high-resolution structures of the intact complex. This review covers the progress in struc-
ture determination of the human CAK by cryogenic electron microscopy (cryo-EM), from early efforts to
recent near-atomic resolution maps routinely resolved at 2A or better. These results were enabled by the lat-
est cryo-EM technologies introduced after the initial phase of the “resolution revolution” and allowed the
application of high-resolution methods to new classes of molecular targets, including small protein com-

plexes that were intractable using earlier technology.

INTRODUCTION

Cyclin-dependent kinases (CDKs) are a family of serine/threo-
nine protein kinases that are characterized by their dependence
on a cyclin subunit for activity.' This family of kinases encom-
passes approximately 20 members in human cells.? Cyclin bind-
ing induces a series of conformational changes in the CDK that
are conducive to kinase activity, including the repositioning of
a specific helix in the kinase N-lobe, called the C-helix, toward
the active site, which leads to active site assembly (Figures 1A
and 1B).°° A second critical structural element controlling
CDK activity is the T-loop, a dynamic regulatory segment en-
compassing the sequence between the conserved DFG and
APE motifs in the C-terminal kinase lobe (Figures 1A-1C)."*>
The prototypical CDKs function in the control of the cell cycle
and are activated by cyclins whose concentrations undergo cy-
clic oscillations throughout the cell cycle (hence their name). The
ensuing waves of CDK activity and inactivity drive the events of
the cell cycle.® These CDKs are only partially activated by cyclin
binding and additionally require phosphorylation of their T-loop
for full activity. The enzyme that places these phosphorylations
is called the CDK-activating kinase (CAK). The CAK designation
is assigned according to function, not sequence or structural ho-
mology, and therefore, the CAKs in different organisms are not
necessarily close homologs or embedded in complexes of
similar composition (see the following text).” Notably, the ways
in which different members of the CDK family are activated
vary. Some CDKs, including the transcriptional CDKs CDK9,
12, and 13, are constitutively associated with partner cyclins
whose concentrations do not oscillate like those of the cell-cycle
controlling cyclins but still rely on the CAK for T-loop phosphor-
ylation.®™"" Other CDKs, such as CDKS8, do not require activation

by the CAK because they are embedded in larger protein com-
plexes and are activated by other subunits of those com-
plexes.'?

The human CAK, which is the primary subject of this review, is a
trimeric protein complex composed of CDK7, cyclin H, and MAT1.
CDK?7 and cyclin H form a canonical CDK-cyclin pair composed of
an enzymatic kinase subunit and a constitutively expressed acti-
vatory cyclin."'*> MAT1 is a unique subunit of this complex.
MAT1 is involved in the assembly and functional activation of
the human CAK and directly recruits the CAK to the transcription
factor IIH (TFIIH) core complex to form holo-TFIIH."*'® Therefore,
the human CAK exists in distinct trimeric and TFlIH-associated
forms, and it is multifunctional, serving in several critical cellular
pathways. When bound to TFIIH, the CAK phosphorylates the
C-terminal heptapeptide repeat region of the largest subunit of
RNA polymerase I, the so-called Pol II-CTD."*"" In contrast, the
free, trimeric form of the CAK phosphorylates CDKs at their regu-
latory T-loop, thereby fully activating several CDKs, including
CDKs 1, 2, 4, and 6 that are critical for control of the cell cycle
(Figure 1)."*'821 Additionally, the human CAK has been sug-
gested to be involved in the regulation of splicing®® and phosphor-
ylates multiple transcription factors.''+192525

Being a CDK itself, CDK7 in the human CAK contains a T-loop
that harbors phosphorylation sites at S164 and T170 (S170 and
T176 in Xenopus laevis CDK7).'%? The T170 phosphorylation
site corresponds to the conserved T-loop phosphorylation site in
other CDKs, while the second phosphorylation site at S164 is
unique to CAK and its sequence context (SPNR) corresponds to
a consensus CDK phosphorylation site ([S/TIPX[K/R])."® Even
though a fully integrated, comprehensive view of all the functional
consequences of the different combinations of T-loop phosphory-
lation states in the human CAK is only beginning to emerge, it is
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Figure 1. Molecular mechanisms of CDK activation by cyclin binding and T-loop phosphorylation

(A) In their free form, cell cycle CDKs, such as CDK2 (brown), are inactive. The C-helix (red) is removed from the active site, and the T-loop (activation segment,
teal) is folded across the active site and prevents substrate access (PDB ID 1HCK).®

(B) When a cyclin (cyclin A, green) is bound, the C-helix is relocated toward the active site and the T-loop assumes an extended conformation. In this state, the
active site is accessible to substrates (PDB ID 1FIN).*

