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Abstract: The images of flash-frozen biological macromolecules produced by cryo-electron
microscopy (EM) can be used to generate accurate, three-dimensional, electric potential maps for
these molecules that resemble X-ray-derived electron density maps. However, unlike electron
density maps, electric potential maps can include negative features that might for example
represent the negatively charged, backbone phosphate groups of nucleic acids or protein
carboxylate side chains, which can complicate their interpretation. This study examines the images
of groups that include charged atoms that appear in recently-published, high-resolution EM
potential maps of the ribosome and p-galactosidase. Comparisons of simulated maps of these
same groups with their experimental counterparts highlight the impact that charge has on the

appearance of electric potential maps.
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Introduction

Recent technological cryo-electron
microscopy (EM) have resulted in a revolution in
structural biology.'™ The resolutions of the single-
particle EM images being obtained have improved
dramatically. For example, a 2.9-A resolution ribo-
some map was reported recently, and maps have been
produced for B-galactosidase and glutamate dehydro-
genase that have resolutions of 2.2-A resolution, and
1.80 A, respectively.*™” EM is about to become a seri-
ous competitor of X-ray crystallography as a method

for determining the structures of macromolecules at
8

advances in

atomic resolution.

Prominent among the questions that will have
to be answered in order for EM to realize its full
potential are: (1) how best to refine atomic models
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obtained from EM maps, and (2) how best to assess
their accuracy.” One gets the impression that many
in the EM community believe that the methods
X-ray crystallographers have developed for solving
these problems will suffice. However, as we are
about to see, it may not be that simple because the
interpretation of the electric potential (EP) maps gen-
erated by electron microscopy is much more challeng-
ing than the interpretation of the electron density
(ED) maps X-ray crystallographers work with.

Since the 1930s, it has been clear that electron
scattering patterns report on the distribution elec-
trostatic potential within molecules, which is deter-
mined both by the positions of atomic nuclei and by
the associated electron density distributions,'® but
that X-ray scattering provides information about
electron density distributions only.* As has long
been realized,’>'* this difference has implications
that cannot be ignored.'® For example, an ED map
that represents a macromolecule should be every-
where positive, but the corresponding EP map need
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not be. In a high resolution EP map, atoms carrying
net negative charges will be represented by features
that consist of positive centers surrounded by nega-
tive halos, and at lower resolutions, the EP may be
zero or negative at those locations. It follows that
the density modification methods X-ray crystallogra-
phers use to improve phases, which involve the sup-
pression of the negative features in their maps, may
produce misleading results if applied to EP maps.
Nevertheless, not only have crystallographic density
modification procedures been applied to EP maps,'%%”
but also it appears that X-ray atomic scattering fac-
tors have been used to refine atomic models derived
from EM maps.'81°

Here we report some observations that have
emerged from inspection of the EP distributions that
correspond to each of the 5719 nucleotide residues
represented in an EM-derived atomic structure of
the E. coli ribosome-EF-Tu complex (PDB accession
number of 5AFI),> which was determined at a reso-
lution of 2.90 A. That structure was solved by fitting
an X-ray crystallographic structure of the E. coli
ribosome (PDB accession number of 4V9D)?° into
the experimental EP map obtained by the authors;
there is every reason to believe that it is fundamen-
tally correct. Nevertheless, but not surprisingly, the
EP distributions that represent base pairs in this
map do not look like the corresponding electron den-
sity distributions in the ED map from which the
parent structure was obtained. In an effort to better
understand why this is so, density maps were com-
puted for base pairs at several different resolutions
using: (1) X-ray atomic scattering factors, (2) neutral,
single-atom electron scattering factors, and (3) a
similar set of electron scattering factors that made it
possible to represent the fact that the two non-
bridging oxygen atoms of backbone phosphodiester
groups carry half a negative charge each.

It is clear that the differences between maps com-
puted for base pairs using X-ray structure factors and
isolated, neutral-atom electron structure factors are
modest, but that neither corresponds well to what it is
seen in experimental EP maps of nucleic acids. Atomic
charges must be taken into account if a reasonable
level of agreement between experimental EP maps
and model maps is to be achieved. None of this should
come as a surprise.'®!3 The reason for presenting
these observations here is to stimulate the biological
EM community to pay more attention to these issues
going forward.

