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Single-particle cryo-electron microscopy (cryoEM) has become a powerful tool for 

determining macromolecular structures. Thanks to recent advances in direct electron detectors 

and motion correction algorithms it can frequently deliver electron density maps in the range of 

3-5Å resolution. To obtain as much atomic level detail of the structure as possible from this data 

an accurate atomic model must be built. This can be done manually however, it is laborious and 

error prone. To resolve this problem modelers have turned to computational tools which can 

make up for lack of experimental data. Here we describe several tools for modeling with  sparse 

experimental data, including a novel sampling strategy for de novo model completion and a 

novel refinement strategy for glycans with near atomic resolution cryoEM and x-ray 

crystallography data.
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Chapter 1. INTRODUCTION

Recent advances in the field of cryo electron microscopy (cryoEM), particularly the 

advent of direct electron detectors1 and motion correction algorithms2–5 have led to a dramatic 

improvements in quality of data routinely obtained via the method. It is now fairly common to 

obtain resolution in the range of 3-5Å referred to as “near atomic” here. As of October 2017 the 

electron microscopy databank contains 1015 entries in this resolution range. The rate of density 

maps deposited under 6Å has dramatically increased with 426 new maps deposited under 6Å in 

2016 nearly 10x the 43 deposited in 2013 and this trend expected to continue in 2017 and 

beyond. 

Despite these advances determining the precise atomic structure of the protein remains a 

challenge at resolutions in the range of 3Å and worse. This is because, unlike in high resolutions 

maps, atomic details are not apparent in the density, with large side chains usually appearing as a 

only protrusion from the backbone and small side chains often missing entirely. To resolve this 

issue modelers have turned to the tools developed for computational protein structure prediction 

to make up for the lack in experimental data.

1.1 Methods for Computational Modeling with Near-Atomic Data

A number of methods are available to aid modelers attempting to determine structures. 

These includes de novo methods originally developed for work with x-ray crystallography that 

have been adapted for work with cryoEM.6–10 However, while these methods are useful in certain

circumstances, they perform poorly at resolutions 3Å or worse. CryoEM specific methods have 

also been developed however, while they are useful for assigning Cα traces they struggle to 

accurately assign sequence at near atomic resolution.11,12 In addition to de novo modeling 

https://paperpile.com/c/rmQwZb/drTs
https://paperpile.com/c/rmQwZb/OWee
https://paperpile.com/c/rmQwZb/g1u2+OsVU+ges4+HNPY
https://paperpile.com/c/rmQwZb/N2pY
https://paperpile.com/c/rmQwZb/cyV2+WRCW+JVYA+5W94+lpf7
https://paperpile.com/c/rmQwZb/cyV2
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methods have also been developed to perform rigid body and flexible fitting13-15 however these 

protocols are limited to cases in which an accurate starting model is available.

As one of the premier software packages for protein structure prediction and design 

Rosetta offers a number of tools for modeling with sparse experimental including integration of 

electron density as part of the Rosetta score function,16 a large number of methods for 

manipulating the protein structure17 and a pipeline for multi template homology modeling via 

RosettaCM.18 This makes Rosetta an ideal development platform for new methods related to 

modeling with near atomic resolution electron density. 

Previously a fully automated method for de novo modeling with near atomic resolution 

cryoEM data was developed in Rosetta19 however, it’s method for model completion, the de novo

modelling capabilities of RosettaCM, required greater than 70% of the model to be completed in 

order to obtain reliable results. This limited it’s applicability to only cases in which the de novo 

fragment docking step could converge on a fairly complete solution significantly reducing the 

number of structures which could be determined via the method.

https://paperpile.com/c/rmQwZb/CaOn
https://paperpile.com/c/rmQwZb/dM4i
https://paperpile.com/c/rmQwZb/a33P
https://paperpile.com/c/rmQwZb/SgmQ
https://paperpile.com/c/rmQwZb/9WP3
https://paperpile.com/c/rmQwZb/9uar
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Chapter 2. DE NOVO MODEL COMPLETION WITH ROSETTAES

2.1 Introduction to RosettaES

In order to overcome the limitations of the previous de novo modeling protocol we 

developed a novel sampling strategy, called Rosetta enumerative sampling (RosettaES), which 

uses fragment based assembly to enumerate a pool of possible solutions that are both consistent 

with the data and possess physically realistic geometry. By taking advantage of the electron 

density and the Rosetta energy function we are able to prune the set of solutions to a 

computationally tractable size even when building dozens of missing residues.

RosettaES uses a beam search strategy where a fixed-size ensemble of solutions is 

maintained throughout sampling (Figure 2.1). The method attempts to complete partial models 

using the EM density in the sampling process. Modeling starts at the N or C terminus of an 

internal missing segment and putative solutions are generated by adding 1 additional residue at a 

time. Conformations are sampled using 3 residue long fragments mined from the pdb which are 

used to manipulate backbone positions of the newly added residue and the 2 residues proximal, 

referred to as fragment overlap. The ensemble of solutions is the pruned to remove 

conformations  that are too similar to another solution in the ensemble, energetically unfavorable,

or inconsistent with the data. If the ensemble exceeds a user defined size solutions are clustered 

until the ensemble size matches the defined cap. 

2.2 Benchmark Sets

To test this protocol we developed two benchmark sets based on the round 1 models of 

the de novo fragment docking protocol used on the maps described in wang et al.19 All of these 9 

maps are real experimental data and range from 3-5Å resolution. Fragment docking was run on 
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these maps and models with coverage from 20-80% of the deposited structure were generated. 

Models were examined and fragments which deviated significantly from the deposited model 

were removed to ensure it was possible to generate an accurate solution given the input model. 

These models represented one benchmark set and another was generated by identifying missing 

segments from these models and removing each of those missing segments independently from 

the deposited structure. This second set was developed to ensure a fair comparison to Rosetta 

comparative modeling (RosettaCM),18  and other methods that complete full structures, could be 

performed. 