(C) Full activation of cell cycle CDKs requires phosphorylation of the T-loop (T160 in CDK2) by the CAK. The phosphorylated T-loop assumes a distinct
conformation, though this transition is more subtle than between the cyclin-bound and unbound forms (PDB ID 1JST).° It is worth noting that cyclin binding and

phosphorylation do not necessarily occur in that order and may be interdependent.?’:"®

known that T-loop phosphorylation can promote both the activity
and the assembly of the human CAK.">?"?8 T170 phosphorylation
has been found to contribute to substantially enhanced CAK activ-
ity toward the Pol Il CTD (on the order of 3-fold®® to 25-fold®”) while
only modestly stimulating its CAK activity'® or leaving it almost un-
changed,'®?"?® depending on the experimental conditions.
Initially, conflicting data on S164 phosphorylation suggested that
it either aids CAK assembly and stimulates CDK7 activity?” or re-
presses the function of CAK in transcription initiation by repressing
its CTD kinase activity.>® Recent results have suggested an impor-
tant role of S164 phosphorylation in CAK assembly and its activa-
tiontoward the transcriptional Pol I| CTD and SPT5 substrates. In
spite of the importance of CAK T-loop phosphorylation, neither the
assembly nor the activation of the metazoan CAK strictly depends
on phosphorylation of its T-loop because MAT1 can at least
partially replace these roles by functioning as an assembly and
activation factor for CAK.'®'®"® The mechanistic details of how
MAT1 functions in these roles will be described later in this review.

Due to the involvement of the human CAK in key cellular func-
tions and in multiple pathways that are critical for cell growth
and proliferation, it has been identified as a promising target for
cancer therapeutics.®® So far, six different CDK?7 inhibitors have
been clinically developed: ICEC0942, SY5609, XL102, SY1365,
Q9O01, and LY3405105.°"* One of the major challenges in the
clinical development of CDK-targeting drugs are the selectivity
and specificity of the inhibitors.>® This is because human cells har-
bor approximately 20 CDKs, some of which share high homology
with each other, particularly in the active site region.” Furthermore,
CDKs are very dynamic, as exemplified by the large structural
changes illustrated in Figure 1, which can influence inhibitor bind-
ing.%® Structure-based drug design can support the rational opti-
mization of compounds and the discovery of highly specific
enzyme inhibitors in such cases, but this approach requires
high-resolution structures of the target complex.

Even though the structures of isolated cyclin Hand CDK7 were
determined using X-ray crystallography two decades ago,*”°

structures of the fully assembled human CAK remained elusive
until recently. Therefore, important medically relevant insight
into the molecular basis of inhibitor specificity for CDK7 was
lacking, and interesting biological questions, such as the mech-
anistic details of the function of MAT1, remained unexplored. To
investigate the functional mechanisms of CAK activity and regu-
lation, and to facilitate discovery of highly specific next-genera-
tion therapeutics via structure-based drug design methodolo-
gies, a number of laboratories pursued crystallographic studies
of the intact trimeric human CAK complex®® or its fungal homo-
logs,*° while we and other groups chose an alternative approach
and sought to determine high-resolution structures of these
complexes using cryogenic electron microscopy (cryo-EM).*'~#4

This new strategy was becoming available at the time because
cryo-EM had matured from a mostly low-resolution method to a
structural biology mainstay, in a process sometimes referred to
as the “resolution revolution.”*® This revolution was triggered
by technical developments, including better cameras that detect
electrons directly, better microscopes, and improved software
for image analysis.”>*® However, high-resolution structure
determination of very small protein complexes, which includes
many potential drug targets, remained challenging for several
years even after cryo-EM structure determination of large as-
semblies had become well established.®” This review aims to
highlight the interplay between technological advances required
to address this challenge and the biological insight enabled by
them using the example of the human CAK. | will summarize
recent efforts to determine the structure of the CAK using
cryo-EM and discuss the challenges associated with high-reso-
lution, high-throughput structure determination of small com-
plexes using this method.

Early breakthroughs in cryo-EM of small protein
complexes

The specimens resolved to high resolution during the early phase
of the “resolution revolution” were often large macromolecular
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Figure 2. Cryo-EM structure determination of small protein complexes and considerations guiding data collection
(A) The 39S mitoribosomal subunit, a typical representative of early high-resolution cryo-EM structures, depicted for size comparison (EMD-2787, FEI Falcon I,

300 kV, C; symmetry).'%®

(B) Glutamate dehydrogenase (EMD-8194, Gatan K2 Summit, 300 kV, D3 symmetry).>®
(C) Isocitrate dehydrogenase (EMD-8192, Gatan K2 Summit, 300 kV, C, symmetry).>®
(D) Hemoglobin (EMD-3488, Gatan K2 Summit, 300 kV and VPP, C, symmetry).*®

(E) Methemoglobin (EMD-0407, Gatan K2 Summit, 200 kV, C, symmetry).®®

(F) Alcohol dehydrogenase (EMD-0406, Gatan K2 Summit, 200 kV, C, symmetry).5®

(G) Aldolase (EMD-21023, Gatan K2 Summit, 200 kV, D, symmetry).%®
(H) Streptavidin (EMD-20907, Gatan K2 Summit, 200 kV, D, symmetry).°®

(1) High-magnification electron micrograph showing a high density of CAK particles (approx. 600 particles). Sample micrograph acquired at a pixel size of 0.57 A,
an acceleration voltage of 200 kV, 1.5 um defocus, and an exposure of 60 electrons/A2. .
(J) Schematic illustration of the effect of using different pixel sizes on the DQE in the frequency band corresponding to 4-6 A-resolution information (the DQE curve

approximates the performance of electron counting direct detectors®®).

