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SUMMARY

Recent advances in single-particle cryoelecton
microscopy (cryo-EM) are enabling generation of
numerous near-atomic resolution structures for
well-ordered protein complexes with sizes >
~200 kDa. Whether cryo-EM methods are equally
useful for high-resolution structural analysis of
smaller, dynamic protein complexes such as those
involved in cellular metabolism remains an important
question. Here, we present 3.8 A resolution cryo-EM
structures of the cancer target isocitrate dehydroge-
nase (93 kDa) and identify the nature of conforma-
tional changes induced by binding of the allosteric
small-molecule inhibitor ML309. We also report 2.8-
A- and 1.8-A-resolution structures of lactate dehy-
drogenase (145 kDa) and glutamate dehydrogenase
(334 kDa), respectively. With these results, two
perceived barriers in single-particle cryo-EM are
overcome: (1) crossing 2 A resolution and (2) obtain-
ing structures of proteins with sizes < 100 kDa,
demonstrating that cryo-EM can be used to investi-
gate a broad spectrum of drug-target interactions
and dynamic conformational states.

INTRODUCTION

Cryo-electron microscopy (cryo-EM) is now firmly established as
a central tool in the arsenal of structural biology. The ability to
obtain near-atomic resolution structures using cryo-EM was
shown initially almost three decades ago in the context of elec-
tron crystallographic studies of membrane proteins (Henderson
et al., 1990). Continued advances in single-particle cryo-EM over
the next two decades enabled high-resolution analysis of non-
crystalline samples with high internal symmetry such as icosahe-
dral and helical viruses (Ge and Zhou, 2011; Settembre et al.,
2011; Yuetal., 2008; Zhang et al., 2010). Large and relatively sta-
ble complexes such as ribosomes also proved especially
amenable to analysis using cryo-EM methods, first at medium
resolution (Matadeen et al., 1999; Rawat et al., 2003) and more
recently at near-atomic resolution (Amunts et al., 2014; Fischer
et al., 2015; Jomaa et al., 2016; Wong et al., 2014). These suc-
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cesses have now been extended to a wide spectrum of protein
complexes, including several integral membrane proteins (Bai
et al., 2015b; Du et al., 2015; Liao et al., 2013; Matthies et al.,
2016). Structures determined by cryo-EM can now reach resolu-
tions as high as 2.2 Aand2.3A, as exemplified by structures of
the 465 kDa B-galactosidase (Bartesaghi et al., 2015) and the
540 kDa AAA ATPase p97 (Banerjee et al., 2016). However, all
of the near-atomic-resolution structures reported have been of
proteins with sizes in the range of ~200 kDa or larger, and
an informal opinion in the field is that cryo-EM technology is
primarily suited for analysis of relatively stable proteins with
sizes >150 kDa (Thompson et al., 2016). The smallest protein
for which a cryo-EM structure has been reported using single
particle cryo-EM is that of the 135 kDa ABC exporter TmrAB,
at ~10 A resolution (Kim et al., 2015), and the challenges in
achieving near-atomic resolution for small proteins, even with
sizes as large as ~300 kDa have been noted (Skiniotis and
Southworth, 2016; Cheng, 2015; Belnap, 2015). Crystallographic
analyses are generally very powerful for proteins in this size
range but usually require that flexible regions are either deleted
or altered. Given that small, dynamic protein complexes are
implicated in numerous cellular processes, there is considerable
interest in determining whether cryo-EM methods can be also
applicable for structural analysis of this class of proteins under
near-native conditions and at near-atomic resolution.

A principal reason why small proteins such as those with sizes
<150 kDa have been considered intractable for analysis by cryo-
EM is that the errors in alignment of individual projection images
become progressively higher as the size of the scattering entity
gets smaller (Henderson et al., 2011). In principle, with a perfect
detector that displays minimal falloff in detective quantum effi-
ciency (DQE) even at Nyquist frequency (Henderson, 1995;
McMullan et al., 2014), it should be possible to achieve accurate
alignment of projection images of smaller proteins, but all
currently available detectors still show a significant drop in
DQE at higher frequencies. The use of phase plates is an option
that may help partially alleviate the problem of image contrast
(Danev and Baumeister, 2016), but these developments are still
at an early stage. One way to compensate for the falloff in DQE at
higher spatial frequencies is to collect data at higher magnifica-
tion. This strategy, however, lowers contrast and makes the
alignment of individual frames collected in movie mode of data
collection more challenging. Experimental approaches to opti-
mize specimen preparation provide an alternative route to
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Table 1. Summary of Data Collection and Image-Processing Parameters for the Density Maps of LDH, IDH1, and GDH Reported in this