2.3 Fragment Sampling

The primary goal of RosettaES is to make up for deficiencies in sampling which exist in 

other methods, particularly RosettaCM, therefore it is fundamental to the algorithm that it is 

possible to accurately sample the target structure using the provided set of input fragments. To 

determine a criteria required to ensure sufficient fragments we ran the RosettaES protocol with a 

varying number of fragments as input with a range of fragment sizes. The cap on the maximum 

ensemble size was set to 5 however, rather than evaluate models based on the Rosetta energy and

density score, models were selected based on the RMSD to the deposited model. We found a 

number of fragment strategies were capable of accurately sampling every structure in our 

benchmark set and, as expected, the number of fragments required to accurate sample the 

deposited model increased with their length (Figure 2.2).  Ultimately a tradeoff exists between 

the run time, determined by the number of fragments used and the number of residues added at 

each step, and the accuracy. Although other schemes were capable of completely covering the 

required conformational space, empirically, we found that a strategy using 100 3 residue long 

https://paperpile.com/c/rmQwZb/dM4i
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fragments with a 2 residue overlap generated the most accurate results. This is likely because the 

finer sampling generated more accurate models with better scores making identification of 

incorrect conformations more apparent. In addition to the 3 residue long fragments 20 9 residues 

long fragments were also used to improve sampling in helical regions where the 3 residue long 

fragments were often insufficient to generate the hydrogen bond patterning necessary to provide 

clear energy signal.

An important implication of this test is that for every segment in our benchmark set an 

accurate solution could be generated. This means that, given enough computational power, if one

could generate a full set of all possible fragment combinations it would guarantee a solution near 

the target conformation would exist within that set. Practically this cannot be done however a 

modest increase in maximum ensemble size is sometimes sufficient to generate an accurate 

model (Figure 2.3). Modellers are therefore encouraged to increase the cap on the ensemble size 

when dealing with challenging problems that require additional sampling.

The fact that some combination of fragments exists to form a correct solution suggests 

that it is therefore the goal of the sampling algorithm, clustering, and electron density to filter out

incorrect solutions into a computationally tractable set so that the partial combination of 

fragments required to generate an accurate model remain ranked enough to persistent throughout 

the protocol.

2.4 Additional Features

In order to aid the score function and electron density in guiding the sampling a number 

of additional features were included in the algorithm. Of particular note are a penalty on 

discontinuous density, a two-tiered filtering strategy to enhance sampling diversity, a beta sheet 
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sampler designed to orient the hydrogen bonds of beta sheets, and a two tiered approach to 

modeling side chains in order to efficiently capture and reward correct sequence registration. 

2.4.1 Discontinuous Density

Within Rosetta two methods exist for scoring a protein structure in an electron density 

map, both are based off the idea of creating a synthetic map at a given resolution using the model

to be evaluated. This synthetic map is then used to calculate a probability of observing the 

structure give the experimental map. In the first method, elec_dens_window, a mask is created 

around a window of residues and the per residue density score is calculated using this mask. This

method is slower but more accurate than the second method, elec_dens_fast, which pre computes

an atoms worth of density and stores it on a grid. This grid is then used as a look up to rapidly 

score the structure. This grid based method offers greater speed and scores correlate well with 

the slower method.

One limitation of both these approaches is that they do not properly account for the 

continuity of the backbone density that generally occurs in near-atomic resolution data. This 

means that structures that cross back and forth through different parts of the backbone, such as in

a beta sheet, are often viewed as a reasonably good fit despite the fact that these conformations 

are clearly incorrect by manual inspection.

To deal with this problem we modified our density score function to penalize a window 

of residues in the structure based on the worst scoring N, C, or Cɑ atom in that window. This 

modified score is done using elec_dens_fast to calculate the individual atom score and 

downscale the residue score of each residue in the window by capping the total density score for 
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each atom to this value and then adding in a fraction of the original score based on a defined 

weight, 30% by default. 

Using this strategy we greatly reduce the number of solutions viewed as acceptable by 

our score function and therefore improve the algorithm’s ability to identify the correction 

solution. 

2.4.2 Two-tiered Filtering

One characteristic of, particularly cryoEM, electron density maps is variable quality 

among different regions of the map. This creates a problem when attempting to complete a 

partial model as sampling is drawn towards regions of higher quality at the expensive of 

sampling the weaker regions. When dealing with partial models for which multiple segments are 

missing this variance in region quality results in all of the sampling focusing on only the regions 

of high quality, which may only correspond to one missing segments, meaning no good solutions

are generated for the other segments that need to be completed making the final assembly of the 

complete model impossible.

To solve this problem we implemented a two-tiered clustering strategy. In the first tier 

conformations which are overly similar are removed. This process works by first accepting the 

best scoring solution and then progressively adding new solutions to the pool. If a solution has an

RMSD less than 1.5 Å to any solution that has been accepted previously this lower ranking 

model is rejected. 

In the second tier of the filtering first a 0.8 multiplier is applied to the best scoring model 

and all models scoring worse than this are removed. Conformations are then added to the pool of 

accepted partial solutions in rank order. If any solution is within 3Å of a previously accepted 
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model it is passed over until all models above the cutoff have been tested. After this point 

another pass is made adding 1 more solution to each “cluster” of models within 3Å. This process 

is repeated round robin style until the cap on the total number of allowed solutions is hit or there 

are no more solutions better than the cutoff value.

2.4.3 Beta Sheet Sampling

Beta sheets pose a particular challenge when working with incomplete models. This is 

because, while it is often fairly easy to recognize the general direction of the sheet by eye, from 

the perspective of an individual conformation within the sheet there are many possible paths that 

all look reasonably valid. Without the context of the complementary strands it is difficult for the 

score function to detect the correct path. This is  especially true when the resolution is low 

enough such that side chains often appear as linkage between the two sheets preventing the 

discontinuous density penalty from fully eliminating these conformations. 

To resolve this issue we created a mover within Rosetta called the “Sheet Sampler” this 

mover takes a structure and a window of residues, default 4, and attempts to add complementary 

strands on either side. This is done by placing points at ideal positions from hydrogen bond 

donors and acceptors and aligning standardized anti-parallel sheets to these points. These sheets 

are then minimized into the density and if they fit the density well, no atoms in the sheet 

backbones worse than the worst atom in the input residues, and do not clash with the input 

structure the solution with these sheets receives a score bonus as a fraction of each sheets score, 

default 50%.