higher DQE.

complexes of several hundred kDa or several MDa molecular
weight, such as ribosomes, spliceosomal complexes, transcrip-
tional assemblies, or multimeric membrane channels, which, in
contrast to small particles (<100 kDa), provide ample signal to
drive accurate particle image alignment (Figure 2A).*4°% Much
of this early high-resolution cryo-EM work was accomplished us-
ing high-end electron microscopes equipped with highly
coherent 300 kV field emission gun (FEG) electron sources and
one of two camera models: The Gatan K2 Summit, an electron
counting direct detector, and the FEI Falcon Il, an integrating
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With increasing magpnification and decreasing pixel size, frequency bands migrate to

direct detector.” Both detectors were capable of dose fraction-
ation, collecting a “movie” rather than a single micrograph
during each exposure to enable correction for beam-induced
motion, and featured strongly improved detective quantum effi-
ciency (DQE) compared to previously used CCD cameras or
electron microscopic film.>> However, even early counting direct
detectors such as the Gatan K2 Summit far surpassed inte-
grating direct detectors in the low-frequency bands that aid par-
ticle image alignment,®® providing them with a decisive advan-
tage for work with small macromolecules or their complexes.
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In 2016, this detector technology was used to determine the
structures of the 334 kDa glutamate dehydrogenase complex
at 1.8 Aresolution (Figure 2B) and the 93 kDa isocitrate dehydro-
genase dimer at 3.8 A resolution (Figure 2C).°® This work was
conducted using a 300 kV Thermo Fisher Scientific (TFS) Titan
Krios microscope and a Gatan K2 Summit camera coupled
with a BioQuantum energy filter and demonstrated that the
sub-100 kDa molecular weight range was now amenable for
cryo-EM structure determination at resolutions permitting build-
ing of atomic models, with a clear path toward applications such
as structure-based drug design.

While the aforementioned study had used a traditional defo-
cus-based approach to generate phase contrast in the electron
micrographs,®® alternatives to increase low-resolution contrast
while maintaining minimal defocus were explored in order to
facilitate work with small particles, which otherwise provide
comparably little total signal for particle identification and image
alignment.®” Most notably, the Volta Phase Plate (VPP) was used
to visualize the 64 kDa hemoglobin tetramer at 3.2 A resolution
(Figure 2D), thereby pushing both the molecular weight boundary
and the resolution achieved for such a small complex into previ-
ously uncharted territory.°® However, the VPP approach, which
relies on a thin carbon film placed in the back focal plane of
the objective lens to generate a phase shift and increase low-res-
olution contrast,’® was later shown to have substantial draw-
backs, including reduced high-resolution signal,®>®" bringing
conventional defocus-based approaches back into focus. It is
worth noting that the more advanced phase plate concepts,
such as the laser phase plate, are currently being explored in
the hope to exploit the advantages of contrast enhancement
by the phase plate without incurring the drawbacks of the VPP.%?

In 2018, high-resolution structures of the 64 kDa methemo-
globin tetramer at 2.8-3.2 A resolution (Figure 2E) and the
82 kDa alcohol dehydrogenase dimer at 2.9 A resolution
(Figure 2F) were determined using data acquired on a TFS Talos
Arctica—a microscope with a 200 kV FEG initially designed for
sample screening purposes—and a Gatan K2 Summit camera.®®
The approach used in this study involved high magnification (re-
sulting in approximately 0.6 A pixel size) to ensure optimal data
quality (see the following text), and the use of very low defocus
in the absence of a phase plate. With thin specimens of small
complexes, defocus values as low as —0.5 um produced inter-
pretable data,®®°* contrary to previous assumptions that large
defocus values of several micrometres were required to see
small particles in vitreous ice.®® Subsequent work achieved
2.1 A resolution for the 150 kDa aldolase tetramer (Figure 2G)
and demonstrated the feasibility of sub-2 A resolution recon-
structions of apoferritin using a 200 kV microscope, encouraging
the exploration of these lower-cost and more easily accessible
systems for high-resolution applications.®® Sub-2 A resolution
from a 200 kV microscope was also reported using a B-galacto-
sidase specimen and a JEOL CRYO ARM 200 microscope with
an in-column energy filter,®” underscoring the ability of this class
of system to produce very high-quality data.