Manuscript

Total number Defocus range  Starting number

Particles used

Frames used B-factor for

of micrographs  (microns) of particles in final map in final map sharpening (AZ) Final resolution (A)
LDH-inh 1,707 0.8-2.2 508,402 50,865 (10%) 1-30 —-150 2.8
IDH-apo 1,506 0.7-3.0 499,184 49,936 (10%) 1-30 —180 3.8
IDH-inh 820 0.7-2.6 232,343 46,483 (20%) 1-30 -180 3.8
GDH 232 0.8-2.1 45,388 21,818 (48%) 3-9 —-90 1.8

improve image contrast: it can be easier to minimize the back-
ground scattering from the ice layer for smaller proteins because
the lower the molecular weight, the thinner the ice layer that is
required to surround the protein with an aqueous layer.

To further test the limits of what is possible with present-day
cryo-EM technology, we have analyzed structures of two small,
soluble enzymes implicated in cancer metabolism: the 145 kDa
lactate dehydrogenase (LDH B, a tetramer composed of four
identical ~36 kDa subunits) and the 93 kDa isocitrate dehy-
drogenase (IDH1, a dimer composed of two identical ~47 kDa
subunits). In both cases, we tested whether structures can be
obtained at high enough resolution to localize bound small-mole-
cule ligands and to determine the structures of ligand-bound
complexes. We also carried out structural analysis of the confor-
mationally dynamic enzyme glutamate dehydrogenase (GDH).
Earlier crystallographic analyses of apo-GDH, a 334 kDa hex-
americ protein composed of six identical ~56 kDa subunits,
have been limited to a resolution of 2.7 A, possibly because
some regions of the protein may display a continuum of confor-
mational states even in the context of a crystal lattice. This is a
feature that may well be shared by a large majority of protein
complexes involved in signaling and metabolism. While it is ex-
pected that image averaging will limit resolutions that can be
achieved for the conformationally flexible components, it is inter-
esting to ascertain whether cryo-EM analyses can be used to
obtain atomic resolution for the ordered regions of these types
of protein complexes.

RESULTS

Structural Studies of Lactate Dehydrogenase

Cancer cells catalyze the production of lactate from pyruvate,
the final metabolite generated from glucose during glycolysis.
In non-malignant cells, pyruvate enters mitochondria to partici-
pate in the Krebs cycle and in oxidative phosphorylation. Under
anaerobic conditions, such as that found in muscle cells, tetra-
meric LDH mediates the formation of lactate from pyruvate using
NADH as a cofactor. However, in cancer cells, irrespective of
oxygen availability, glycolysis followed by production of lactate
through LDH is the preferred pathway, enhancing the production
of metabolic precursors required for biosynthesis of cellular
macromolecules. The recognition in a growing number of can-
cers of the central role of both LDH A and B isoforms (Fiume
et al., 2014; McCleland et al., 2013; Rodriguez et al., 2003) has
driven the identification of small-molecule inhibitors, including
mercaptocyclohex-2-enone derivatives that bind away from
the NAD-binding pocket and are not competitive inhibitors

(Dragovich et al., 2014), as well as sulfamoylquinoline benzoic
acid derivatives, which compete with NAD binding to LDH (Bil-
liard et al., 2013). To evaluate the potential of cryo-EM to deter-
mine structures of a small protein complex such as LDH and
localize the binding sites of potential small-molecule inhibitors,
we carried out cryo-EM analysis of LDH B in complex with
GSK2837808A, a 650 Dalton compound in the quinoline 3-sul-
fonamide series (Billiard et al., 2013). These compounds potently
inhibit activity of LDH A and B, as well as isoforms with mixtures
of LDH A and B, making them attractive candidates for use in
treatment of solid tumors that rely principally on aerobic glycol-
ysis for survival.

