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Summary
Submitted map entries are analyzed with respect to:
1.
2.
3.
4.
5.

Resolution, calculated from Even/Odd maps FSC plot (Map-map).
Map-model resolution from FSC plot, using rigid and flexibly-fitted models.
Atom inclusion of side chain atoms at automatically determined thresholds.
Secondary Structure Elements (SSE) translation Z-scores.
Rotamer and EMRinger Z-scores for side chain atoms.

1. Map-Map FSC Comparison – Even/Odd Maps
FSC plots between the submitted even and odd maps were calculated using EMAN21
(e2proc3d). For example, the FSC curves are shown (Figure 1) for two of the entries
(104, and 132 - GroEL). The resolutions at FSC0.5 are 5.8 and 4.5 respectively.
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Figure 1. FSC plot between even/odd maps, entries 104 and 132 (GroEL).

2. Map-Model Comparisons
2a. Model Fitting – Flexible Fitting
Some of the submitted fitted models do not fit the map exactly in all places. For
example, for map 132 (GroEL), some of the helices in the rigidly-fitted model
(PDB:4hel) do not fit the map exactly. To make the model fit better, Molecular
Dynamics Flexible Fitting (MDFF)2 was applied to the model, resulting in a better fit
(Figure 2).

Figure 2. A part of map 132 (GroEL) with rigidly fitted model (left, orange), and
model after flexible fitting with MDFF (right, green). Red arrow points to one helix
where the fit improves significantly.
When a model is flexibly fitted to a map, it is possible to ‘overfit’ or distort the model
in an unrealistic way to make it better fit the density (possibly to noise). To detect if

this happens, the model can be fitted to the even map, and then tested against the
odd map. Ideally this is done with independently reconstructed maps, but testing
with even/odd maps is also useful – if the models are distorted because of high
frequency noise, this would be seen in the FSC plots3. To compare a model and a
map, the a map is first generated from the model using the Chimera4 molmap
command (resolution of map_step*2), gridSpacing equal to that of the map
(map_step). The generated map is then resampled on the grid of the submitted map
for the FSC calculated using the vop command.
Figure 3 shows the FSC plot between even/odd maps (Even Map – Odd Map), rigidly
fitted model and even map (Even Map – Rigid Fit to Even), flexibly fit model and
even map (Even Map – MDFF to Even), and flexibly fit model to even map against
odd map (Odd Map – MDFF to Even). The flexibly fitted model matches the even
map better than the rigidly fitted model as expected due to the better match
between model and map. However the FSC between the flexibly fitted model and
even map is not much different than between the model and the odd map, hence
there was minimal overfitting to high frequency noise in the even map.
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Figure 3. FSC plots to test for over-fitting of model to maps when using MDFF
(Molecular Dynamics Flexible Fitting).

2b. Model-Map FSC plots
Both rigidly and flexibly fitted models were compared by FSC plots to filtered and
unfiltered maps. Two examples are shown in Figure 4 for submitted maps 104 and

132. The FSC curves are very similar when comparing the rigidly fitted model and
the unfiltered/filtered maps, though the curve is a bit higher with the filtered map at
higher resolutions for entry 104. The FSC curves are significantly higher for the
flexibly fitted model, indicating better match between the model and maps. The FSC
plot goes beyond (higher) than the Even-Odd FSC plot (e.g. Figure 4A), meaning the
model may be biased towards the higher frequency components of the filtered map.
The model may be fitting noise, though that seems unlikely given the analysis in
Figure 3, as the same method and parameters were used to flexibly fit the model.
Possibly, the use of the entire data set (rather than half of it in the even or odd
maps) leads to more structural details at higher frequencies which are confirmed by
the model.
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Figure 4. Model-map FSC plots. (A) Entry 104, GroEL; resolution from Even/Odd
maps is ~5.8, though the resolution from Filtered Map-MDFF Model is lower at ~6.2.
(B) Entry 132, GroEL; the resolution from Even/Odd maps is ~4.5, and the
resolution from Filtered Map-MDFF is the same at ~6.2.

Figure 5. Resolution of all map entries (sorted highest to lowest by resolution
measured from Even-Odd maps). Map-map and map-model resolutions are similar,
but in some cases can be drastically different (e.g. BetaGal 154, TRPV 156). Also
Map-Model resolutions using flexibly fitted and rigidly fitted models are also very

similar; higher differences are seen in GroEL maps, where the flexibly fitted model
better matches the map.