The size limit for high-resolution cryo-EM reconstructions of
small protein complexes was later further reduced to 52 kDa
by structure determination of the streptavidin tetramer on a gra-
phene film at 2.6 A resolution (Figure 2H).°® These pioneering de-
velopments using well-behaved and symmetrical test speci-
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mens indicated a clear path for application of high-resolution
cryo-EM to medically highly relevant small protein targets such
as the human CAK, which will be described in the following sec-
tions. In parallel to our efforts on CAK, several other sub-100 kDa
structures and sub-structures were determined by cryo-EM, as
reviewed in a study by Lander et al.,”” and sub-2.5 A resolution
could be routinely achieved for G-protein coupled receptors
(GPCRs), a family of small (~150 kDa) membrane protein com-
plexes.®’ Notably, this latter study systematically investigated
the effects of electron exposure, defocus range, use of an energy
filter (zero-loss filtering), use of an objective lens aperture, use of
a VPP, and use of gold foil grids, and found substantial benefits
when using an energy filter, gold grids, and higher electron expo-
sure, and reduced performance when using the VPP.°"

Structure determination of the human CAK by cryo-EM
Encouraged by the breakthrough results described previously, we
decided to apply the technical insights provided by these studies
to the high-resolution structure determination of the human CAK.
The key parameters we aimed to adapt from these studies were
a high protein concentration providing a near-continuous lawn of
particles in the micrographs (Figure 2l), the use of high magnifica-
tion to optimize the DQE in the frequency bands mostimportant for
image alignment and reconstruction (Figure 2J),°>%° and the use of
gold foil grids,®® as pioneered by earlier work. High particle density
not only provides large particle numbers in a limited number of mi-
crographs but also appears to correlate with better stability of the
thin ice layer required to image particles of this size, which tends to
break more readily when particles are sparse. Furthermore, high
particle coverage increases the signal required to accurately fit
contrast transfer function (CTF) parameters. The use of high
magnification shifts the frequency bands that are most important
for high-accuracy particle alignment and high-resolution 3D recon-
struction toward higher DQE (Figure 2J).%>°*° This is beneficial for
high-resolution structure determination, and the apparent draw-
back of collection of fewer particle images per micrograph is
partially offset by the shorter exposure times per movie when
maintaining a constant electron flux per pixel, which is required
for efficient electron counting. To maximize data quality by
reducing beam-induced motion, we employed gold foil grids,®®
which have shown to improve data quality in systematic tests of
“real world” applications®' and in our hands had the added benefit
of providing the required thin ice films more readily.

Applying these considerations to CAK sample preparation and
data collection strategies enabled progress toward high resolu-
tion. However, overcoming ice breakage, uneven particle distri-
bution, and preferred orientation required extensive grid
screening to identify the two high-quality cryo-EM grids from
which we determined the structure of the human CAK in complex
with ATPyS at 2.8 A resolution (Figure 3A)."" Inspired by earlier
work using 200 kV instruments for high-resolution structure
determination of small complexes,®*®* this work was performed
using a 200 kV TFS Talos Arctica electron microscope equipped
with a Gatan K3 electron counting detector. Image processing
for these data was comparably straightforward. Notably,
the alignment-free classification algorithm implemented in
RELION’® proved to be instrumental in extracting the highest-
quality particles from very large datasets (Table 1), thereby
improving the quality of the resulting maps substantially.
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Figure 3. Cryo-EM structure of the human and fungal CAKs

G TFIH core H

Structure

complex ctCyclin H p

(S.c. Cel1) CtMAT1

(S.c. Tf3)

T-loop Nucleotide

Mediator

(A) Cryo-EM map of the human CAK at 2.8 A resolution (EMD-22123),"" colored by its constituent subunits (CDK7 gold, cyclin H cyan, MAT1 blue). MAT1 is
sandwiched between the CDK and the cyclin and stabilizes the assembly.

(B) Structure of holo-TFIIH with the TFIIH core complex (gray; helicases XPD and XPB in green and brown) and the CAK subcomplex in colors as above (PDB IDs
6XBZ, 6NMI).*"1%* MAT1 links the two subcomplexes.

(C) Atomic model of the human CAK (PDB 6XB2). Its constituent subunits and the locations of the T-loop (activation segment, orange) and the nucleotide binding
site are indicated. Note the extended state of the T-loop.

(D) Contacts between MAT1 and the tip of CDK7 T-loop contribute to an activated state of CDK7. The tip of the CDK7 T-loop harbors a second T-loop phos-
phorylation site at S164, in addition to the conserved CDK T-loop phosphorylation site at CDK7 T170 (which was not phosphorylated in the cryo-EM structure).
(E) Network of MAT1 interactions with the functional centers of TFIIH.

(F) Dual mechanisms of CAK activation by MAT1 and T-loop phosphorylation. CDK7 and CDK2/CDK1-cyclin complexes can phosphorylate and activate each
other. CDK?7 activation toward CDK substrates by MAT1 is phosphorylation-independent. The possible existence of additional, currently unidentified CAKAKs is
indicated with a dashed arrow.

(G) Thesftructure of the human transcription Pol Il pre-initiation complex including mediator with a bound Pol [I-CTD segment near the CAK active site (PDB ID
7LBM).

(H) X-ray crystal structure of the C. thermophilum CAK/TFIIK complex (PDB ID 6Z4X).“® Names of the homologous budding yeast proteins are given in paren-

theses.

Structural insight into the function and regulation of the
human CAK

The resulting structure revealed the architecture of the human
CAK, with a canonical CDK-cyclin pair formed by CDK7 and cyclin
H, and with the C-terminal domain of the unique CAK subunit
MAT1 sandwiched in between the two aforementioned compo-
nents (Figure 3A).*" In this position, MAT1 interacts with both
CDK?7 and cyclin H and more than doubles the total interaction
areain the complex, explaining its role as a CAK assembly factor. '
The C-terminal domain observed in the CAK structure is tethered
to the N-terminal, helical domain of MAT1 via a flexible linker,
providing flexible attachment to the TFIIH core complex when
CAK engages in its transcriptional role (Figure 3B). In this position,
MAT1 interacts with CDK7 as well as the TFIIH helicases XPD and
XPB, providing a means for coordination of the activity of these
functional centers of TFIIH.