By using this strategy whenever we are in beta sheet ramachandran space we can reduce 

conformations which do not maintain sheet continuity and favor those which consistently extend 
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the sheet when possible. Conformations which create hydrogen bond patterning towards the 

complementary strands are also rewarded making assembly of the completed sheet more likely.

2.4.4 Efficient Use of Side Chain Information

Within Rosetta there are two popular representations of atomic structures. The first all 

atom representation (full atom) which explicitly represents every atom and the second (centroid) 

treats the side chain atoms as single centroid extending from the backbone. The centroid 

representation has several advantages including a more smooth energy landscape which makes 

sampling less like to be stuck in a false local minima, and it also offers considerable speed 

advantages over full atom, roughly 10x for our purposes. The disadvantage of the centroid 

representation is the lack complete side chains and inability to sample rotameric conformations 

for those side chains.

In order to take advantage of the side chain information of the full atom representation 

while reducing its downsides a scheme by which all potential solutions are first scored, 

minimized, and filtered using the centroid representation is used. From these potential solutions 

the top 2N , where N represents the maximum cap on the ensemble size, have their side chains 

repacked in full atom. These conformations are then rescored using the side chain information 

before a second round of filtering reduces the size of the ensemble to N using the filtering 

strategies described above.

2.4.5 Results of Additional Features on Model Accuracy

To test how these additional features improved sampling accuracy we ran RosettaES on 

the benchmark set of round 1 fragment docked models progressively adding one new feature at a 
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time. Backbone and  GDTha was calculated against the deposited model and reported. There C

was a very clear benefit to using the discontinuous density penalty and the two-tiered sampling 

strategy. Small improvements were also observed for the sheet sampling and for the inclusion of 

side chain information, although further tests should be done to determine whether the increased 

computational time justifies their use (Figure 2.4.b).

2.5 Comparison To RosettaCM

RosettaCM, with its ability to build missing segments a model de novo, has been the 

dominant tool for model completion with low resolution experimental data in Rosetta and also 

significantly outperforms comparable non-Rosetta tools for this purpose.20 However the sampling

strategy used by RosettaCM is optimized for homology modeling without experimental density 

which has led to several pathologies in the sampling. The core of the RosettaCM de novo 

sampling strategy involves building the entire missing segment at once, placing it in a in a 

random orientation, and then attempting to manipulate it into the density. This strategy is 

problematic due to the fact that when the model is significantly outside of the density small 

changes, which may be correct locally, do not receive any signal from the experimental data. 

This results in the sampling strategy wasting a large amount of computational time sampling 

conformations which are clearly non-viable, final solutions are then often completely outside the 

proper region of density (Figure 2.4.c).

To compare RosettaES to RosettaCM we used the previously described benchmark set in 

which the missing segments were removed from the deposited model. In theory this set should 

favor RosettaCM which should struggle more with false density minima to a greater degree than 

RosettaES. Nevertheless RosettaES significantly outperformed RosettaCM across the entire 

https://paperpile.com/c/rmQwZb/21A3


11

benchmark set. In particular the results on longer segments, up to 100 missing residues, are quite 

striking, with RosettaES performing far better on that RosettaCM for these problems (Figure 

2.4.a and Table 2.1). A direct example of this can be seen in the comparison of the models built 

for residues 187-267 of FrhA which demonstrate the ability of RosettaES to build models that 

follow a defined path of density whereas the best scoring model produced by RosettaCM is 

significantly outside of the map (Figure 2.4.c). 

2.6 Comparison of RosettaES to non-Rosetta tools.

In addition to RosettaCM a number of other tools have also been used in an attempt to 

build de novo models using sparse cryoEM data including buccaneer,21 modeller,22 privateer,11 

and phenix autobuild.9 We attempted to use these tools on a subset of our benchmark set and 

were successfully able to run all but privateer. The percentage of residues assigned to sub 2 Å 

backbone RMSD to their deposited counterparts were recorded and RosettaES significantly 

outperformed every other method (Table 2.2).

2.7 Modeling Multiple Missing Segments

RosettaES clearly outperformed RosettaCM on modeling problems involving a single 

missing segment however models from the de novo fragment docking protocol typically contain 

several missing segments. It is therefore critical to be able to not only sample individual 

segments but also assemble them into complete models. To do this we introduce several 

additional strategies including a monte carlo assembly algorithm and taboo sampling.

2.7.1 Monte Carlo Assembly

https://paperpile.com/c/rmQwZb/ges4
https://paperpile.com/c/rmQwZb/nm8b
https://paperpile.com/c/rmQwZb/E8r1
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In order to assemble a final model when multiple missing segments are present two 

things must occur; 1, an accurate solution must be generated for each segment and 2, from the 

pool of solutions for each segment the correct solution must be chosen. We’ve already discussed 

how an accurate solution can be sampled, to solve the second problem we implemented a monte 

carlo assembly algorithm that attempts to find a set of non-clashing solutions in the structure 

from the pool of partial models. To improve runtime the “one body” scores for each solution are 

kept and the “two body” van der walls clash energies are calculated for each solution pair. These 

are then stored in a table for efficient lookup. 

In the next step the assembly algorithm assigns a random potential solution for each 

missing segment. The score is summed and a new potential solution is substituted. This change is

then accepted or rejected based on the monte carlo metropolis criterion. Initial temperature is set 

to 200 and halved at each of 6 rounds. 250 moves are made for each temperature. During the 

sampling the best model visited is stored and output when the sampling is complete. This process

is repeated 100 times generating 100 models. The clash score of the least clashing model is 

reported and this score is used to signal whether to move to the refinement step or generate 

additional solutions via taboo sampling described below.