The cryo-EM structure of the LDH B-GSK2837808A complex
at an overall resolution of 2.8 A (Figure S1A; Table 1) enables
delineation of the binding site of the inhibitor (Figures 1A-1C).
The location of the compound at the periphery of the protein is
in excellent agreement with the placement of inhibitors in the
two X-ray structures (4QSM and 4QTO at resolutions of 3.0 A
and 3.2 ,5\, respectively) that are available for LDH A in complex
with quinoline 3-sulfonamides (Figures S1B and S1C). The
density for the inhibitor is not adequate to model in a specific
conformation, which could be a consequence of high conforma-
tional flexibility coupled with its location at the outer edge of the
protein with a high degree of solvent exposure. Nevertheless,
most regions of the polypeptide display density that enables
unambiguous construction of an atomic model for the protein
(Figures 1D and 1E), including localization of numerous water
molecules in the density map (Figures S1D and 1E). The fact
that the overall quality and resolution of the structure is compa-
rable to that obtained from X-ray crystallography validates the
potential of cryo-EM to obtain near-atomic resolution structures
of <150 kDa complexes of this kind, without the need for
crystallization.

Structural Studies of Isocitrate Dehydrogenase

The conversion of isocitrate to a-ketoglutarate (¢«KG) is catalyzed
by NADP*-bound IDH1. IDH1 proteins with mutations at residue
Arg'®2 are found in cancer cells such as those in glioblastoma.
This residue, most often found mutated to a histidine or a
cysteine, is critical for the maintenance of the active site (Dang
et al., 2009; Yang et al., 2010). The R132H and R132C variants
of IDH1 lose affinity for isocitrate; instead, with the cofactor
NADPH, these mutants bind «KG and convert it to R(—)-2-hy-
droxyglutyrate (2HG), an oncometabolite. ML309 is a potent
and selective inhibitor of IDH1 R132H/C, decreasing production
of 2HG in glioblastoma cells (Davis et al., 2014). Although a
number of structures of the R132H mutant exist, structures of
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IDH Arg'®2 mutants in complex with the ML309 inhibitor have not
yet been determined. Structural analysis of IDH1 by cryo-EM is
technically challenging given its small size, low symmetry (C2),
and potential flexibility.

In Figure 2A, we present a cryo-EM structure for the R132C
mutant of IDH1 that shows the characteristic butterfly fold of
the dimer at a nominal resolution of 3.8 A (Figure S2A). The poly-
peptide backbone and densities for the larger side chains are
resolved in many regions (Figures 2B and 2C), enabling place-
ment of the polypeptide chain into the density map using prior
crystal structures of IDH1 as a guide. The quality of the map is
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Figure 1. Cryo-EM Analysis of LDH B Bound
to Inhibitor GSK2837808A

(A) Cryo-EM density map of complex showing
density for GSK2837808A (red) and selected resi-
dues in the binding pocket.

(B) Ribbon diagram of refined structure of LDH B
showing the location of the bound inhibitor
(marked by arrows) on the periphery of the
tetramer.

(C) Structure of GSK2837808A.

(D and E) Visualization of side-chains in the cryo-
EM density map in an a-helical segment (D) and
loop region (E) of the polypeptide.

See also Figure S1.

variable, with the expected gradient
from regions that are in the well-packed
interior at higher resolution, to those on
the periphery with greater solvent expo-
sure at lower resolution. Comparison of
the structure of apo-IDH1 with that of
ML309-bound IDH1 enables localization
of ML309 in the structure (Figures 2A
and 2D). The location of the inhibitor in
the cryo-EM structure (Figure 2D) in a sol-
vent-exposed region close to the 2-fold
axis and near the catalytic site is similar
to that seen for many IDH1-inhibitor com-
plexes that have been amenable to crys-
tallography (Deng et al., 2015; Okoye-
Okafor et al., 2015; Wu et al., 2015; Zheng
et al., 2013).

Despite the modest resolution of the
maps, the structures provide new insights
into structural aspects of IDH1 and its
interaction with the inhibitor. Cryo-EM re-
constructions carried out without imposi-
tion of 2-fold symmetry resulted in maps
at a resolution of ~4.5 A, similar to those
obtained with the use of 2-fold symmetry
(Figure S2B), indicating that the structure
of the IDH1 dimer in solution is symmetric
at least at this resolution. This is a
different result than that obtained from
crystal structures of IDH1, which are
mostly asymmetric with regions in the
two protomers exhibiting different confor-
mations (Xu et al., 2004; Yang et al., 2010). In our structures, both
polypeptide chains that form the IDH1 dimer appear to be equiv-
alent, suggesting that the apparent asymmetry is a likely conse-
quence of crystal lattice formation and is not an intrinsic property
of the dimer, as confirmed by inspection of lattice packing (Fig-
ure S3A). Further, comparison of the apo- and inhibitor-bound
structures shows that ML309 binding essentially drives a wedge
between the two protomers, leading to an outward movement of
the peripheral domains (Figure 2E) that is evident even when
comparing reconstructions obtained without imposition of sym-
metry (Movie S1). This structural change includes displacement
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Figure 2. Cryo-EM Analysis of IDH1 in the Absence and Presence of the Inhibitor ML309