In addition to the known function of MAT1 in XPD repression
during transcription initiation,”’”* the CAK structure revealed
that MAT1 forms interactions with the tip of the regulatory
T-loop of CDK?7 that stabilize an active conformation of the ki-
nase (Figures 3C and 3D). This reinforces the notion of a regula-
tory role, rather than a purely structural function, for MAT1
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(Figure 3E), and it explains how MAT1 promotes the activity of
CDK?7 even when its two T-loop phosphorylation sites (CDK7
S164 and T170) are not phosphorylated.''*"® More recent
work indicates that phosphorylation and MAT1 binding act syn-
ergistically to activate CDK7 toward transcriptional substrates
and confirms that activity toward CDK substrates is relatively un-
affected by phosphorylation.?® While the mechanistic basis of
these differential requirements for activity toward different sub-
strates is currently not clear, our cryo-EM reconstruction*' and
a recent X-ray crystal structure of the human CAK?® both show
that phosphorylated S164 participates in an interaction network
involving residues from cyclin H and MAT1 (Figure 3D), thereby
providing a rationale for how S164 phosphorylation may affect
the interactions and conformation of the CDK7 T-loop.

The phosphorylation-independent mechanism of CDK7 activa-
tion toward CDK substrates by MAT1'® ensures CAK activity
throughout the cell cycle. This mechanism may be important
because the CAK-activating kinases (CAKAKSs) that can phosphor-
ylate the CDK7 T-loop and further activate CAK in vitro and in cell
extracts are CDK1 and CDK2, both of them CAK substrates them-
selves (Figure 3F).”° Because CDK2 alone, rather than CDK2-cy-
clin complexes, is the preferred substrate of CAK,”® and stable
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Table 1. Comparison of hardware and dataset statistics for
different CAK cryo-EM reconstructions discussed in this review

CAK- CAK-
Structure CAK-ATPyS  ICEC0942 ICEC0942
EMDB accession EMD-22123 EMD-12042 EMD-17508
Reference Ref.*! Ref.*? Ref.*®
Resolution 2.8A 25A 1.9A
Microscope TFS Talos TFS Talos TFS
Arctica Arctica Titan Krios
FEG type FEG FEG C-FEG
Voltage 200 kV 200 kV 300 kV
Detector Gatan K3 Gatan K3 TFS Falcon 4i
Energy filter - - TFS
Selectris X
Movies (total 6,147 (7,582) 6,985 (8,873) 3,885 (5,367)
collected)
Pixel size 0.686 A 0.686 A 0.57 A
Particles picked 8,982,448 10,904,715 3,588,357
Particles after 2D 6,588,462 9,339,254 2,072,743
Particles final 136,859 205,478 269,962

2Particles were picked using multiple methods and combined; this num-
ber refers to the largest number of particles picked by a single run using a
single method.

assembly of CDK1-cyclin complexes appears to be coupled to
phosphorylation,”’ CAK activity plays a key role in formation of
active CDK1- and CDK2-cyclin complexes. In the absence of
MATA1, this could potentially create a molecular chicken-and-egg
problem precluding appropriate cell cycle CDK phosphorylation
and activation (Figure 3F), though the contribution of CDK1 and
CDK2 to CAK activation in vivo has not been fully clarified and
the existence of additional, mitogen-dependent CAKAKSs acting
early in the cell cycle has been proposed.®2® Furthermore, phos-
phorylation-independent activation of CAK by MAT1 may ensure
that sufficient CAK activity is available to activate its substrates
in non-dividing cells, such as CDK9 and CDK11,%"""® which func-
tion in transcription and splicing.

Structural insight into the molecular mechanism of the kinase
function of CAK in transcription initiation, which is the second ma-
jor role of the human CAK, came from work by several laboratories
that resolved structures of RNA polymerase Il pre-initiation com-
plexes with and without mediator, in which low-resolution den-
sities for the CAK or its fungal homologs (see the following text)
could be visualized in the vicinity of TFIIH and RNA polymerase
11”778 or bound to mediator.”*° Subsequent higher-resolution
cryo-EM structures of the RNA polymerase Il pre-initiation com-
plex associated with TFIID, mediator, or +1 nucleosomes
permitted unambiguous docking of the CAK structure into the
density.'"®° In these structures, the CAK was again localized in
different positions, depending on the combination of the co-acti-
vators TFIID and mediator present. In some instances, density for
the Pol Il CTD near the CDK7 active site could be visualized in the
cryo-EM maps (Figure 3G).2"** These studies therefore revealed
composition-dependent plasticity in CAK positioning within the
pre-initiation complex and explained how mediator aids in Pol II-
CTD phosphorylation by providing a structural framework that
brings the enzyme and its substrates into proximity (Figure 3G).
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Comparison to fungal structures