2.7.2 Taboo Sampling

The most common way in which the RosettaES protocol fails is when it is unable to 

accurately sample a particularly difficult segment of the structure. Fortunately this is generally 

fairly easy to detect as it is rare that the monte carlo assembly algorithm will be able to find an 

incorrect solution that does not have significant internal clashes. However, when such clashes are
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present taboo sampling can be used to generate additional potential solutions for the monte carlo 

assembly. 

Taboo sampling is a search strategy which, when an initial search fails, uses the results of

previous rounds of sampling to drive the future rounds towards unexplored paths. In the context 

of RosettaES it is particularly suited for dealing with cases in which the monte carlo assembly is 

unable to converge on a non-clashing solution. Taboo sampling is first set up by writing all 

intermediate solutions that pass the two tiered filters to the hard disk. When additional rounds of 

taboo sampling are required, there intermediate solutions can be loaded back into Rosetta and 

future filtering of new solutions will use them to remove conformations which are overly similar 

and they will also be considered as better scoring models for the purposes of the round robin 

second filtering tier. 

2.7.3 Results of Full Assembly

To test this protocol we ran our full pipeline, with up to 4 rounds of taboo sampling, on 

our benchmark set of 9 structures, starting from the round 1 de novo fragment docking models. 

In four cases, FrhA, FrhB, FrhG and TMV RosettaES was able to generate accurate models, less 

than 2 Å backbone RMSD, to the deposited structure. In one case, TRPV1, RosettaES generated 

a non-clashing model 3.6 Å from the deposited. For the other four structures BPP1, VP6, STIV, 

and T20S which all contained large beta sheets, we were able to generate accurate solutions for 

most, but not all, of the missing segments and therefore the monte carlo assembly was unable to 

converge on a final solution. (Table 2.3). 
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2.8 Evaluation and Validation of Proposed Models

An important aspect of computational model building with near atomic resolution 

experimental data is the ability to accurately determine when a correct solution has been 

generated. There are four major ways in which this can be done with RosettaES. 

First, models can be scored using the Rosetta energy function and fit to density. Accurate 

solutions will be free from clashes and have good Rosetta energies with a strong electron density 

score. 

Second, models should fit together in a complete assembly. As discussed in the previous 

section when the input model contains multiple missing segments solutions to those segments 

should be generated in such a way that they can all fit together without creating clashes. The 

ability to generate a complete model with this feature is a good indication RosettaES has 

generated an accurate model.

Third, model convergence can be used to provide an indication that RosettaES has 

generated an accurate solution. By comparing the RMSD of each residue in the solution set to 

the centroid RMSD for that residue in the ensemble the diversity within the ensemble can be 

determined. Ensembles which have very little model diversity generally have an accurate 

solution within that pool, whereas ensembles with high levels of diversity are less likely to 

contain an accurate conformation (Figure 2.5).

Finally models should always be evaluated manually to ensure good fit to the density 

and, particularly, that there are not large unexplained volumes in the density. In addition, as will 

be discussed in the following section, external knowledge, such as the presence of glycosylation 

sites, can also be used to inform model selection.
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2.9 Modeling Novel Structures with RosettaES

 In addition to our benchmark sets RosettaES was also used to build several challenging 

unknown targets. These include two difficult domains of the mouse hepatitis virus, the C-

terminus of the human coronavirus NL63, a the flexible c-terminus of the bamboo mosaic virus 

(BaMV). Each of these is discussed in detail below.

2.9.1 Modeling The Mouse Hepatitis Virus Spike

With the outbreak of severe acute respiratory syndrome coronaviruses (SARS-CoV) in 

2002 and Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 coronaviruses of 

are increasing medical concern with fatality occurring in 10-37% of SARS/MERS infections. 

There are no known antiviral treatments for coronaviruses.23 In addition to SARS and MERS 

coronaviruses are responsible for 30% of cases of mild respiratory infection and atypical 

pneumonia worldwide making them an incredibly common human pathogen.23  

The primary target of coronavirus neutralizing antibodies is the S homotrimer which is 

used by the virus for cell adhesion and fusion. The trimer contains a S1 subunit which possesses 

the receptor binding domain and a S2 subunit which mediates membrane fusion. The peptide is 

synthesized as a single chain precursor of about 1300 residues which forms a trimer upon 

folding. This precursor is cleaved by the host proteases between the S1 and S2 in some 

coronaviruses such as the canonical coronavirus model mouse hepatitis virus (MHV)24. 

Several crystal structures for the coronavirus S post-fusion core exist 25–28 and several 

structures S receptor-binding domains in complex with their receptors have also been 

determined29-32 however the lack of a detailed atomic structure of the S trimer has limited 

analysis of the infection mechanisms.

https://paperpile.com/c/rmQwZb/Njhu+EG04
https://paperpile.com/c/rmQwZb/y5Nq
https://paperpile.com/c/rmQwZb/P3MD
https://paperpile.com/c/rmQwZb/ye4M+SaqX+III6
https://paperpile.com/c/rmQwZb/vsWS
https://paperpile.com/c/rmQwZb/ILid
https://paperpile.com/c/rmQwZb/ILid


16

To resolve this problem our collaborators produced a MHV S ectoderm trimer with 

enhanced stability by mutating the S2 cleavage site and fusing a trimerization motif at the C 

terminus. Using this construct a cryo-electron microscopy reconstruction to 4.0 Å was generated.

To create a model for this structure we first docked  crystal structures into the density of 

two S1 domains 29-33. Ultimately all residues from 15-1182 were built with the exception of 

residues 827-863. Residues 453-535 were poorly resolved so were built using density guide 

homology modeling and, with the exception of domains C&D, other residues were assigned 

using a combination of Rosetta de novo fragment docking and manual modeling in Coot.

Domains C & D of the S trimer are of importance here as these domains were particularly

difficult to model. After initial fragment docking attempts failed a sequence scan was done 

attempting to only dock one subsection of the missing segment at a time. Eventually a 30 residue

fragment was able to be identified in the map with good fit to the density (Figure 2.6.a). In an 

effort to complete domains C & D, and assign the roughly 150 residues that were resolved, this 

fragment was used as an anchor for manual model building and RosettaES in parallel. The two 

models agreed well for the N-terminus however the C-terminal residues posed greater challenge. 