(A) Cryo-EM map of the apo-IDH1 (isocitrate dehydrogenase) dimer, colored by subunit.

(B and C) Selected regions of the IDH1 map demonstrating density for side-chains in an a-helical region (B) and a B sheet region (C).

(D) Cryo-EM map of IDH1 in complex with ML309 showing density (red) for the inhibitor (inset) close to the dimer interface.

(E) Superposition of the apo- (gray) and ML309-bound (yellow/blue) IDH1 structures shows the outward movement of the subunits with ML309 binding (density
shown in red). The black arrows indicate the direction of the changes in tertiary structure while the yellow and blue arrows show the overall movements at the level

of quaternary structure.
See also Figures S2 and S3, and Movie S1.

of a stretch of polypeptides spanning residues 270-281. The
density for bound NADPH and the surrounding residues in the
pocket is adequate for placement of the cofactor in the pocket
(Figure S3B), but the low 3.8 A resolution of the maps precludes
identification of the detailed interactions within the binding
pocket. Inspection of the asymmetrically reconstructed density
map also enables the unambiguous identification of additional
density consistent with the binding of a single molecule of
ML309 at the dimer interface (Figure S3C), although its precise
orientation cannot be determined. Nevertheless, the location of
the catalytic site between the NADPH binding site and the site
of bound ML309 potentially explains how ML309 binding can
cause a profound change in the catalytic activity of the enzyme.
These results show that cryo-EM density maps from small,
<100 kDa dynamic proteins can not only help localize binding
sites for small molecule inhibitors, but also potentially predict
changes in activity that can complement information obtained
from crystallographic studies.

Cryo-EM Analysis of Glutamate Dehydrogenase

Smaller size, lower symmetry, and conformational flexibility
may all be contributing factors that limit resolution of the IDH1
structures obtained using cryo-EM methods. Intrinsic flexibility
of proteins also poses a challenge for determining high-resolu-
tion structures even with X-ray crystallography. In many cases,

crystal contacts can freeze specific protein conformations,
enabling structure determination at resolutions of 2 A or better,
but in other instances, local flexibility can be high enough to limit
overall resolution. The cancer target and hexameric enzyme
GDH is a good example of this problem. GDH displays closed
and open conformations involving large movements of the nucle-
otide binding domain (NBD), but even when trapped in closed or
open conformations, the highest resolutions reported so far from
crystallographic studies and cryo-EM analyses of the open
conformation are ~2.7 A (Smith et al., 2002) and ~3.3 A (Borgnia
et al., 2016), respectively. We therefore used GDH to evaluate
whether we could further optimize cryo-EM methods to achieve
resolutions of ~2 A or better for the more ordered regions,
despite the presence of significant conformational flexibility in
other areas of the protein.

Using cryo-EM projection images that were selected for
reduced beam-induced drift, we determined a cryo-EM structure
for GDH in the open state using <22,000 molecular images (Fig-
ures 3, S4, S5; Table 1; Movie S3). Irrespective of whether the
maps were divided into one, two, or more classes, the density
maps displayed a clear difference between well-ordered central
regions covering the central half of the complex and “fuzzy”
outer regions for the rest, as illustrated by slices through projec-
tion images of the density map (Figures 3A and 3B). Based on
comparison of the extent of movement determined by classifying
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Figure 3. Cryo-EM Analysis of GDH
(A and B) Projection views of two 3D classes from cryo-EM analysis of GDH (glutamate dehydrogenase). In both classes, there is well-defined density at the core,
but it is weakly defined at the peripheral nucleotide binding domain (NBD). The two classes display similar structures in the interior but differ slightly in the
peripheral NBD. The two classes are likely to be subsets of a continuum of states with varying orientations for the outer domain relative to the core.