2c. Model-Map Cross-Correlation Scores
Maps and models may also be compared by cross-correlation (CC) in real space,
using the formula:
𝐶𝐶 =

< 𝒖, 𝒗 >
,
𝒖 |𝒗|

where 𝒖 is a vector containing density values on the grid of a simulated map of the
model (obtained in Chimera using the molmap command), and 𝒗 is a vector of the
same size containing density values at corresponding positions in the density map.
CC is not too useful when comparing model-map pairs, particularly when different
unrelated maps are involved. For example, the cross-correlation between the model
and map entry 132 is 0.61 (using a simulated map at 4.5Å resolution), while the CC
between the model and entry 104 is 0.80 (also map simulated at 4.5Å) resolution
and 0.85 at 7.0Å resolution (Figure 6). Even though map 132 is higher resolution
and has resolved side chains, it has a lower CC with the same model than the lower
resolution map. Simulating the maps at the same resolution as the map doesn’t
produce the expected result either, i.e. higher CC for higher resolutions. Hence, other
types of scores are needed to help identify the resolvability of different features in
maps at various resolutions.

Figure 6. Entry maps 104 (left) and 132 (right), with MDFF fitted models (filtered
map is shown).

3. Atom Inclusion and Density Occupancy
The ‘atom inclusion’ or AI score reflects what percentage of the atoms are within the
iso-surface in the density map, for a given density value or ‘threshold’5,6. At lower
thresholds, the iso-surface encloses more of the protein complex, possibly even
noise on the outside. With increasing thresholds, it shrinks inwards, localizing
higher-density regions corresponding to domains, secondary structure elements, or
side chains in higher-resolution maps.
An ideal threshold shows the latter structural parts of the protein and not the noise
around it. There is no set method to pick the ‘right’ threshold, it is typically done
visually – low enough to enclose a fitted model as much as possible (when a model is
available as here), yet not to low that many areas within the iso-surface are empty
or unoccupied by any atoms. A ‘density occupancy’ balances these requirements, by
calculating what percentage of volume within a surface at a particular threshold is
‘occupied’ vs. the total volume within the surface. It is calculated as follows:
𝐷𝑂 =

# 𝑔𝑟𝑖𝑑 𝑝𝑜𝑖𝑛𝑡𝑠 𝑛𝑒𝑎𝑟 𝑎𝑛 𝑎𝑡𝑜𝑚 𝑤𝑖𝑡ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
,
𝑡𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑔𝑟𝑖𝑑 𝑝𝑜𝑖𝑛𝑡𝑠 𝑤𝑖𝑡ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

where ‘near an atom’ is defined such that the distance between the grid point and
the nearest atom is less than 1.7Å, or roughly the radius of a carbon atom.
A plot of density occupancy vs. threshold value is shown in Figure 7 for two
submitted maps at resolutions of ~4.5Å and ~6.5Å. The reason these two maps are
picked is to study how the score behaves at resolutions when side chains are visible
(4.5Å) v.s. when only secondary structures are visible (~6.5Å).
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Figure 7. (A,B) Plots of density occupancy (DO) vs. threshold. (C,D) Iso-surfaces at
which DO = 0.5. At lower resolution (A), the surface doesn’t include side chains,
whereas at higher resolutions (D), it does.
The DO score is low at low thresholds, as there are many grid points not close to any
atoms. It increases as the threshold increases, as fewer grid points are within the
surface, and then tend to be close to the atoms in the model. Only backbone atoms
are used to determine DO; this is because we want to the point where backbone
atoms are inside the surface. Otherwise, the threshold where DO=0.5 tends to create
too large of a surface, where side chains are inside the surface, but not resolved (i.e.
there is a lot of unoccupied density around them).
At the threshold where DO=0.5, the atom inclusion score is calculated as
𝐴𝐼 =

# 𝑎𝑡𝑜𝑚𝑠 𝑤𝑖𝑡ℎ 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠 𝑤ℎ𝑒𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝐷𝑂!.!
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠

The density occupancy scores are calculated using only back-bone atoms (C,CA,N),
while the atom inclusion scores are calculated using side chain atoms (all atoms
other than C,CA,N).
In Figure 7, the threshold where DO=0.5 appears to capture somewhat well a
surface that encloses the resolved backbone and side chain atoms. In the higher
resolution map (132), the surface encloses a higher percentage of side chain atoms
(atom inclusion is 54%), whereas in the lower resolution map, side chains are not as
well resolved and only 15% of them are inside the surface.

4. Secondary Structure Elements (SSE) - Z-Scores
Secondary structure elements (SSEs) in the model are first identified; this includes
strands, helices, and loops. They are separated into individual models. The models
are translated in position by x,y,z, where x = [-T,0,-T], y = [-T,0,-T] and z = [-T,0,T]
exhaustively (T can be varied, a value of 2Å was used for the results here). At each
translated position, the cross-correlation between the SSE model and the map is
calculated and plotted. This is illustrated in Figures 9-12 below.