The RosettaES solutions for the C terminus were well converged for the first 129 residues so the 

job was split up into two sections where the first 129 residues were added to the structure and 

used as input for the next round. The remaining residues were built using that model as input 

adding 25 additional residues to the structure.  Comparison of the two models showed strong 

agreement in the ~30 residues corresponding to the N-terminal segment however significant 

topological differences were present in the c-terminal region (Figure 2.6.b). 

Upon closer examination it became clear that the RosettaES model was correct whereas 

the manually traced model had significant errors. A number of key features were used to make 

https://paperpile.com/c/rmQwZb/Ieiz
https://paperpile.com/c/rmQwZb/y5Nq
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this determination including the placement of 6 cysteine residues into the density directly next to 

each other such that disulfide bonds could be formed that appeared to be supported by the 

density. These disulfides were placed by RosettaES despite no prior knowledge of their existence

or forcefield attempting to form them (Figure 2.6.e). In addition another important features of the

structures was identified, the protrusion of density coming from the side chain of ASP 657. ASP 

657 is a putative glycosylation site and this density suggests a glycan is present at that position 

(Figure 2.6.d).

This structure was published in Nature in 201634 and in the same issue a homologous 

structure of the beta coronavirus HKU1 was also published at 4.0 Å35. A complete model of 

HKU1 was not generated over domain D however a partial model was made. This model was 

able to place the aforementioned disulfide residues which match very closely to those generated 

by RosettaES, further confirming the accuracy of the RosettaES model (Figure 2.6.f). 

2.9.2 Modeling Human Coronavirus NL63

As discussed in the previous section beta coronaviruses represent a significant and 

growing health concern. Alpha coronaviruses, such as human coronavirus NL63 (HCoV-NL63) 

also pose a significant risk to human health. HCoV-NL63, first isolated in a 7 month old infant36 

is a common infection during childhood and many adults contain antibodies to the virus37. 

Although common HCoV-NL63 infection is a major cause of pneumonia and bronchitis in 

infants and can cause severe lower-respiratory-tract infections in immunocompromised patients, 

the elderly, and children. 

In order to identify convergences between the coronaviruses of different genera our 

collaborators prepared and imaged frozen HCoV-NL63 S ectodomain N-terminally fused to a 

https://paperpile.com/c/rmQwZb/qqgi
https://paperpile.com/c/rmQwZb/YzWt
https://paperpile.com/c/rmQwZb/a1Ow+xZKi
https://paperpile.com/c/rmQwZb/a1Ow
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GCN4 trimerization motif. Images were obtained on an FEI Titan Krios and a reconstruction was

generated to 3.4 Å resolution. 

To build a model from this reconstruction we first generated a homology model using the 

MHV structure described above as the template. The crystal structure of the HCoV-NL63 B 

domain was docked into the density after which several well resolved regions of the map still did

not have a structural assignment. Including a N terminal domain, thought to be the product of a 

gene duplication event, not present in beta coronaviruses, and a region in the C-terminal domain 

that was not resolved in the previous MHV reconstruction (Figure 2.6.g). 

We modeled the novel N terminal domain through a process of de novo fragment 

docking, RosettaES, and manual model building. The C-terminal domain was first modelled 

manually however the last ~30 residues fit the density poorly and contained significant clashes in

the manually traced model. To resolve this we deleted these residues and rebuilt them using 

RosettaES (Figure 2.6.f). RosettaES rapidly converged on a solution with several superior 

features to the manually traced model. In addition to being free from any major clashes the 

RosettaES model was also able to place the single large hydrophobic residue, tyr 1227, into a 

clear pocket of density (Figure 2.6.j). However even more strikingly the RosettaES model placed

ASP 1201 and ASP 1218 into the map in such a way that a large pocket of density was 

protruding from the side chain. These pockets correspond to the glycans attached at these sites, 

both of which were later modeled into the structure and confirmed with mass spec (Figure 2.6.i). 

Once again showing that RosettaES is able to generate solutions to modeling problems which are

very difficult for even expert microscopists.
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2.9.3 Modeling The Bamboo Mosaic Virus

Flexible filamentous plant viruses are single stranded positive sense RNA viruses and are 

responsible for a large amount of crop damage worldwide.38 Despite their agricultural harms they

are relatively non-toxic to humans and have shown much promise for use in biotechnology, 

particularly for vaccine production,39 and protein expression.40 However, development of these 

applications has been slowed due to the lack of an atomic model for these viruses despite 

structural studies that go back at least as far as 1941.41 This lack of model is due to the fact that 

these viruses cannot be crystallized and are too flexible to obtain x-ray fiber diffraction at high 

resolution. On the contrary the first known virus, TMV,42 is a rigid filamentous virus and has 

been solved by both x-ray diffraction43 and cryoEM. TMV contains a right handed pitch about 

the helical axis and low resolution fiber diffraction data suggested that potexviruses, of which 

BaMV is a member, share a similar topology with each other. Several low resolution models of 

potexviruses have been generated38,44,45 all of which implicitly assume a right handed helical pitch

as in TMV. 

BaMV is a single stranded RNA virus with  genome of about 6.4 Kb45 and a flexible 

morphology. It is built mainly from a single coat protein of which the N-terminus is of particular 

interest due to the fact that up to 35 residues of it can be removed and the virus can maintain 

replication and assembly.45–47 These 35 residues can be replaced with foreign peptides in order to 

serve as a plant expression vector.48,49

To solve a structure of a flexible filamentous virus our collaborators in the Egelman lab 

imaged the wild type BaMV and a virion with a 35 residue deletion on the N-terminus. Helical 

reconstruction was done and symmetry was determined via trial and error until secondary 

https://paperpile.com/c/rmQwZb/DkpS+5LiK
https://paperpile.com/c/rmQwZb/c5C6+uBHH+5Rdc
https://paperpile.com/c/rmQwZb/c5C6
https://paperpile.com/c/rmQwZb/c5C6
https://paperpile.com/c/rmQwZb/4VUx
https://paperpile.com/c/rmQwZb/ey4m
https://paperpile.com/c/rmQwZb/SNl5
https://paperpile.com/c/rmQwZb/WPZc
https://paperpile.com/c/rmQwZb/JmdX
https://paperpile.com/c/rmQwZb/oIfU
https://paperpile.com/c/rmQwZb/WJ7T
https://paperpile.com/c/rmQwZb/ey4m
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structure elements could be observed. Both reconstructions were identical with the respect to 

symmetry. Two enantiomorphic constructions could be generated, that were consistent with the 

images, for both the right handed and left handed helical twist. However, when the crystal 

structure fragment of the 28% homologous papaya mosaic virus was docked into the density it fit

only into the left handed reconstruction. Comparing the two reconstructions allowed for a 

resolution estimate of 5.6Å.