(C) Ribbon diagrams of the open and closed structures (Borgnia et al., 2016) demonstrating the more extensive NBD movement associated with substrate binding
and catalytic cleft closure.
(D) A selected region of the cryo-EM map of the GDH structure, highlighting high-resolution features such as “holes” in the aromatic rings of Tyr*®2, Phe®®3, and

Trp385

See also Figures 4 and S4 and Movie S2.

the data to produce two discrete 3D structures, the range of
motion in the peripheral NBD (Figures 3A and 3B; Movie S2) is
seen to be small in comparison to the large domain movements
observed for transition from open to closed conformations (Fig-
ure 3C) (Borgnia et al., 2016).

The binding of GTP (an inhibitor) and ADP (an activator) to two
allosteric sites in each protomer modulates the transition be-
tween “closed” and “open” states of GDH. These allosteric
modulators tightly control GDH function in vivo. The two states
we present in Figures 3A and 3B are both in the “open” confor-
mation with differences likely due to small perturbations arising
from the unhindered sampling of conformations due to the
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, water molecules (shaded yellow), and well-resolved densities for carbonyl bonds.

twisting motions of the pivot helix in the absence of either ADP
or GTP in solution. Despite the presence of the flexible outer
domains (Figures 3A and 3B), most of the interior of GDH can
nevertheless be visualized at resolutions better than 2 A, well
beyond the 2.7 A resolution obtained with X-ray crystallographic
analysis, in which the flexible regions presumably limit the
order of the crystals obtained. In comparison to our earlier
work with B-galactosidase (Bartesaghi et al., 2015), in which
we reported an average resolution of 2.2 A, the density map
for GDH at 1.8 A shows better-defined and more uniform density
over most of the ordered central core, spanning the subunit
interface (Figure 3D), as well as clear density for carbonyl bonds,
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Figure 4. Density Representations for Each
of the 20 Amino Acid Types from the 1.8 A
Resolution Cryo-EM Structure of apo-GDH
Features such as holes in aromatic rings, as
well as the “zigzag” structure of extended side-
chains such as Arg and Lys, are visible in
the density maps. See also Figure S5 and
Movie S3.

fraction of the protein that is conforma-
tionally mobile may preclude achieving
atomic resolution for the more structured
or stable regions of the complex. The fact
that we can visualize densities for each of
the 20 amino acids in the GDH cryo-EM
map (Figure 4), without 3D masking
during refinement, addresses this ques-
tion definitively while also enabling the
crossing of the 2 A resolution mark in
single particle cryo-EM. These cryo-EM
densities are easily comparable to those
obtained by X-ray crystallography at a
similar resolution (Figure S5).

The maps we have obtained for LDH
display 2.8 A resolution in the protein
component and densities for numerous
water molecules (Figures S1D and S1E),
but density for the bound ligand is at
lower resolution. One reason that the
density for the bound ligand is less well-
defined than that of the polypeptide may
be because small molecule ligands
bound to the protein periphery are likely
to sample far more conformations in
aqueous solution than what is possible
in the context of a crystal lattice. Most
solvents used for protein crystallization

GIn®

several H-bonded water molecules and well-defined density for
extended Lys side chains (Figures S4B-S4E).

DISCUSSION

We have previously shown that it is possible to achieve atomic
resolution information from an inhibitor-bound protein complex
such as the 465 kDa B-galactosidase (Banerjee et al., 2016;
Bartesaghi et al., 2015). The inhibitor-bound state of B-galactosi-
dase is relatively stable, with only a small gradient in temperature
factor between the central and peripheral regions, making it
possible to achieve high resolution across the breadth of the
protein. However, many proteins can have flexible domains, as
in the case of GDH, even when they are expected to be in a single
conformational state. While cryo-EM can be used to effectively
mask out flexible or disordered areas of a protein during steps
in image processing (Amunts et al., 2014; Bai et al., 2015a), it
has remained an open question whether the presence of a large

invariably include additives such as PEG

that dehydrate the crystal by removing
excess solvent and tightening the packing of protein molecules
while reducing the size of the solvent channels around the
protein. As a result, these additives improve crystal order and
diffraction resolution, but at the same time, also affect ligand-
protein interactions, as dehydration reduces the number of water
molecules in the binding pocket and may minimize mobility of the
ligand. Thus, cryo-EM studies in aqueous dispersions and X-ray
crystallographic studies in ordered 3D crystals provide poten-
tially complementary snapshots of ligand-protein interactions
that are likely to occur in cellular environments.