Inthe budding yeast Saccharomyces cerevisiae, the CAK—i.e., the
enzyme responsible for CDK activation—is a monomeric kinase,
called Cak1/Civ18%28 and the trimeric complex that is homologous
to the human CAK is known as transcription factor IIK (TFIIK)
because it shares only the transcriptional activity but not the
CAK function with the human CAK.®%°° While metazoan and
budding yeast cells employ entirely distinct CAKs, both the
CDK7 homolog Mcs6 and the Cak1 homolog Csk1 function as
partially redundant CAKs in the fission yeast Schizosaccharomy-
ces pombe, which thus occupies an intermediate state in its
CDK activation mechanism.®"° Structures of Chaetomium ther-
mophilum CAK (ctCDK7-ctCyclinH-ctMAT1) and budding yeast
TFIIK (Kin28-Ccl1-Tfb3) published around the same time as our
initial structure of the human CAK confirmed that the overall archi-
tecture and assembly principles of human CAK and its fungal ho-
molog are conserved.*%**

The X-ray crystal structures of the C. thermophilum ctCDK7-
ctCyclinH-ctMAT1 complex in its free and ATPyS-bound forms
(Figure 3H) were resolved at 2.6-3.0 A, similar to the human
cryo-EM structure.’® This study strongly supported the notion
that CDK7/Kin28 is activated by T-loop interactions formed
with MAT1/Tfb3, suggesting conservation of this activatory
mechanism between the human and fungal complexes, and sug-
gested that the conformation of the base of the adenine nucleo-
tide in the Kin28 active site is different from the human CDK7
complex.”® A subsequent cryo-EM reconstruction of yeast
TFIIK (Kin28-Ccl1-Tfb3) was resolved to 3.5 A confirming the
conserved architecture of the complex and providing a basis
for initial integrative modeling of the position of TFIIK near medi-
ator in the RNA polymerase Il pre-initiation complex, but pre-
cluding detailed interpretation of ligand interactions.**

CAK interactions with small-molecule inhibitors
Given our interest in visualizing small-molecule interactions with
the human CAK, we initially determined the structure of a covalent
adduct between CAK and the inhibitor THZ1 at 3.3 A resolution,
along with the nucleotide-bound structure described previously
(Figures 4A-4C).*' THZ1 is a covalent CAK inhibitor that was shown
to strongly suppress super-enhancer direct transcription, to which
many cancer cell lines are addicted.” THZ1 was initially reported to
be highly selective for CDK7 based on its ability to modify the non-
conserved C312 near the active site,®® but was later found to also
modify and inhibit CDK12 and CDK13, which also harbor active
site-proximal cysteine residues.”® Our CAK-THZ1 structure
showed the inhibitor head group bound in the active site pocket
where it contacts the CDK7 “hinge” region and prevents adenosine
nucleotide binding (Figure 4B). The warhead forming a covalent
adduct with CDK7 C312 was not clearly resolved in the density
due to flexibility, though approximate docking based on weak den-
sity was possible. Flexibility of the warhead portion of THZ1 was ex-
pected, considering that the related inhibitor THZ531 bound to
CDK12 shows two entirely different warhead conformations in
the X-ray crystal structure of this complex.®®

We subsequently also determined the structure of the human
CAK bound to the clinically developed inhibitor ICEC0942
(Figures 4D and 4E).** This compound is a non-covalent high-af-
finity competitive inhibitor binding the CDK7 active site.®" The
CAK-ICEC0942 structure was again determined at 200 kV using
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a Talos Arctica and a Gatan K3 camera, resulting ina 2.5 A-res-
olution map (Table 1, Figures 5A, and 5B). This structure
provided us with important insight into inhibitor selectivity. Spe-
cifically, we found that the inhibitor pose between the CDK7-
bound and the CDK2-bound structures (ICEC0942 target and
off-target structures, respectively) is different (Figures 5C-5E).
This conformational difference likely originates from differences
in the molecular environment provided by the two CDK active
sites, with slight differences in the conformation of the hinge re-
gion (green in Figures 5C and 5D) and amino acid substitutions in
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ICEC0942

Structure

Figure 4. CAK-ligand complexes at 2.5-

3.3 A resolution

(A) Structure of CAK-ATPyS. Residues in the CDK7
hinge region are shown as sticks and numbered.
Hydrogen bonds to the hinge region are indicated.
(B) Structure of the covalent CAK-THZ1 adduct.
The ligand exploits hydrogen bonding to the
hinge for initial binding and a covalent bond to
CDK7 C312 for irreversible modification of the
target kinase.

(C) Chemical structure of THZ1 and its action by
formation of a covalent cysteine adduct.

(D) Structure of CAK-ICEC0942. Even though
their chemical core is different from THZ1,
pyrazolopyrimidines like ICEC0942 exploit similar
hinge contacts with the backbone atoms of
CDK7 M94.

