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Abstract

The human CDK-activating kinase (CAK), composed of CDK7, cyclin H, and MAT]1, is involved in
the control of transcription initiation and the cell cycle. Due to these activities, it has been
identified as a promising target for cancer chemotherapy. A number of CDK7 inhibitors have
entered clinical trials, among them ICEC0942 (also known as CT7001). Structural information can
aid to improve the affinity and specificity of such drugs or drug candidates, reducing side effects
in patients. Here, we have determined the structure of the human CAK in complex with ICEC0942
at 2.5 A resolution using cryo-electron microscopy (cryo-EM). Our structure reveals
conformational differences of ICEC0942 compared to previous X-ray crystal structures of the
CDK2-bound complex, highlighting the critical ability of cryo-EM to resolve structures of drug-

bound protein complexes without the need to crystalize the protein target.

Significance Statement

Detailed knowledge of the three-dimensional structure of biological macromolecules provides
mechanistic insight into their function and aids structure-based drug design efforts. Such
applications require high-resolution structures, determination of which has remained challenging
for small biomolecules — small proteins, nucleic acids, or their complexes — that do not readily
crystallize. Here, we use cryo-electron microscopy (cryo-EM) to determine the structure of the
human CDK-activating kinase complex bound to ICEC0942, an inhibitor of CDK7 that is undergoing
clinical trials. This work paves the way towards development of next-generation CDK7 inhibitors
with higher effectivity and/or specificity and explores the ability of cryo-EM to visualize small

asymmetric biomolecules at high resolution.
Introduction
The human CDK-activating kinase (CAK) is a trimeric complex comprising the cyclin-dependent

kinase (CDK) 7 as well as cyclin H and MAT1 (1, 2). CDK7 and cyclin H form a typical CDK-cyclin
pair (1), while MAT1 is a CAK assembly factor (3, 4) that also regulates CDK7 activity (3, 5) and



attaches the CAK to transcription factor IIH (TFIIH) to promote phosphorylation of the C-terminal
heptapeptide repeat domain of the RNA polymerase Il (Pol 1) subunit RPB1 (5, 6). In addition to
its role in Pol Il phosphorylation, the human CAK also phosphorylates numerous other targets
involved in transcription and the cell cycle (7), including other CDKs (1). Due to their dual function
in regulation of transcription and the cell cycle, CDK7 and the CAK are important regulators of cell
growth and cell division. De-regulation of these pathways leads to human disease, including
cancer, and many cancers rely on aberrantly upregulated transcription to sustain their growth
and proliferation (8). Therefore, CDK7 has been identified as a promising drug target for cancer
treatment (9). Numerous compounds that inhibit CDK7 have been developed and several of them
are currently undergoing clinical trials (10). Among those clinical CDK7 inhibitors is the
pyrazolopyrimidine derivative ICEC0942 (also known as CT7001) (11), which binds CDK7 non-

covalently but with high affinity and selectivity for CDK7 over other CDKs.

High-resolution three-dimensional structures of drug targets and drug-bound complexes provide
insight into the molecular basis of drug binding and allow structure-guided design and
optimisation of the next-generation of drug candidates. However, structural data are currently
lacking for the CDK7 bound to inhibitors in clinical trials, including ICEC0942. Traditionally, such
information has come from X-ray crystallographic experiments, but not all drug targets can be
readily crystallised. In the past few years, cryo-electron microscopy (cryo-EM) has revolutionised
structural biology, allowing structure determination of biological macromolecules that are
difficult to crystallise (12). Cryo-EM structures beyond 2 A resolution have been obtained for a
few large or symmetric complexes (13-18). However, many drug targets are neither large nor
symmetric. In spite of substantial progress, such as on the study of G-protein coupled receptors
with data collected on a 300 kV-electron microscope with energy filter (19), the high-resolution
structure determination of asymmetric complexes below 100 kDa molecular weight at 2.5 A or

better resolution has generally remained more challenging.