Results and Discussion

Backbone phosphate groups have smaller
potentials than corresponding bases

The most striking differences between the EP map
for the E. coli ribosome structure® reported for SAFI
and the corresponding ED map have to do with the
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appearance of phosphate groups. In X-ray derived
ED maps of structures that include nucleic acid,
phosphate groups are invariably the most conspicu-
ous component of every nucleotide. In the 5AFI EP
map, on the other hand, the amplitudes of the peaks
that correspond to the backbone phosphate groups of
over 99.5% the nucleotides represented are much
smaller than the amplitudes of the features
that represent their bases (Fig. 1, Supporting
Information Fig. S1). The backbone phosphate
groups of ~ 0.5% have EP peaks comparable in mag-
nitude to those their bases, but it is invariably the
case that these phosphate groups have divalent
Mg(II) ions associated with them.

A more detailed examination of individual nucleo-
tides reveals another feature of nucleic acid EP maps
that distinguishes them from the ED maps of nucleic
acids [Fig. 1(C,D)]. The exocyclic amine groups of
bases have higher EP values than their exocyclic
carbonyl oxygen groups, independent of what kinds of
base-base interaction they are involved in.2! In ED
maps, the exocyclic groups of nucleic acid bases look
alike.

Simulated EP maps for RNA base pairs

To understand why EP maps of RNA nucleotides
look the way they do, three different kinds of EP
and ED maps were computed for base pairs (see
Methods): (i) ED maps based on independent-atom,
spherically-averaged X-ray scattering factors, (ii) EP
maps in which atoms are represented using indepen-
dent, neutral-atom, spherically-averaged electron
scattering factors, and (iii) EP maps based on a simi-
lar set of electron atomic scattering factors that use
the electron scattering factor???® for O to represent
the negative charges on non-bridging phosphate
oxygen atoms (Fig. 2).

As expected [Fig. 2(A)], the electron density asso-
ciated with the phosphate groups in base pairs in
these simulated ED maps is higher than that corre-
sponding to their bases, and the same is true for the
EP maps computed using neutral-atom electron scat-
tering factors [Fig. 2(B)]. The correspondence between
model EP features and experimental EP features
improves substantially if OP1 and OP2 atoms are
both assigned half negative charges, the reason being
that the resulting negative potential cancels some of
the positive potential associated with P atoms [Fig.
2(C)]. As contour levels rise, phosphate groups disap-
pear from the simulated EP maps before bases, just
the way they do in experimental EM maps (Fig. 1).
When the ionized atomic model simulation is exam-
ined as a function of resolution from 2.80-A, 2.20-A,
and then to 1.50-A resolution, similar features are
observed [Fig. 2(C-E)].

What these simulations do not explain is the
low visibility of exocyclic oxygens relative to exocy-
clic amines. This observation is consistent with the
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Figure 1. Experimental EP map of portions of the nucleic acid part of the E. coli ribosome-EF-Tu complex (5AFI°), contoured
at +3.00 (cyan, left), +6.00 (red, middle), and +9.00 (green, right). (A) and (B) show a side-on view of two base pairs in a helix
found in a highly ordered part of the structure (A), and a less ordered part (B) of the structure. (C) and (D) are face on views of
selected Watson-Crick G:C base pairs) and (E) is a face-on view of an A:U base pair. Original EM-derived atomic models
(PDB accession number in parenthesis along with citation reference) were used in all figures in this paper with the exception
of simulations in which H atoms were added. An expanded view of duplexes for (A) and (B) can be found in Supporting

Information Figure S1.

fact that at resolutions below ~ 2.2 A, the electric
potential peaks of individual atoms obtained by Fou-
rier inversion of isolated-atom electron structure fac-
tors (see International Tables for Crystallography??)
vary in amplitude in the order C>N>O. Only at
resolutions higher than 2.2 A, does the amplitude
order become O >N > C, as is in ED maps. However,
in the resolution range relevant here, these ampli-
tude distinctions are small, and not all that different
from what is expected for X-rays. Instead, it is again
highly likely that this difference in visibility is a
manifestation of the distribution of partial charges
in nucleotide bases. These partial charge distribu-
tions have been examined many times over the
years using many different approaches, and while
the outcomes of these studies have varied, there is
qualitative agreement about the charges associated
with exocyclic groups.?! All exocyclic oxygens are
strongly electronegative. Their charges are of the
order of - 0.5e. The nitrogen atoms of their exocyclic
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amines are also electronegative, but because the
hydrogen atoms bonded to them are electropositive,
the net charge of these groups is close to zero or
slightly positive. These differences in charge should
be enough to explain the differences in visibility
between the two groups.