Finding the correct orientation of each projection image is cen-
tral for the success of the single particle cryo-EM reconstruction
process. The practical size limitation for high-resolution structure
determination is currently a question of considerable interest
within the cryo-EM field. Figure 5 provides a comparison of the
relative sizes of some complexes whose structures have been
studied at near-atomic resolution, including those reported in
the present study. Given the present state of detector and
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Dengue Virus
11,200 kDa p97

Ribosome
2,300 kDa

microscope technology, a figure of 150 kDa is thought to be a
practical lower limit even for medium resolutions (Thompson
et al., 2016), even though theoretical arguments have been
advanced for why much smaller sizes should be accessible
(Glaeser and Hall, 2011; Henderson, 1995). As instrumentation
and methods for data analysis have improved, our ability to
overcome the handicaps of small size, low symmetry, and high
flexibility have likewise improved, allowing the reconstruction
of not just large, highly symmetric complexes such as icosahe-
dral viruses, but now also of smaller, lower symmetry complexes
(Figure 5A). In this study, we have shown that not only is it
possible to determine the structure of a protein smaller than
150kDa to ~3 A resolution, it is also possible to determine the
structure of a protein <100 kDa to near-atomic (<4 A) resolution,
coupled with the visualization of the location of bound small-
molecule inhibitors in both cases. From an analysis of all of the
parameters that influenced final map quality, our conclusion is
that selecting for specimens with thin ice, retaining only those
images that display the lowest beam-induced motion, and using
a sufficiently small pixel size and the improved XP sensor with
higher DQE performance were the key factors that enabled us
to obtain high resolution with these smaller protein complexes.

As more examples of cryo-EM structures are reported, there
are beginning to be noticeable patterns in the differences be-
tween the visual appearance of cryo-EM density maps and those
obtained using X-ray crystallography. In visualizing cryo-EM
density maps, different regions of the map are typically explored
by implementing B-factor sharpening specific to the different
segments of the map, but deposited maps and figures generally
show density maps sharpened with a single value for B-factor for
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Figure 5. Relative Sizes of Small Metabolic
Complexes Compared to Other Structures
Solved by Cryo-EM and Variations in Flexi-
bility across Different Regions

(A) Relative sizes of GDH, LDH B, and IDH1 in
comparison to a representative set of other
structures that have been solved by cryo-EM
to high resolution including icosahedral viruses,
ribosomes, and protein complexes such as
B-galactosidase and the AAA ATPase p97.

(B-D) Ribbon diagram of hexameric GDH (B),
tetrameric LDH B (C), and dimeric IDH1 (D),
colored to show B-factor variation from blue
(lowest) to red (highest), respectively.

See also Movie S3.

B-galactosidase
465 kDa

LDH IDH
145 kDa 98 kDa

the entire protein, which poses a chal-
lenge for capturing all of the information
in a single view. Nevertheless, it is clear
that in all three of the protein complexes
that we have analyzed, the outer regions
are significantly more flexible than the
core of the complex (Figures 5B-5D).
Since cryo-EM analyses report on the
structure of the proteins in solution, they
can provide information on quaternary
structures complementary to that ob-
tained from crystal structures, which
may be influenced by contacts within the crystal lattice. A com-
mon feature of the cryo-EM density maps we have observed in
structures of complexes of ligands with diverse proteins such
as LDH, IDH1, B-galactosidase, and p97 is that the density for
bound ligands, especially in the peripheral regions, is generally
somewhat weaker and at lower resolution than that of residues
in the binding pocket. As noted earlier in the discussion, this is
perhaps not surprising given the presence of numerous single
bonds around which rotations are possible, coupled with poor
steric and electrostatic fits between ligand and protein. Even in
regions where the density map of the polypeptide is poorly
defined in small proteins such as IDH1, crystallographic informa-
tion can provide an invaluable framework to interpret the cryo-
EM structures, enabling identification of sites of inhibitor binding.
Size, symmetry, and intrinsic flexibility are all parameters that
play a role in determining the resolutions that can be achieved us-
ing cryo-EM. LDH and B-galactosidase are both tetramers with the
same symmetry (D2), but LDH is about a third of the size of
B-galactosidase. The lower resolutions currently achieved with
LDH are most likely from the reduced accuracy of alignment of
projection images, and this comparison is thus a good way to
assess effect of size on resolution with presently available technol-
ogy. The further drop in resolution observed for IDH1 could be due
to reduction in size, lower symmetry, and potentially greater flexi-
bility of the dimeric enzyme. Reconstruction of IDH1 without appli-
cation of symmetry resulted in only a slightly lower resolution
(~4.5 A), indicating that the trends we observe are likely general
in nature. It is possible that, for these small enzymes, improve-
ments in resolution could be obtained by the use of one or two
bound Fab fragments (Wu et al., 2012). Fab fragments not only