The human CAK is a representative of the class of important drug targets that are not easily
crystallized and still constitute a challenge for cryo-EM because they are asymmetric and of

relatively small size, with the CDK-cyclin module of the CAK having a molecular mass of only ~85



kDa. Structures of human CAK and of the fungal homolog TFIIK, both with nucleotide ligands, have
been determined recently at 2.8 A resolution using cryo-EM (20) and at 2.6 A using X-ray
crystallography (21), while a human CAK complex modified by the covalently bound inhibitor
THZ1 was resolved at only 3.3 A (20). Using a 200 kV cryo-transmission electron microscope
without an energy filter, we have now determined the structure of the human CAK-ICEC0942
complex at 2.5 A, a resolution that allowed docking of ICEC0942 and analysis of the molecular
interactions that are formed between the drug and its target. We also analysed key statistics in

our dataset to estimate the feasibility of even higher resolution reconstructions in the future.

Materials and Methods

Protein expression, purification, and complex formation. Full-length wild-type CAK was
expressed in insect cells and purified as described (20). For complex formation, CAK was diluted
5x in cryo-EM buffer (20 mM HEPES-KOH pH 7.9, 200 mM KCIl, 2 mM MgCI2, 5 mM -
mercaptoethanol) from a stock concentration of approx. 2 mg/mL and incubated with 50 uM
ICEC0942 (dissolved in water at a stock concentration of 5 mM) for 5 min at room temperature.

ICEC0942 was synthesised as described (11).

Cryo-EM grid preparation. UltrAuFoil 1.2/1.3 gold foil grids (Quantifoil Microtools) were plasma
cleaned for 30-45 sec using a Tergeo plasma cleaning device (PIE scientific). 4 puL of the complex
were applied to the grid, immediately blotted for 6-7 sec using a Vitrobot Mk IV (Thermo Fisher

Scientific), and flash frozen in a mixture of ethane and propane (22).

Data collection. Grids were transferred into auto-grid cassettes and loaded into a Talos Arctica
cryo-transmission electron microscope (Thermo Fisher Scientific). Data were acquired with the
microscope set at 200 kV acceleration voltage and 72,886-fold magnification, resulting in a pixel
size of 0.686 A on the object scale. Cryo-electron micrograph movies of 70 frames per movie were
recorded using a K3 direct electron detector camera (Gatan) in super-resolution mode with a total
electron exposure of 69 e A2, resulting from a 2 sec exposure at approx. 34 e A2 sec’’. A total of

3,571, 3,716, and 1,586 micrographs were collected from three different grids. The data collection



was monitored using on-the-fly processing in cryoSPARC live (Structura Biotechnology Inc.,
https://cryosparc.com/live) (23) to monitor microscope performance, micrograph quality, and
orientation distribution of the particles on the grid. Representative sample micrographs are

shown in Fig. S1 in the Supporting Material.

Image processing. Image processing was performed according to the strategy previously
described for the structure determination of human CAK (20) and as outlined in Fig. S2 in the
Supporting Material. Initial processing occurred in two batches, one batch comprising the data
from grid 1, the second batch comprising the data from grids 2 and 3. Image processing was
performed in RELION 3.1 (24) unless stated otherwise. Super-resolution electron micrograph
movies were aligned using MOTIONCOR2 (25) from within RELION 3.1 or using the CPU
implementation of motion correction within RELION 3.1 (24) with 2x binning. CTF estimation was
performed using CTFFIND 4.1 (26) from within RELION. Micrographs and CTFs fits were inspected
to remove poor-quality micrographs, resulting in the selection of 2,466 micrographs from grid 1,
3340 micrographs from grid 2, and 1179 micrographs from grid 3. Particles were picked using
template-based auto-picking in RELION 3.1 and the published cryo-EM map of human CAK as the
reference (20). Particles were initially extracted in 256 x 256-pixel boxes (extraction boxes are
given in physical detector pixels, not super-resolution pixels) and downscaled to 64 x 64 pixels for
faster processing. Initial 2D classification served mostly to eliminate false positive picks or ice
contamination (Fig. S2A); other classes were included very liberally, and this step did not serve to
pre-select high-quality particles at this stage. The selected particles were then cleaned up further
by alignment-free 3D classification after 3D auto-refinement, in the case of the data from grid 1
complemented by another 2D classification step (Fig. S2A). After re-extraction and scaling to 144
x 144 pixels (1.220 A/pixel), the selected particles were again auto-refined, and the datasets
reached approx. 3.2 A resolution at this stage. During the first round of Bayesian polishing (27),
applied to more than 700,000 particles from each dataset, the particle boxes were enlarged to
384 x 384 pixels (with subsequent downscaling to 216 x 216 pixels, 1.220 A/pixel) to retain high-
resolution signal delocalised by the CTF (28). Because the enlargement of the box may lead to
inclusion of artefacts or edges in the re-boxed particles, one round of 2D classification was carried