To build a complete model of the BaMV complex we started by building a homology 

model using the papa mosaic virus crystal structure. This homology model, while fitting the 

density well, was missing 62 residues of the N-terminus and 42 residues of the C-terminus 

(Figure 2.6.k). Through manual segmentation we were able to isolate the asymmetric unit of the 

structure and we attempted to assign these missing residues using RosettaCM. After several 

iterations we were able to obtain a model of the N-terminus that agreed well with the density. 

However, RosettaCM was unable to assign a reasonable conformation that fit the density to the 

C-terminus and the top scoring models were significantly outside the expected region.

To resolve this issue we turned to RosettaES which was able to rapidly generate a set of 

well converged solutions (Figure 2.6.m). These conformations well explained the density and of 

particular importance, did not leave significant regions of the map unexplained. The end of the c-

terminus was clearly visible in the map and the last residue in the sequence was placed directly 

into this region. Furthermore when the structure was refined in symmetry the model fit together 

well with favorable intra subunit contacts being made in the c-terminus. These features made us 

confident in the models produced by RosettaES despite the lower resolution of the electron 

density.50

https://paperpile.com/c/rmQwZb/CZNK
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2.10 Discussion of RosettaES

Here we have shown that RosettaES is a powerful tool for protein structure determination

from sparse cryo electron miscroscopy data. It should expand that range of structures that can be 

determined automatically to those which include long segments with non-standard secondary 

structure, extended loops, and  sheets. RosettaES can generate accurate atomic models for  

unassigned segments up to 50 residues and can occasionally generate accurate solutions on 

missing segments well over 100 residues. 

The superior performance of RosettaES stems from it’s more refined use of the 

experimental density to guide sampling. The short, three residue, fragments used to build up the 

RosettaES models allow for complete coverage of the necessary conformational space and, when

combined with the experimental data, allow for much more target sampling of possible solutions.

Furthermore the additional features in RosettaES including, the penalty on discontinuous density,

two-tiered filtering strategy, beta sheet sampling, and efficient use of side chain information, 

improve its ability to exclude incorrect conformations increasing accuracy and reducing wasted 

sampling time.

Failure of RosettaES is almost always the result of insufficient sampling and this problem

generally represents itself as the inability to assemble a set of fully assemble solutions. When 

such failure occurs taboo sampling can be used to generate additional conformations for 

evaluation. Furthermore diversity of the final solution set can often be an indication of sampling 

success and the lack of convergence suggests a greater need for sampling. 

Ultimately RosettaES should be a valuable tool in aiding microscopists in building 

challenging structures at near atomic resolution data and it, and other tools like it, will likely play

an important role in the revolution in structural biologically happening with cryoEM.
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Figure 2.1 Overview of RosettaES1

a. RosettaES begins with an incomplete model placed into a density map. b. Short fragments are 
used to grow an ensemble of partial solutions. c. The ensemble is scored and pruned to a non-
redundant subset consistent with the data. d. The remaining structures in the ensemble are again 
grown with short fragments. e. Steps b through d are repeated until all residues are assigned, 
yielding an ensemble of solutions consistent with the data. f. Given ensembles for each of several
unassigned segments, a Monte Carlo assembly algorithm finds a set of non-clashing solutions. If 
no such solution is found steps b through e are repeated, enriching for solutions different than 
previous samples.

1 Figure republished with permission from doi:10.1038/nmeth.4340



23

Figure 2.2. Number and size of fragments required to accurately sample all the missing 
segments in benchmark set from the Rosetta de novo models.2

a. A scan of different residue lengths and the number of fragments sampled at each step. The 
RMSD of the worst conformation generated for the missing segments of the round 1 models 
generated by Rosetta de novo fragment docking on our benchmark is plotted on the y-axis. 
Twenty, three residue long, fragments (using a two residue overlap for an addition of one residue 
per step) are sufficient to accurately sample every missing segment in our set. b & c. The 
torsional RMSD of the 100 3 and 5 residue long fragments for the benchmark case VP6. The 3 
residue long fragments have much greater coverage near the deposited structure which may 
explain why near deposited conformations are more easily detected when using them.

2 Figure republished with permission from doi:10.1038/nmeth.4340
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Figure 2.3. Effect of beam size on sampling accuracy
A plot of the best sampled structure of residues 1-65 of FrhG with increasing beam size. When 
the maximum beam size is set to 280 a 0.9 Å backbone and Cβ RMSD structure is sampled.3

3 Figure republished with permission from doi:10.1038/nmeth.4340
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Figure 2.4 Accuracy of RosettaES compared to RosettaCM.4

 a. A comparison of RosettaES to RosettaCM reporting GDT-HA over the backbone + Cβ atoms  
on a benchmark set of single missing segments extracted from the deposited model. The x and y 
axis correspond to the GDT-HA of the model compared to the deposited structures under two 
conditions. The closer to 1 the more similar the structures. Values above the solid line are 
improved with RosettaES. b. The GDT-HAs over the backbone + Cβ atoms of all the atomic 
models in the Rosetta de novo benchmark set as new features are added. c. The deposited 
structure for FrhA shown in the density. Residues 187-265 (highlighted in red) were removed in 
the benchmark. The second panel shows how RosettaCM failed to find a solution that fits the 
density. The top scoring solution is shown in yellow. The last panel shows that RosettaES 
identified a solution (rendered in green) that fits well into the density. The last panel shows a 
minimal backbone trace of the deposited model (in red) compared to the one produced by 
RosettaES. The two have a 1.9Å backbone and Cβ RMSD.