increase the size of a complex, but also assist with orientation
assignment and can stabilize certain conformations of highly flex-
ible complexes (Kim et al., 2015; Lyumkis et al., 2013b). Since Fab
fragments are ~50 kDa in size, an important consequence of our
results is that the presence of one or two bound Fab fragments
may bring almost any protein into a size range suitable for analysis
by cryo-EM. Although we have not yet achieved ~2 A resolution
with small complexes such as IDH and LDH, it is likely that further
advances in detector technology will contribute toward achieving
this goal. Ongoing hardware developments such as phase plates
(Danev and Baumeister, 2016), as well as improvements in soft-
ware for image alignment and reconstruction of heterogeneous
complexes, will also undoubtedly be necessary to advance
cryo-EM frontiers to determine high resolution structures of even
smaller and more challenging complexes.

EXPERIMENTAL PROCEDURES

Proteins and Grid Preparation

Chicken heart LDH B (catalog #59747, Sigma-Aldrich, St. Louis) lyophilized
sample was suspended in 550 pl 1x PBS buffer and centrifuged at
20,000 x g for 30 min. Thereafter, it was subjected to gel filtration on a Super-
dex-200 size-exclusion chromatography column connected to a AKTA FPLC
apparatus (GE Healthcare Bio-Sciences, Piscataway) with an elution buffer
comprised of 1x PBS. The ligand GSK 2837808A (catalog #5189 Tocris
Bioscience) was dissolved in 100% DMSO and added to LDH (~1.5 mg/ml)
to a final inhibitor concentration of 75 uM and 0.5% DMSO.

Human IDH1 R132C mutant protein was purified following the published
protocol (Davis et al., 2014). ML309 was dissolved in 100% DMSO and added
to IDH1 (2.8 mg/ml) to a final inhibitor concentration of 50 uM and 0.5% DMSO.

Bovine GDH (catalog #G2626, Sigma-Aldrich, St. Louis) was dialyzed
overnight against gel-filtration buffer (100 mM potassium phosphate [pH
6.8]) prior to purification by size-exclusion chromatography (SEC) using a
Superdex-200 size-exclusion chromatography column connected to a AKTA
FPLC apparatus (GE Healthcare Bio-Sciences, Piscataway). Final protein
concentration was ~3 mg/ml.

Prior to preparation of frozen-hydrated specimens, 3-4 ul of a freshly
thawed aliquot of purified proteins or inhibitor-protein complexes were depos-
ited on Quantifoil R1.2/1/3 grids and plunge frozen in liquid ethane cooled by
liquid nitrogen using either a Leica plunge-freeze device (for the LDH and IDH1
samples) or a Vitrobot (for the GDH samples). For experiments with added
inhibitor, the protein was pre-incubated for 30 min at room temperature under
the buffer conditions indicated above for each kind of protein complex.

Data Acquisition

The grids were imaged using a Titan Krios transmission electron microscope
(FEI Company, Hillsboro) aligned for parallel illumination and operated at
300 kV, with the specimen maintained at liquid nitrogen temperatures. Images
were recorded on a K2 Summit camera equipped with the XP sensor (Gatan,
Pleasanton) operated in super-resolution counting mode, placed at the end of
a GIF Quantum energy filter (Gatan), functioning in zero-energy-loss mode with
a slit width of 20 eV as described previously (Bartesaghi et al., 2015). Images
were typically collected with a defocus range between —0.7 and —3.0 um. For
LDH and IDH, a dose rate of ~5 e /A%/s (at the specimen plane) was used with
a total exposure time of 12 s. Intermediate frames were recorded every 0.2 s
giving an accumulated dose of ~60 e /A2 and a total of 60 frames per image.
Pixel size was set to 0.495 A. For GDH, a dose rate of ~2.6 e /A%/s was used
and a total exposure time of 15.2 s. Intermediate frames were recorded every
0.4 s giving an accumulated dose of ~40 e /A? and a total of 38 frames perim-
age with a pixel size of 0.637 A

Image Processing
Movie frame alignment and contrast transfer function (CTF) estimation for each
micrograph were carried out as described previously (Bartesaghi et al., 2014).