out to eliminate any particles affected by such issues. After this procedure, the datasets were



refined to higher resolution (2.8-2.9 A resolution), 3D classified without alignment, and then
subjected to another round of Bayesian polishing and to CTF refinement (29). During polishing,
the 384 x 384 px extraction box size was retained, and particles were downscaled to 256 x 256
pixels at a pixel size of 1.029 A. Individual datasets reached 2.7 A resolution after subsequent
auto-refinement. The two datasets were joined, auto-refined, CTF refined, and auto-refined again
to reach a final resolution of 2.5 A at FSC = 0.143. The refinement was conducted following the
gold-standard strategy and FSC thresholds were chosen accordingly (30). The map was isotropic,
with a sphericity value of 0.95, as computed by the 3D FSC validation server (31). The output map
was sharpened by application of a B-factor of -45 A2, automatically estimated in RELION, and low-

pass filtered according to the half-map FSC curve.

Identification of a higher-quality particle subset. The 205,478-particle dataset was subjected to
alignment-free 3D classification using 6 classes and a tau value of 72. The resulting classes were
refined. One class reaching 2.6 A resolution from 20,379 particles was used for further analysis
(henceforth termed higher-quality subset). It is important to note that in our case, the remaining
classes also refined to approx. 2.6-2.8 A resolution (with approx. 60,000 and 20,000 particles
needed for the higher and lower ends of that spectrum, respectively), indicating that the quality
within the 205,478-particle dataset was already high in general. Notably, these reconstructions

were near-identical to each other and did not show meaningful conformational differences.

For the comparisons between data subsets (i.e. between the 205,478-particle dataset that
achieved 2.5 A resolution and the higher-quality 20,379-particle subset that achieved 2.6 A
resolution), the corresponding data parameters were extracted from the refinement STAR file
generated by RELION. For the CTF fit resolution and the maximum value of the probability
distribution, these values could be used directly. The defocus values used are the average of the
two defocus parameters determined for each micrograph (as required to account for
astigmatism). Due to the extremely large sample size (one data point for each particle in the two
datasets) and the fact that ever-smaller differences become statistically significant as the sample
size increases (32), all comparisons across the two data subsets (CTF fit resolution, maximum

value of the probability distribution, and defocus values) show a statistically significant difference



when analysed using significance tests. However, the effect size in the case of CTF fit resolution
is so small (difference between subset mean values = 0.04 A) that it is meaningless in practice, i.e.

for data analysis or micrograph selection.

Refinement of random subsets. Random subsets were generated using the corresponding
functionality in RELION 3.1 and re-refined using complete global alignment search from a
reference filtered to 20 A resolution. Masks and solvent-corrected FSCs were used during all

refinements, but are particularly important for the very small particle subsets.

Model building and initial refinement. Our previous structure of the human CAK (PDB ID 6XBZ)
(20) was docked into the density and rebuilt in COOT (33). The rebuilding was aided by maps
processed using LAFTER (34) or subjected to density modification in PHENIX (35, 36) using the
program PHENIX.RESOLVE_CRYO_EM (37), in which the positions of protein backbone carbonyls
could be deduced in some regions. The ligand model and corresponding refinement restraints
were generated in PHENIX.ELBOW (38), docked into the density, and adjusted. After completion
of protein re-building and ligand fitting, water molecules were placed into remaining unassigned
densities near the protein. To avoid false placements, we limited water placement to densities
with o-levels of 3.5 root mean squared deviations (R.M.S.D) above background or higher. We
verified that interpretation of these densities as water molecules was justified by comparing our
water placements to the waters built in the X-ray crystal structures of cyclin H at 2.6 A resolution
(PDB IDs 1KXU, 1JKW) (39, 40) and found a substantial degree of agreement between these
entirely independent placements. The structure was initially refined using

PHENIX.REAL_SPACE_REFINE (35).