Figure 9. A section of map 132 (GroEL) at ~4.5Å resolution is shown with fitted
model (left). In the middle, one of the helices is shown separated, and translated by
(-2Å,-2Å,-2Å). At the right, all 27 translations are shown.
A cross correlation is calculated at each translated position, and a Z-score is
calculated (the model is used to simulate a map at the same resolution and grid
spacing as the map it is being compared to for this calculation; the resolution is
taken from the map-model FSC plot). The Z-score reflects how many standard
deviations the top score is above the average of the remaining scores, and is a
measure of statistical significance. It is calculated as follows:
𝑍=

𝑆! − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝑆!!! )
𝑆𝑡𝑑. 𝐷𝑒𝑣. (𝑆!!! )

Figure 10. The CC scores for all translations of the helix in Figure 9. The top score is
for no translation (0,0,0), meaning the helix is a good fit for the density where it is.
The other fits are significantly lower, giving a high Z-score of 3.86.

Figure 11. A section of map 104 (GroEL) at ~6.5Å resolution is shown with fitted
model (left). In the middle, one of the helices is shown separated, and translated by
(-2Å,-2Å,-2Å). At the right, all 27 translations are shown.

Figure 12. The CC scores for all translations of the helix in Figure 11. The top score
occurs when the translation (0,0,-2), which is not the original position of the helix
(the latter is constrained by the rest of the model). Other fit scores are not too
different, meaning that the original position of the helix is not as clearly
distinguishable from the translated positions; this also gives a low Z-score: 1.464.

5. Side Chain Rotamer & Ringer Z-Scores
EMRinger can be used to calculate how well side chains fit in the nearby densities7.
We replicate the same calculation here, rotating around Cα-Cβ and Cβ-Cγ bonds,
calculating CC at each rotation, and calculating two Z scores (one for Cα-Cβ and one
for Cβ-Cγ rotations).
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Figure 14. Map 104, ~6.5Å resolution. Top left – rotations about Cα-Cβ for residue
506 (TYR), right – rotations about Cβ-Cγ. Bottom – CC scores plotted from highest to
lowest for the rotated side chain atoms. The scores are very similar regardless of the
rotation, leading to relatively low Z-scores.
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Figure 15. Map 132, ~4.5Å resolution. Top left – rotations about Cα-Cβ for residue
506 (TYR), right – rotations about Cβ-Cγ. Bottom – CC scores plotted from highest to
lowest for the rotated side chain atoms. The scores are more different for the Cα-Cβ
rotations, leading to a higher Z-score.
Figure 14 illustrates the rotations around Cα-Cβ and Cβ-Cγ for map 104 (~6.5Å
resolution), as per EMRinger. The Z-score for Cα-Cβ is 1.4 and for Cβ-Cγ is 1.7.
Figure 15 illustrates the same for map 132 (~4.5Å resolution). The corresponding Z
scores are 2.6 and 1.8. Rotations around Cα-Cβ have a higher Z-score in the higher
resolution map, but not much higher for Cβ-Cγ rotations.
Rotamers were also used to derive Z-score for each residue - each residue has a
certain number of preferred side-chain conformations or rotamers8. For each
residue, each side-chain conformation is applied, and a cross-correlation score is
calculated between a simulated map of the residue and the density map. Higher Zscores mean the conformation of the residue in the model stands out more in terms
of cross-correlation of other potential conformations, and hence is better resolved.
When CC-scores are similar because the residue is not well resolved (or not wellplaced perhaps), Z-scores are smaller. Figure 16 illustrates this score.

Figure 16. At the top, maps 132 (left, res ~4.5Å) and 104 (right, res ~6.5Å) with two
side chains from the fitted model are shown. On the bottom, CC scores for each of
the 7 rotamers of this residue are plotted. In the higher resolution map (left), side
chains are better resolved, the top score is much higher compared to the other
scores, hence resulting in a higher Z-score. In lower resolution maps, the scores are
more similar, and the Z-score is lower.