It is important to realize that the independent,
spherical atom calculations done to obtain the ED and
EP maps in Figure 2 ignore the redistributions of
valence electrons associated with covalent bond for-
mation.?* Experience shows that the impact of these
redistributions on ED maps is so small that it is hard
to visualize them at all in maps having resolutions
worse than 1 A. This is not the case for EP maps. The
magnitude of electron scattering factors is proportion-
al to the difference between the nuclear charge of an
atom and its X-ray structure factor, which at low reso-
lutions is a small difference between large numbers
that are comparable in magnitude. For that reason,
the redistributions of valence electrons associated

Electric Potentials Involving Negative Charges
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Figure 2. Simulated and experimental maps for GC base pairs contoured at +3.0¢ (cyan, left)/-3.0¢ (red, left), +6.00 (blue,
middle), and +9.0¢ (gold, right) for (A) through (E). (A) X-ray ED maps simulated using independent, neutral atoms X-ray scatter-
ing factors at 2.80-A resolution. (B) EP maps simulated using neutral atom electron scattering factors at 2.80-A resolution. (C-E)
EP maps using partially ionized electron scattering factors for OP1 and OP2 at 2.80-A (©), 2.20-A (D), and 1.50-A (E) resolution.
(F) An experimental EP map of a G:C pair determined at 2.90-A resolution and contoured at +6.0¢ (cyan, left) compared to a
simulated EP map at 2.80-A resolution similar to (C) contoured at +6.00 (blue, right).

with bond formation, which are likely to alter the
spherically averaged X-ray structure factor of an atom
somewhat, but more important, make the non-
spherically averaged X-ray structure factor of that
atom far more anisotropic than it otherwise would be,
have a comparatively large impact on electron struc-
ture factors at low-resolution. Thus the effects of
bonding will be larger in EP maps that include low
resolution data than they are in EP maps computed
using only data collected at high-resolution, where
nuclear charges dominate scattering factors.'?13

Effects of charge on base pairing geometry

and atomic positions

In most of the interpretations of biological molecular
structures based on experimental EP maps published
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to date, no account has been taken of charges, even
those associated with species like the Mg(II) cation,
which are usually modeled as Mg(0) atoms.® As far as
we know, only a handful of protein crystallographers
have ever done otherwise. However, the effects are
modest in the X-ray case because the difference in
X-ray scattering factor between Mg(II) and Mg(0), for
example, is only about 20% at zero scattering angle,
and diminishes rapidly as resolution increases. The
magnitude of the errors made by neglecting the
charge on magnesium ions is certain to be much larger
in the EM case. The amplitudes of the electron scat-
tering factor of the two species differ by orders of mag-
nitude at low resolution,?? Mg(II) > Mg(0), and their
diffeorences do not die out until the resolution reaches
~3A.
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Figure 3. Portions of the experimental EP map reported for segments of protein in the ribosome (5AFI%) are shown that include
Asp, Glu, and Asn side chains (Asn residues, cyan labels; and carboxylate residues, red labels), contoured at +3.00 (cyan, left),
+6.00 (red, middle), and +9.00 (green, right). (A, B) Two views of residues M224-P229 in chain C. (C) Residues H231-F239 in

chain C.

Many EM investigators have employed tools
from X-ray crystallography for interpreting EP
maps, and have even used X-ray atomic scattering
factors instead of electron atomic scattering fac-
tors.>™” The consequences of so doing are unlikely to
be large when it comes to the initial fitting of RNA
sequences into EP maps because once the positions
of the base and ribosyl moieties of a nucleotide and
its neighbors on both sides have been defined, the
positions of the phosphate groups that link them
together are largely determined. However, these
practices are likely to produce problems during mod-
el refinement, the symptoms of which will be small
mis-positionings of nucleotides, and atom-to-atom
variations in B-factors that have nothing to do with
structural disorder.

Charge and the visibility of protein

carboxylate groups

The observations just described motivated us to exam-
ine the appearance of charged residues in the protein
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regions of the ribosome EP map of concern here, as well
as in the EP map now available for B-galactosidase,® It
has been realized for a long time that charge affects the
appearance of side chains in the EP maps of pro-
teins.24%® Thus we were not surprised to find that the
carboxylate groups of aspartic and glutamic acids are
virtually invisible in the ribosome EP map, but that
there is density for many of the amide groups of
asparagines and glutamines (Fig. 3, Supporting Infor-
mation Fig. S2). The former carry charges of —1 e, of
course, while the latter are uncharged. In some cases,
in the EP map for B-galactosidase, which has higher
resolution, the oxygens of carboxylate groups that are
hydrogen bond acceptors can be distinguished from
those that are not (Fig. 4). By contrast, there is density
for the positively charged epsilon amino groups of
many lysine resides (Supporting Information Fig. S2).
Other model calculations we have done indicate that
these differences in visibility may again be manifesta-
tions of the effect of charge on EP maps (data not
shown). In this connection it is important to point out