Refinement using PHENIX-OPLS3e. We subsequently employed a combination of PHENIX with
the OPLS3e force field described recently (41) in order to more accurately refine the OH-in and
OH-out conformations of ICEC0942 (Fig. S3 in the Supporting Material). As previously described
(41), we performed an explicit weight scan (Fig. S4 in the Supporting Material) using refinement

weights ranging from 5 to 50 and selected a refinement weight of 10, which gave the optimum



MOLPROBITY score, for the final PHENIX-OPLS3e refinement to generate the structure used for

interpretation.

As reported previously (41), the approach employing the OPLS3e force field results in an improved
overall MOLPROBITY score and lower clash scores at the expense of higher bond and angle
R.M.S.D. values (Table 1). To facilitate comparison of the quality and refinement statistics of our
higher-resolution CAK structure with results obtained by methods that are more routinely used
in the field, the coordinate model was also re-refined with PHENIX alone, omitting OPLS3e. For
this refinement, the ligand was restrained to the conformations resulting from the PHENIX-
OPLS3e refinement using reference restraints. The refinement statistics of this model are
excellent according to commonly used standards, with no Ramachandran or rotamer outliers
(Table 1). However, it is worth noting that (i) there are instances where the PHENIX-OPLS3e-
refined side chain conformations appear to be more accurate representations of the density and
that (ii) in the absence of restraints to preserve the ligand to the conformation found using
OPLS3e, PHENIX refines the hydroxypiperidine ring into an energetically less favourable boat
conformation that also appears to fit the map less well. We thus conclude that the use of PHENIX-

OPLS3e provides useful additional structural detail at the resolution of our cryo-EM map.

All structures were validated using MOLPROBITY (42) as implemented within PHENIX, including
the recently introduced Rama-Z measure (43). The refinement statistics for the coordinate models

are given in Table 1.

Results and Discussion

Structure determination

To obtain insight into the mode of binding of ICEC0942 (11) to the human CAK, we collected cryo-

EM data of the CAK-ICEC0942 complex using a 200 kV-electron microscope equipped with a direct

detector capable of electron counting, as used previously for structure determination of the CAK

(20) and other small complexes (44). Our previous cryo-EM visualization of human CAK indicated



that preferred orientation is an issue with this specimen, and that the orientation distribution of
the complex on the grid can vary substantially even between grids prepared using near-identical
conditions. This was the case with the CAK-ICEC0942 complex as well, with pronounced peaks for
top and side views on different grids that had been prepared within minutes of each other using
the same materials (Fig. 1A). Therefore, we monitored the data collections using cryoSPARC live
(23) and proceeded with one- or two-day automated data collection only after verifying that the
grid being imaged was able to provide a sufficient range of views to result in a near-isotropic 3D
reconstruction, which was then further improved by combining datasets from three grids (Fig.

1A).

From a total of 6,985 selected micrographs, 10,904,715 particles were picked. A homogeneous
subset of 205,478 particles was identified by two- and three-dimensional image classification (Fig.
S2A), and then refined to 2.5 A resolution employing recent data analysis tools, such as Bayesian
polishing and correction of optical aberrations in silico (Fig. 1B, Fig. S2B, and Methods) (24, 27,
29). The very large number of initially selected particles and the ability to subsequently obtain a
highly homogeneous and self-consistent particle population by stringent 3D classification likely
contributed to the high resolution achieved. Our structure at this improved resolution (Fig. 2A) is
highly consistent with our previous structures of CAK-ATPYS at 2.8 A and CAK-THZ1 at 3.3 A
resolution (20), showing the complex in the same structural state, with an active conformation of
the regulatory T-loop and the inhibitor bound to the active site of the kinase (Fig. 2A). The use of
the higher-resolution map, in combination with density modification in PHENIX (37), allowed us
to improve and correct the backbone geometry in some well-resolved areas showing density
features corresponding to backbone carbonyls (Fig. 2B, C). The density for the inhibitor is clear
and shows a hole in the 3-hydroxypiperidine group within ICEC0942 (Fig. 2D, E), probably because
the carbon-carbon single bonds in this 6-membered ring are longer than the partial double bonds

in aromatic ring systems, which generally do not show holes at this resolution.
Insight into ICEC0942 binding