(E) Chemical structure of ICEC0942.

the B-strand adjacent to the inhibitor
playing possible roles. These observa-
tions suggested possible avenues toward
structure-based drug design by restrict-
ing the conformational space of the
chemical groups that occupy different po-
sitions.*” However, at the given resolu-
tion, there were also some ambiguities
regarding the positioning of a hydroxypi-
peridine group at the other end of the
inhibitor, suggesting that even higher
resolution (see the following text and
Figures 5F and 5G) would be beneficial
to improve the accuracy of these drug-
binding studies.

Breaking the 2 A-barrier: Technical
considerations

Detailed analysis of inhibitor interactions
and accurate placement of water mole-
cules are facilitated by high resolution
data, preferably extending to beyond
2 A resolution. Such substantial resolu-
tion gain often necessitates the use of
improved instrumentation. Considering
that only very few structures of small
protein complexes to better than 2 A res-
olution had been determined at the time,
use of a high-end instrument was likely
required to obtain data of sufficient qual-
ity to meet this objective. The successful
2.1 A-resolution structure determination
of the SARS-CoV-2 ORF3a dimer (Figure 5H), a 64 kDa mem-
brane protein complex,”® using a 300 kV TFS Krios microscope
equipped with a cold field emission gun (C-FEG), a Selectris X
energy filter, and a Falcon 4i direct detector®” suggested that
this setup offered capabilities suitable for the study of ligand-
bound CAK complexes at high resolution. This high-end
300 kV system promised several benefits over the 200 kV Talos
Arctica used for the initial structure determinations of CAK,
including the highly coherent C-FEG electron source that
features a lower energy spread compared to conventional
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FEGs,”” the highly stable energy filter allowing energy filtration
with a slit width of only 5-10 eV,°” and the DQE advantage of
contemporary direct electron detectors (including the Gatan
K3 and TFS Falcon 4i) when used at 300 kV as compared to
200 kV. Notably, in addition to the SARS-CoV-2 ORF3a struc-
ture mentioned previously, this instrument had been used to
achieve 1.7 A resolution for streptavidin (EMD-31083, Figure
51) and true atomic resolution (~1.2 A) for the highly symmetri-
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Figure 5. Comparisons of 2.5 Aand

1.9 A-resolution CAK-ICEC0942 structures,
comparison with CDK2-bound ICEC0942,
and early high-resolution structures from an
energy filtered 300 kV instrument with a
cold-FEG

(A) Interface between CDK7 (gold) and cyclin H
(cyan) at 2.5 A resolution; water molecules are
shown in red (TFS Talos Arctica at 200 kV, Gatan
K3).A2 .

(B) ICEC0942 ligand density at 2.5 A resolution
(TFS Talos Arctica at 200 kV, Gatan K3).

(C) Rendering of ICEC0942 bound to the CDK7
active site.”® The hinge region connecting the N-
and C-terminal kinase lobes is colored light green.
(D) Rendering of ICEC0942 bound to the CDK2
active site. The hinge region is colored green.®®
(E) Superposition of the two ICEC0942 poses
observed when bound to CDK7 (purple) and
CDK2 (pink). A

(F) Same view as (A), at 1.9 A resolution (TFS Krios
G4 at 300 kV, Selectris X, Falcon 4i).*°

(G) Same view as (B), at 1.9 A resolution (TFS Krios
G4 at 300 kV, Selectris X, Falcon 4i).

(H) Head group of a bound phospholipid in the
2.1 A-resolution structure of the SARS-CoV-2
ORF3a membrane protein complex (EMD-22898,
PDB ID 7KJR).%® .
() Structural detail of streptavidin at 1.7 A
resolution (EMD-31083, PDB ID 7EFC).

(J) Atomic-resolution (~1.2 A) cryo-EM structure of
apo-ferritin (EMD-11638, PDB ID 7A4M).°”

ICEC0942
(CDK?)

ICEC0942

cal test specimen apo-ferritin (Figure 5J),
representing a technical milestone for
single-particle cryo-EM.®”

The use of energy filters to remove in-
elastically scattered electrons is essential
in cryogenic electron tomography (cryo-
ET) due to the thickness of tomographic
specimens. However, energy filters are
also commonly employed in single parti-
cle cryo-EM work, where specimens are
typically much thinner than in cryo-ET
and inelastic scattering is less severe.
Nevertheless, several studies found im-
proved resolution and reduced B-fact-
ors when using Gatan K3/BioQuantum
and TFS Falcon 4i/Selectris X camera/en-
ergy filter combinations for single-particle
cryo-EM with several GPCR speci-
mens,®! the human B3 GABAA receptor
homopentamer in complex with a me-
gabody,’” and apo-ferritin, though in the
latter case only for ice thickness >1000
A% Apo-ferritin at 440 kDa and the
GABAA receptor-megabody complex at almost 500 kDa are
substantially larger than CAK while the GPCR samples at ap-
prox. 150 kDa are in a roughly similar size range. A direct com-
parison between zero-loss filtered and unfiltered CAK datasets
to investigate the possible benefits of energy filtration for struc-
ture determination of sub-100 kDa specimens showed that the
energy filter improved data quality and enabled higher resolu-
tion.*® This reinforces the notion that energy filters can have
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appreciable benefits for high-resolution single particle work, in
addition to their well-established application to comparably thick
samples in cryo-ET, and that these benefits can be readily
observed and exploited with small specimens in comparably
thin ice.