For the LDH B and IDH1 reconstructions, particles were picked from the
original micrographs using a Gaussian disk of 42 A in radius as the search
template. Particles were extracted using a binning factor of 8 and a box size
of 96 pixels and subsequently subjected to 12 rounds of refinement with the
program Frealign (Lyumkis et al., 2013a). The numbers of particle images
used for each final reconstruction are shown in Table 1. The subset of particles
that contributed to the reconstruction in the last iteration was re-extracted
from the original micrographs using a binning factor of 4 and a box size of
192 pixels followed by eight additional iterations of local refinement in Frealign.
In a similar way, particles were re-extracted and further refined two additional
times using a binning factor of 2 and a box size of 768 pixels, first using the full
exposure and then using only the first half of the exposure (frames 1-30),
corresponding to ~30 e /A2. B-factor sharpening was applied to the final
maps for purposes of visualization (Table 1).

Images of GDH were processed in a way similar to that done for LDH B and
IDH1, this time using a Gaussian disk of 75 Ain radius as the search template
for particle picking. The selection of particles that contributed to the recon-
struction at each iteration was done according to the bi-modal distribution
of Frealign scores (Banerjee et al., 2016). Re-extraction of selected particles
from the original micrographs using progressively less binning followed by
local refinement was done as described above for the LDH B and IDH1 data-
sets. In addition, particles with a binning factor of 2 and a box size of 768 pixels
were re-extracted one final time using frames 3-9 and used to produce the final
reconstruction by applying the latest set of alignments (derived using the first
half of the exposure) without further refinement. A B-factor of —90 A? was
applied to the final map for purposes of visualization.

To estimate resolution, we used two approaches, both of which provided
mutually consistent results. In one approach, we used the strategy imple-
mented in Frealign to carry out refinement using only low-resolution informa-
tion (to prevent over-fitting) and then measured the value at which the FSC
value drops to 0.143. The highest resolution we used for refining particle orien-
tations was 6 A for the IDH1 datasets and 4 A for the LDH B and GDH datasets.
We also computed the FSC curve between the experimentally derived map
and the refined model, and determined the value at which the correlation drops
to 0.5.

Atomic Model Refinement

The starting model used for the refinement of the LDH coordinates was the X-
ray structure 110Z. Changes were made to the initial model in order to incorpo-
rate the differences between the human and chicken LDH amino acid se-
quences. The structure of the apo LDH B was initially refined by rigid-body
refinement followed by real-space refinement using the program Phenix
(Adams et al., 2010). Manual adjustments were made using the program
COOQOT (Emsley et al., 2010). Solvent molecules were added manually followed
by a round of real-space refinement.

The starting model used for the refinement of NADPH-bound IDH1 was
from the coordinates from the structure 3MAP. Prior to refinement, the
residue Arg'®? was mutated to a cysteine and the isocitrate molecule was
removed from the model. The structure of the NADPH-bound IDH1 was initially
refined by rigid-body refinement followed by real-space refinement using the
program Phenix. Manual adjustments were made by refinement in COOT
following another round of real-space refinement. For the ML-309-bound
structure, the starting model was the NADPH-bound IDH1 obtained using
the cryo-EM data. The refinement protocol was identical to that used for
LDH B.

The PDB coordinates 3JCZ served as a starting point for the refinement of
apo-GDH. Initially, rigid-body fitting followed by real-space refinement using
the program Phenix was used to refine the model. Manual adjustments were
made in COOT. Solvent molecules were added automatically using stringent
thresholds followed by manual inspection. Thereafter, the model was refined
again using real-space refinement as implemented in Phenix.

ACCESSION NUMBERS

The accession numbers for the density maps reported in this paper are Elec-
tron Microscopy Data Bank: 8191, 8192, 8193, and 8194 for LDHB, apo- and
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ML309-bound IDH1, and GDH, respectively. Each entry includes uncorrected
and B-factor sharpened maps, as well as the asymmetric reconstructions
where applicable. The accession numbers for the corresponding refined
atomic models reported in this paper are PDB: 5K0Z, 5K10, 5K11, and 5K12.
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