Analysis of the conformation of ICEC0942 in the active site pocket of CDK7 revealed that the

pyrazolopyrimidine core of the inhibitor (Fig. S3A) binds in a very similar position and orientation

9



as previously observed for CDK2-bound ICEC0942 (45), forming hydrogen bonds with both the
backbone carbonyl and the amide proton of CDK7 residue M94 (Fig. 2D, E). However, we find
conformational differences of both of the six-ring-bearing substituents of the inhibitor compared

to the CDK2-bound structure (Fig. 2F, Fig. S3B).

The orientation of the benzylamine substituent in CDK7-bound ICEC0942 differs substantially
from the conformation of this substituent in the CDK2-ICEC0942 complex (45). The two
conformations (“ring-up” and “ring-down”, Fig. S3B) are related by a rotation of this chemical
group by ~120° (Fig. 2F, Fig. S3B). In the ring-up conformation, the benzyl group is accommodated
by the linker between the N- and C-terminal domains of CDK7 rather than forming interactions
with the B-sheet near the N-terminus of the kinase, as observed in the ring-down conformation
in CDK2. This conformational difference is likely due to two subtle structural differences between
CDK7 and CDK2. First the substitution of residue 110 in CDK2 by L18 in CDK7 is likely to cause one
of the terminal methyl groups in CDK7 L18 to interfere with inhibitor in the ring-down
conformation (Fig. 2F). Second, a slight shift of the protein backbone near the C-terminus of the
inter-domain linker (around CDK2 L83/CDK7 M94) moves CDK2 residue D86 towards the
ICEC0942 binding site. This conformational arrangement would probably lead to clashes between
the inhibitor in the ring-up conformation and the side chain of D86 in CDK2 (Fig. 2F), thus

disfavouring this inhibitor conformation.

A second conformational difference between the CDK7- and CDK2-bound structures involves the
3-hydroxypiperidine ring of ICEC0942. The density shows that in the CDK7 complex, this ring is
tilted forward slightly (Fig. S3B). The protonated secondary amine of the hydroxypiperidine
substituent remains within hydrogen bonding distance of the side chain amide oxygen of CDK7
N142 (Fig. 2D). The features of the cryo-EM density additionally suggest that the
hydroxypiperidine ring may be rotated by approx. 180° in the CDK7-bound structure (Fig. S3C),
such that the hydroxy group points towards the inside of the active site cavity in CDK7 (OH-in
conformation), while it points towards the solvent and a neighbouring 3-strand in CDK2 (OH-out,
Fig. 2D, F, Fig. S3B, D). To enable a more accurate refinement of the ligand and a more detailed

analysis of these interactions, we refined our structure using a recently described method

10



combining the OPLS3e force field with the PHENIX refinement package (41). Using this approach,
we were able to refine both the OH-in and OH-out conformations into the cryo-EM density. Our
density is most compatible with the OH-in orientation, but the OH-out conformation may be

present simultaneously and was modelled as an alternative conformer (Fig. S3C, D).

The origin of the conformational change in the hydroxypiperidine ring of CDK7-bound ICEC0942
relative to CDK2 is not entirely clear, but might be connected to small conformational differences
at the base of the T-loop near the active site, where CDK7 residue D155 is moved towards this
region of the inhibitor slightly, with the C3 atom most closely approaching the hydroxypiperidine
ring. The basis of this hypothesis is that our CAK-ICEC0942 structure contains MAT1 and cyclin H
in addition to CDK7, which stabilise the extended, active, conformation of the T-loop (20). In
contrast, the CDK2-ICEC0942 structure (45) was solved using isolated CDK2, which results in an
inactive T-loop conformation. The conformational differences between the active and inactive
states are most dramatic at the tip of the T-loop, but smaller changes extend to the base of the

T-loop near the active site cleft, where they might affect the ICEC0942 binding site.