4 Figure republished with permission from doi:10.1038/nmeth.4340
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Figure 2.5. The accuracy of the best model in the solution set vs the solution set diversity.5 
A plot of the best backbone and Cβ RMSD to the deposited structure contained in the beam vs 
the beam diversity, calculated as the RMSD of each residue in every beam compared to the 
center of mass for that residue.

5  Figure republished with permission from doi:10.1038/nmeth.4340
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Figure 2.6 RosettaES enables structure determination in challenging cases.6

a-f. Building domains C and D of the MHV coronavirus spike with RosettaES. a. A 30 residue 
segment of MHV domain C was placed by Rosetta de novo fragment docking. b. The model was 
completed by RosettaES. A hand traced model (red) and the deposited structure generated by our 
method (green) disagree significantly in domain D, resulting in completely different topologies. 
c. The RosettaES generated model shown in the density. Large aromatic residues are shown as 
sticks. d. Our model is validated by a tube of density at the putatively glycosylated ASN 657 side
chain. e. The positioning of cysteines to form 3 unique disulfide bonds also suggest correct 
registration. f. A recently determined structure of HKU1 spike protein (magenta) matches the 
topology obtained by our method (green; cysteines are highlighted in red). g. Density for the C-
terminal tail of HCoV-NL63 is visible in the map. Docked in red is the partial model built using 
our structure of MHV. h. the final structure, after completion with RosettaES, attachment of 

6  Figure republished with permission from doi:10.1038/nmeth.4340
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glycans (shown in blue) and refinement. i.  The model is supported by the placement of Asp 
1201 and Asp 1218, positioned with clear density corresponding to glycans, and reasonable 
sidechain density. j. Tyrosine 1227 also fits the density well. k. A symmetric homology model of 
the Papino Mosaic Virus docked docked into the reconstruction of the Bamboo Mosaic Virus. 
The C-termini in the core are missing from the model. l. A closeup view of the asymmetric unit, 
with the homologous structure shown in red. l. Despite the low resolution, the top-scoring 
models produced by RosettaES, shown in green, are tightly converged and fit the density well.
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Table 2.1. Results of RosettaCM and RosettaES for each missing segment in the benchmark
set with the context of the deposited model.7

A table containing a list of the target structures and the missing residues built by both RosettaCM
and RosettaES. The backbone + Cβ RMSD in Angstroms of the best scoring and best sampled 
conformation. The RosettaES is able to sample 38 of 44 segments to 2.0 RMSD or lower 
whereas RosettaCM is able to sample only 17 to 2.0 RMSD or lower.

7  Table published with permission from doi:10.1038/nmeth.4340
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Table 2.2 A comparison of RosettaES to non-Rosetta modeling software

This table shows the results of running three different model building software packages 
compared to RosettaES on 5 targets from our benchmark set. RosettaES was run for a single 
round with a maximum ensemble size of 64 all other protocols were run with default settings. 
RosettaES outperformed every method across all entries with the exception of FrhG residues 1-
71 for which both Buccaneer and RosettaES assigned 58%. However increasing the ensemble 
size for this set allows RosettaES to find an accurate model for this solution (Figure 2.3).
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Table 2.3. Results of RosettaES for the missing segments of the benchmark set that does not
have the context of the deposited model.8

A table of results for each of the individual missing segments from the round1 fragment docking.
Each round is the best sampled backbone and Cβ RMSD reported in Angstroms. Previous round 
results are used for taboo sampling in subsequent rounds. The last column reports the complete 
Cɑ RMSD of the best scoring model after MCA and local refinement. 

8 Figure republished with permission from doi:10.1038/nmeth.4340



32

Chapter 3: GLYCAN REFINEMENT

3.1 Introduction to Modeling Glycoprotein Conjugates

Carbohydrates are some of the most structurally diverse biomolecules in all of nature. 

They serve a huge range of functions from cell signalling, to energy storage, to viral immune 

evasion. Glycoprotein conjugates are an important class of these molecules with studies 

suggesting that more than half of all human proteins are glycoprotein conjugates.51 Despite the 

frequency at which protein glycosylation occurs the field of glycan structural biology has faced 

many challenges. 

Due to the highly flexible nature of glycans glycoprotein conjugates have been 

historically difficult to characterize. Because glycan flexibility is thought to impede 

crystallization specific removal of glycans through genetic engineering in order to obtain crystal 

structures is not uncommon52 as is removal through various glycosidase enzymes. Despite this as 

of late 2017 over 4000 entries in the protein data bank (PDB) contain N-linked carbohydrates, 

approximately 5% of the total database, up from ~2.5% in the early 2000s.53 Furthermore, likely 

due to the lack of crystallization requirement, the advances in cryoEM have led to an increasing 

number of structures with glycans being deposited. This trend is expected to continue as many 

new researchers begin to take advantage of cryoEM technology. 

Unfortunately structural refinement tools for work with glycans have not kept up with 

these technological advances.53  This has caused significant problems throughout the field. In 

2003 it was shown that roughly 30% of all glycan containing structures in the PDB contain errors

in either their nomenclature or their chemistry.54 Furthermore, in 2015 it was shown that a 

https://paperpile.com/c/rmQwZb/4hVK
https://paperpile.com/c/rmQwZb/PFYR
https://paperpile.com/c/rmQwZb/PFYR
https://paperpile.com/c/rmQwZb/VcpML
https://paperpile.com/c/rmQwZb/awDl
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number of other anomalies exist in the PDB. Including a phenomenon where high energy sugar 

conformations start to occur at alarming frequency as the resolution of the experimental data 

decreases.55 Suggesting that, rather than modelers assigning high energy conformations only 

when there is strong support in the experimental data for their presence, they are being poorly fit 

into weak data and refinement programs are not resolving these mistakes. With cryoEM 

producing an increasing number of reconstructions precisely at these resolutions there is an 

urgent need for better tools for modeling glycans with experimental data of this quality.