Sub-2 A-resolution structures of the human CAK
A pilot experiment using the microscope setup described previ-
ously and the CAK-THZ1 preparation that had resulted in a
3.3 A-structure previously (see aforementioned text) yielded
1.9 A resolution from approximately 10,000 micrographs.*®
Notably, this experiment used CAK harboring a truncated form
of MAT1, resulting in an approx. 85 kDa CAK core module®’
and thus represents a bona fide sub-100 kDa structure.
Subsequent structure determinations of the CAK in complex
with ICEC0942 and related pyrazolopyrimidine-type compounds
from roughly 5,000 micrographs each routinely yielded structures
at 2 A resolution or better (Table 1, Figures 5F and 5G), resolving
side chain conformations, water molecules, and post-transla-
tional modifications of the proteins. These results obtained using
cryo-EM are on par with the 2.15 A resolution of a recent X-ray
crystal structure of the human CAK in complex with a nano-
body,?® in which a part of the CDK7 active site is engaged in a
crystal contact. Notably, the 1.9 A-resolution cryo-EM structure
of CAK-ICEC0942 resolved the ambiguity in the conformation
of the hydroxypiperidine group and revealed the involvement of
this group in hydrogen bonding networks with bound water mol-
ecules, thereby rationalizing the known contribution of this group
to inhibitor selectivity, which is essential for the possible applica-
tion of the compound as a cancer therapeutic. The precise posi-
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Figure 6. High-throughput screening
High-throughput screening workflow with initial
rapid grid screening followed by high-resolution
structure determination on selected specimens.
This approach can be scaled to larger numbers of
compounds.

High-resolution

Discard

tioning of this hydroxy group appears to
be critical, considering that ICEC0943,
the enantiomer of ICEC0942, is far less se-

Discard lective, binds CDK?7 far less tightly, and
shows substantially increased conforma-
tional variability when bound to the
CDK?7 active site.***°

Discard

Increased throughput for ligand
screening

The aforementioned experiments demon-
strated the feasibility of routine near-
atomic resolution structure determination
of the human CAK with approximately
10 h of data collection time on a high-
end instrument. For structure-based

e

,A~*’v\
w2 4
P

10+ hours of data collection

G drug design workflows, such high resolu-

300 kV instrument tion is important, but so is high throughput

in order to enable rapid structure determi-
nation of large numbers of candidate
compounds in complex with their targets
and off-targets. Notably, there is a trade-off between throughput
and resolution, and workflow design requires optimization of
time allocation to balance these two requirements. Furthermore,
specimens on grids that are ill-suited to provide high-resolution
data, e.g., due to poor ice quality, low particle numbers, or
preferred orientation (all of which are properties that may vary
from grid to grid) need to be eliminated from the data collection
pipeline as early as possible to avoid wasting high-end instru-
ment time. Ideally, these initial screening steps are performed
on more readily accessible, less costly instruments.

To enable efficient high-throughput compound screening
workflows, we therefore used a 200 kV TFS Glacios-type instru-
ment with an energy filter to rapidly screen multiple specimens of
individual inhibitor complexes to identify promising grids and
exploit high-end 300 kV instrument time optimally (Figure 6). Us-
ing on-the-fly processing,'” these workflows allowed us to
obtain reconstructions of ligand-bound CAK at 3—4 A resolution
within 1 h of the start of the data collection with a high degree of
automation using multi-grid functionality in the data collection
software.”® Notably, these reconstructions not only provided in-
formation on ice thickness, particle orientation distribution, and
particle coverage, but additionally were of sufficient quality to
identify the presence of bound ligands. Grids identified in such
rapid screening workflows were then progressed to high-end
data collection for high-resolution structure determination.

We anticipate that these high-resolution/high-throughput
cryo-EM applications and the instrumentation that enables
them will become more widely used in the future, and that they
will enable structure-based drug design for previously intractable
targets. Other structural biology methods are routinely used for

Extensive processing
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structure determination of low-affinity binders, such as initial lead
compounds or during fragment screening in drug discovery pipe-
lines, and methods that allow the exploitation of cryo-EM for frag-
ment screening are beginning to emerge.'®" Such developments
will be further facilitated by higher throughput and higher resolu-
tion achieved using the latest cryo-EM instrumentation.

Future perspectives

I hope that this review has illustrated how methodological devel-
opments and biological discovery in the field of small-complex
cryo-EM are tightly intertwined. Now that the molecular structure
of the human CAK has been described in great detail, further bio-
logical insights will come from the analysis of structures of CAK
caught in the act of phosphorylating its substrates to elucidate
the molecular basis of the substrate specificity of CDK7. Future
technical development will need to be directed toward
increasing reproducibility of sample preparation, which will be
critical for the screening of larger numbers of compounds. Addi-
tionally, increasing high-resolution data collection and data pro-
cessing throughput will mitigate existing bottlenecks on the way
to high-resolution, high-throughput cryo-EM structure determi-
nation of small, ligand-bound complexes. This will facilitate the
use of cryo-EM in structure-based drug design workflows.
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