Previous molecular dynamics (MD) analysis identified the G-rich loop as well as residues D137 and
D155 of CDK7 as possible additional interaction partners of the hydroxypiperidine ring on
ICEC0942 (45). We do not observe direct hydrogen bonding between these elements in our
structure. As already observed in the MD simulation (45), D137 lies relatively deep inside the
active site pocket and may be inaccessible without larger motions of the inhibitor, which might
require breaking of other interactions, thus rendering such conformations rarely accessed. CDK7
D155 (shown in Fig. 2D), mutation of which to alanine has been shown to negatively affect
inhibitor binding (45), lies within possible hydrogen bonding distance of the CDK2-like
conformation of ICEC0942, but not of the conformation we observe within CDK7. It is possible,
however, that D155 stabilises the side chain conformation of N142, which in turn interacts with
ICEC0942 (Fig. 2D), providing a possible explanation of the experimentally observed contribution
of the carboxyl group of D155 to ICEC0942 binding. Any direct — rather than water-mediated —
interactions between ICEC0942 and the G-rich loop of CDK7 would require some conformational

dynamics of either the protein or the inhibitor, because our structure shows the G-rich loop

11



slightly removed from the active site pocket, beyond the reach of direct interactions, and at

somewhat lower density contour, indicating flexibility.

These conformational differences and differing interactions between the CDK7- and CDK2-bound
ICEC0942 (Fig. 2F) may provide avenues to the design of more specific inhibitors and drug

candidates with reduced side effects.

Data quality and limitations

Previous efforts to determine the cryo-EM structure of small complexes have shown that high-
resolution reconstructions can be obtained from very small numbers (a few tens of thousands) of
asymmetric units selected by classification of larger datasets (44, 46). We therefore analysed the
resolutions that could be achieved using particle subsets randomly extracted from our 2.5 A-
resolution dataset, ranging from 50,000 particles down to 1,500 particles (Fig. 3A). Independently,
we 3D-subclassified our 2.5 A-resolution dataset and identified a small class of 20,397 particles
that could be refined to 2.6 A resolution. Even though these particles could not match the 2.5 A-
resolution obtained using the 205,478-particle dataset, they arguably represent a higher-quality
subset that results in only a minor decrease in resolution with a 10-fold smaller particle number.
We then refined random subsets of the smaller, higher-quality class as well. These calculations
revealed, as expected under the assumption that these particles represent a higher-quality
subclass, that the Henderson-Rosenthal B-factor (30) for this smaller subclass is lower, and that
random data subsets from this class containing as few as 5,000 particles are sufficient to reach
3.0 A resolution (Fig. 3B, C). This number of asymmetric units is less than half of that used in an
asymmetric reconstruction of alcohol dehydrogenase to 3.1 A resolution (approx. 11,000 particles)

(44).

To investigate possible differences between these 20,397 higher-quality particles and those
comprising the larger 205,478-particle dataset that might guide future data collection or
processing efforts, we compared the defocus values, the resolution to which the CTF fit agrees

with the power spectrum of the micrograph (as a measure of micrograph quality), and the

12



maximum value of the probability function in the orientation search (which correlates with the
sharpness of the orientation assighment) between the larger set and the smaller subset of
particles. The analysis shows that the smaller dataset is enriched in lower-defocus particles, with
mean defocus and standard deviations of 0.79 (o = 0.22) um and 0.63 (c = 0.14) um for the full
set and the subset, respectively (Fig. 3D), in agreement with the notion that low-defocus data
collection is beneficial (19). In the light of recent data demonstrating that higher defocus does
not induce information loss due to a CTF envelope when using modern electron microscopes with
highly coherent field-emission guns (47), the source of this effect in our dataset is unclear but
may be related to the data processing strategy. Signal delocalisation at higher defocus (28) can
limit the achievable resolution when small particle boxes are used and might lead to elimination
of high-defocus particles during high-resolution 3D classification. However, even though the
delocalised 2.5 A-signal can be recovered at defocus values of 1.3 um or lower at the centre of an
image box of size of 263 A, particles with defocus values of 0.8-1.0 um, which should not suffer
from adverse effects of signal delocalisation, were substantially under-represented after our final
3D classification along with all higher-defocus particles. This indicates that effects other than
signal delocalisation may have contributed to the result we observe. It is possible that the faster
oscillations of the high-frequency CTF at higher defocus lead to larger high-resolution phase
errors for higher-defocus data in the presence of small errors in the estimated defocus values,