AI, SSE Translation and Side Chain Scores for Simulated Maps
The above scores (Side chain atom inclusion, SSE translation Z-scores, EMRinger
and Rotamer Z-scores) were tested on simulated maps with resolutions ranging
from 3-11Å (increasing by .5Å). Maps were simulated in UCSF Chimera with the
molmap command, default parameters, and grid spacing of 0.7Å. Figure 18 shows
the maps and plotted scores vs. resolution.
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Figure 18. Top – 3 of the maps simulated at resolutions of (left-right) 3Å, 7Å, 11Å.
Thresholds in the images and for AI calculation were set automatically so that
DO~0.5. Bottom plots show AI (atom inclusion), Avg. SSE translation Z-scores, and
Avg. Side Chain Z-scores using Rotamers or EMRinger-like rotations about Cα-Cβ
and Cβ-Cγ bonds.
As can be seen in Figure 18 and as expected, AI scores are very high for high
resolutions and start to drop below 100% ~6Å. Scores are similar for SSEtranslation Z-scores, though they start dropping at 3Å and drop much faster. For
side chain Z-scores, they are high when using rotamers at high resolutions, and also
drop quickly as resolution increases. Z-scores for EMRinger rotations are somewhat
lower at high resolutions, though there is still a gradual decrease as resolution is
increased. The reason they are lower than rotamer-based Z-scores is that they more
gradually sample the density around a side chain, resulting higher standard
deviation in scores (or more gradually changing scores as the side chain is rotated)
and hence lower Z-scores; on the other hand, rotamers tend to be much more
particularly placed (see Figure 16) and hence the scores tend to be more different,
leading to higher Z-scores particularly at higher resolutions.
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Figure 19. Scatter plots showing SSE-translation Z-scores for all map entries and
simulated maps vs Resolution. At left, the resolution is the Map-Model resolution
(from FSC_0.5), and at right, it’s from Even-Odd. The plot using Map-Model
resolutions seems to match the simulated data better (the blue points above the red
points move to the left as Map-Model resolution is higher in some cases).

12.00#
10.00#
8.00#
6.00#
4.00#
2.00#
0.00#

Proteasome#103#
Proteasome#108#
Proteasome#107#
Proteasome#141#
BetaGal#106#
Proteasome#162#
BetaGal#134#
Proteasome#145#
Ferri9n#121#
Proteasome#144#
Proteasome#131#
BetaGal#157#
BMV#102#
BMV#140#
BetaGal#160#
Ferri9n#112#
BMV#142#
Ferri9n#166#
BetaGal#167#
BetaGal#139#
BetaGal#138#
Proteasome#130#
BMV#137#
BetaGal#116#
Ferri9n#118#
BetaGal#154#
Ribosome#123#
Ribosome#125#
BMV#136#
BetaGal#113#
BMV#110#
GRoEL#132#
BetaGal#159#
Ribosome#150#
GRoEL#169#
Ribosome#151#
Ribosome#149#
Ribosome#119#
Ribosome#126#
GRoEL#143#
GRoEL#165#
Ribosome#114#
BetaGal#164#
Ferri9n#155#
GRoEL#168#
Ribosome#111#
GRoEL#120#
GRoEL#104#
GRoEL#158#
GRoEL#153#
Ribosome#127#
Ferri9n#122#
TRPV#161#
TRPV#163#
Ferri9n#147#
TRPV#115#
Ribosome#128#
TRPV#146#
TRPV#101#
TRPV#135#
TRPV#156#
TRPV#133#
Ferri9n#124#
Ribosome#148#
Ribosome#129#

Resolu'on)(Map.Model))

Figure 20. Scatter plots for all scores (AI, SSE-translation, Rotamer and EMRinger Zscores) vs. Map-Model resolution. The scores calculated from all entries generally
falls under the simulated map data; it can be significantly lower in some cases. The
measures could help identify which maps (or parts of maps) are not as well resolved
as they should be for a given resolution.

Figure 21. All map entries sorted by resolution (Map-Model), showing the
Proteasome maps were amongst those with highest resolution.
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Figure 22. Top: All map entries sorted by Rotamer Z-score. Bottom: Sections of the
top 3 maps. The top-ranked one (Entry 110) has high score but not as well resolved
side chains.
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Figure 22. Top: Top: All map entries sorted by Ringer Z-score (Cα-Cβ). Bottom:
Sections of the top 3 maps. All 3 top-ranked maps have excellently defined side
chains. Hence, while Rotamer Z-scores tend to be higher at higher resolutions
(Figure 21), higher EMRinger-Z scores seem to indicate well-resolved side chains
more reliably.

Conclusions & Future Work
•

•

•

•

Map-model resolutions relate linearly to map-map resolution estimates,
though not tightly (i.e. in some cases, the map-model resolution can be quite
different than the map-map resolution).
o A limitation here is that even-odd maps are used here rather than
independently reconstructed maps (gold standard9).
Atom Inclusion scores calculated at automatically-determined thresholds
tend to be high at high resolutions and drop in lower resolution maps,
however this score seems to be somewhat unreliable in identifying highly
resolved side chains. The problem is mostly when there are a lot of buried
side chains, which will tend to be inside the density at the calculated
threshold (future work may be to use non-burried side chains only).
Z scores for SSE-translations, Rotamer and Ringer side chain rotations also
increase from low to high resolutions. EMRinger Z-scores are not as high as
Rotamer Z-scores, though they seem to be more reliable at identifying wellresolved side chains (the map scoring highest Rotamer Z-score amongst the
entries, 110/BMV actually doesn’t seem to have well-resolved side chains).
Above scores may be used to validate that indeed secondary structures and
side chains are resolved in high-resolution maps, when a model is available.
They can also be used to check which parts of a map/model are better
resolved than others.
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