Electric Potentials Involving Negative Charges
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Figure 4. Portions of the experimental EP map reported for the segments in B-galactosidase (5A1A8) contoured at +2.0a
(cyan) and +4.00 (red). Asp residues are labeled in red. (A) D479. (B) D375, (C) D411. It is noted that both O31 and 082 atoms
of this Asp residue are inside the iso-potential envelope at the +4.0¢ level. (D) D329. (E) D199. (F) D224. Additional views of
GiIn and Glu residues can be found in Supporting Information Figure S2.

that the side chains of Asp and Glu are liable to decar-
boxylate when exposed to ionizing radiation, particu-
larly X-ray radiation.?®?” Thus in some instances,
radiation damage may contribute to the absence of
density for these groups in the EP maps.2®

Among the simulations done were a series in
which H atoms were either included or excluded, as
they often are in X-ray crystallographic calculations.
It was found that contribution of H scattering power
to the atoms to which those H atoms are bonded is
relatively small in simulated EP maps at medium
resolution (data not shown), contrary to an earlier
suggestion.?* In X-ray crystallography, the H* cation
is invisible because it has no electron. In EM, on the
other hand, it is highly visible because it has a posi-
tive charge. Thus while deprotonated and protonat-
ed carboxylate groups look almost the same in ED
maps, they are easily distinguished in EP maps, and
EP maps may provide unique information about pro-
tonation state of catalytically important residues
inside enzymes that X-ray crystallography cannot.
For example, D411 in B-galactosidase® must be pro-
tonated because there is positive density for both its
031 and 032 atoms in the B-galactosidase EP map
(Fig. 4). As already noted, this is not the case for
most other Asp residues (Fig. 4).

It should be emphasized that the simulations
described above were done to obtain qualitative
insights into the reasons why EP maps do not look
like ED maps. Anyone intent using the structure of
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a macromolecule to calculate an EP map that accu-
rately corresponds to that molecule’s experimental
EP map must address a host of issues®* that have
been ignored here, e.g.,: (1) the effects of bonding on
atomic structure factors, which were mentioned ear-
lier, (2) the distributions of partial and full charges
within residues, (3) the impact of counter-ions, and
solvent structure on electric potential distributions,
(4) the variations in dielectric constant within and
around the molecule of interest, and (5) the effects
of polarizability on charge distributions. These are
all formidable problems, but comparisons between
the EP and ED maps of macromolecules may offer
experimental insights into them that are of great
interest.

In conclusion, recent advances in cryo-EM technol-
ogy are certain to result in a flood of new atomic-
resolution structures for macromolecules. The purpose
of this report is to emphasize the importance of taking
charge into account in the interpretation of the high-
resolution EP maps that are now being produced in
abundance.

Methods

The G2607:C2443 Watson-Crick base pair was taken
from the 5AFI atomic model,® placed in P1 unit cell
witha=b=c=25 A, and o= f=7=90° and atomic
B-factors were set at 20.00 A% The structure factors
F(s) were calculated by Fourier transformation of
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X-ray or electron atomic scattering factors?%2? for all
atomsj=1,.. N,

N
F(S): X:f}efBsteerziHX7 (Eq 1)
J

where X is fractional coordinate vectors, H is miller
index vector of the reciprocal P1 lattice, f; is atomic
scattering factor for j-th atoms either for electron or
X-ray radiation, and Bj is the atomic B-factor. In
some instances the non-bridging oxygen atoms OP1
and OP2 of the backbone phosphate groups of RNA
molecules were treated as carrying half a negative
charge each. In this case, the structure factor for
each oxygen was a 50:50 blend of the electron
scattering factors for O~ and neutral O.

EP maps or ED maps were calculated using the
CCP package®® and examined using both Coot*° and
Pymol,®! and figures were made using Pymol. The
root-mean-square deviations used for contouring
maps were those provided by the program Pymol,
which is known to differ slightly with some other
programs in this regard under certain conditions.
The absolute values of root-mean-square deviations
may vary significantly with resolution in both EP
and ED maps. One should focus on relative contour
levels.
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