which are likely unavoidable even with in silico CTF refinement.

We also saw that the estimated resolution to which the initially fitted CTF agrees with the power
spectrum of the micrograph, a metric that is often used to assess micrograph quality, is essentially
the same between the two particle sets, with mean values of 3.18 (5 = 0.26) A and 3.14 (5 = 0.26)
A for the full set and the subset, respectively (Fig. 3E). We note that we had removed a small
number of particles from all micrographs not reaching 4 A according to this metric during data
processing. However, particles from micrographs clearing this modest threshold generally appear
to be able to contribute to the high-quality reconstruction. Analysis of the beam-induced motion
in the first few movie frames also showed no difference between the two data subsets (not

shown). Finally, particles in the smaller subset show higher maximum values of the probability

13



distribution describing the angle assignment, with median values of 0.17 and 0.26 for the full set

and the subset, respectively, indicating that these particles were more accurately aligned (Fig. 3F).

It is worth noting that the results from particle classification were better than those obtained by
simply removing particles with higher defocus or with broader probability distributions from the
dataset. For example, removing all particles with a maximum value of the probability distribution
for the angular assignment of less than 0.25 resulted in a dataset of 57,473 particles that refined
to only 2.8 A resolution, and removing all particles with a defocus above 0.8 um yielded 89,562
particles that refined to 2.7 A resolution (not shown). Both of these compare unfavourably to the
2.6 A obtained from 20,397 3D-classified particles. This suggests that approaches that exploit
particle classification to identify high-quality particles may be preferable over applying stringent

selection criteria to the micrographs at the outset of data processing, at least for these metrics.

Extrapolation of the particle number required to reach higher resolution shows that almost 30-
fold more particles are required to reach 2 A resolution even in the best case, i.e. when assuming
linearity of the extrapolation (Fig. 3A, inset), which may not hold true in practice. Clearly, this is
not feasible by simply collecting more of the same data, and an increase in either data quality or
particle yield is needed. Higher data quality could likely be achieved using improved microscope
hardware, as recently described for record-breaking apo-ferritin structures (16, 18), or by
increasing the magnification to achieve higher DQE at a given spatial frequency (13), with the
consequent need to collect more images to obtain the same number of particles. Alternatively, in
the light of the extremely low yield of “good” particles of approx. 0.2-2% (20,397 and 205,478
particles in the final reconstructions from 9,339,254 particles after initial 2D classification), it will
be critical to increase the yield of intact, high-quality particles while producing better orientation
distributions. Improved sample preparation using new instrumentation (48, 49), specimen
support films that minimize the interaction of the particles with the air-water interface (46, 50,
51) or grids with substantially reduced beam-induced motion (52) should allow cryo-EM structure
determination at higher resolution from smaller or equal amounts of sample and without
additional microscope hardware, both of which may aid in reducing the overall cost of the

experiment.
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Conclusions

Here, we have presented the structure of a small asymmetric protein complex, the human CAK,
with a cancer drug-candidate bound in its active site cleft. Our structure reveals differences
between CDK2- and CDK7-bound ICEC0942, highlighting the importance of obtaining structural
insight into the interactions of drugs or other ligands with their native protein targets in their
physiological complexes, not limited by the availability of diffracting crystals. Future efforts
should be directed towards establishing methods that can routinely resolve small, asymmetric
complexes to beyond 2 A resolution. This would allow direct and reliable visualization of the
protein backbone carbonyl conformation and of the majority of ordered water molecules, thus

providing more accurate insight into hydrogen-bonding networks.
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