3.2 Introduction To The Rosetta Glycan Framework

The Rosetta software suite is a powerful tool for protein structure determination and 

refinement. Because the origins of Rosetta are in purely computational structure prediction and 

design it is highly optimized for use without experimental data. It includes such features as an all

atom physically realistic energy function56 and a large number of ways to manipulate the 

conformation of a structure. In addition a number of novel methods that make use of 

experimental data, including the fragment docking and RosettaES protocols described in chapter 

1 and 2 and  the Phenix-Rosetta tool for crystal structure refinement,57 have been developed. In 

addition to these tools a framework for glycan modeling and design has been implemented in 

Rosetta.58 This framework includes torsional based glycan related score terms and a number of 

tools for glycan conformational manipulation. 

It is therefore reasonable to suppose that Rosetta’s realistic energy function, refinement 

tools, and glycan modeling framework could come together to form a powerful tool for modeling

glycans with near atomic resolution data. However, a number of major limitations exist within 

the existing glycan framework which prevent that from being the case. These include the lack of 

https://paperpile.com/c/rmQwZb/yrCS
https://paperpile.com/c/rmQwZb/rsDp
https://paperpile.com/c/rmQwZb/ZA8L
https://paperpile.com/c/rmQwZb/4hVK+YQXi
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ability to write glycans in standard pdb format, the extreme syntax requirements of input PDB 

files (especially LINK records), a lack of cartesian based score terms. Here we will described the

steps taken to address these issues as well as describe results that demonstrate the utility of this 

new Rosetta glycan refinement protocol for refinement with both cryoEM and x-ray 

crystallography data in the range of 1.5-5Å resolution.

3.3 Cartesian Scoring Of Glycans

Within Rosetta there are two common formats by which a structure can be manipulated, 

either by using torsional space or cartesian space. In torsional space bond lengths and angles are 

kept fixed and only atom torsions are allowed to move. This reduction in the degrees of freedom 

makes sampling and scoring faster and more computationally tractable while also allowing for 

large domain based motions to occur more easily. With the introduction of the original glycan 

framework a number of glycan related score terms were implemented for torsional based scoring 

however no modifications were made to allow for scoring in cartesian space leaving it 

insufficient to resolve many of the bond length and error issues common in refinement targets. 

Given the large number of the problems involving bond lengths and bond angles it is critical that 

cartesian space of the glycans work reliably in Rosetta. To accomplish this goal a number of 

modifications were made to the cartesian energy function. 

3.3.1 Scoring of Glycan Rings in Cartesian Space

In order to ensure glycan rings were constrained to known conformations functions were 

added to cartesian scoring which match the current positions to the closest conformer, via nu 

angles. Constraints are then placed on the ring torsions to drive the ring towards this 
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conformation. To handle the weights on these constraints a new score type, cart_bonded_ring, 

was added to the cartesian score function.   

While this design of constraining the rings to the closest conformation of the input 

structure offers the flexibility to model high energy states of the rings when dealing with sparse 

experimental data one should never build anything but the most favorable ring conformations as 

the experimental data cannot support modeling the glycan in a high energy state. To force this 

behavior a flag was added, -ideal_sugars, forcing Rosetta to always assign constraints only to the

low energy conformation for each pyranose moiety. These constraints are then applied during 

cartesian minimization to resolve ring conformation anomalies.

3.3.2 Cartesian Scoring of Anomers

In order to resolve issues with discrepancies between the nomenclature and the geometry 

of a structure (alpha sugars in beta positions and vice versa) additional torsional constraints were 

added to the cart bonded ring score term. These torsional constraints occur between the atom of 

the glycosidic bond from the lower residue and the C1, C5, and C6 atoms of the sugar. However, 

while these torsional constraints are sufficient to drive the heavy atoms into the correct positions 

in order for the hydrogens to be placed correctly the chirality at the anomeric position must 

change. To resolve this issue a new mover was implemented in Rosetta which rebuilds the 

anomeric hydrogen based on the ideal coordinates of the residue. This mover is added to the 

Rosetta xml script after a minimization or relax cycle and is sufficient to resolve these 

nomenclature/geometry discrepancies. In total these changes to cartesian scoring are sufficient to

resolve most of the common structural flaws of glycoprotein conjugates.
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3.4 Reading and Writing Structures with Glycans

As part of the original glycan framework in Rosetta a custom nomenclature system was 

developed for Rosetta glycans. While Rosetta can read both PDB and glycam formatted structure

files, internally a custom naming scheme was developed to represent all the possibilities of 

glycan structural biologically and avoid the limitation of unambiguous structures from the pdb 

names. While this naming scheme is useful for its intended use of de novo glycan design within 

Rosetta it is poorly suited for dealing with refinement problems which frequently involve the use

of multiple software packages whether they be molecular graphics or other refinement tools. This

especially critical for pipelines such as the Rosetta-Phenix crystal refinement protocol in which 

tight integration between Rosetta and Phenix at all steps of the protocol is required

Reading of PDB (and glycam) formatted files and converting them into Rosetta 

nomenclature is done by taking advantage of an internal database that matches three letter pdb 

codes to the Rosetta base name for the glycan, however this database does not match the base 

name in a one to one ratio instead multiple pdb codes can correspond to the same Rosetta residue

base name. This problem is resolved by the Rosetta residue matcher which applies patches to the 

base residue type depending on the atoms in the residue. 

Because Rosetta does not maintain the original pdb code for the sugar, and to ensure 

naming PDB naming could be used regardless of the input source, it is therefore necessary to 

map the full Rosetta name (including patch names) back to the original pdb codes if Rosetta is to 

be capable of output in PDB format. To resolve this problem we added additional data to the 

Rosetta pdb naming database which now stores the name of each patch added to the base residue 

type in order to create the desired residue. Additional functionality was also added to the Rosetta 

nomenclature manager which will attempt to match base names and patch names to the proper 
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pdb three letter code. Using this system for naming is particularly valuable because it means 

Rosetta is able to take files in any format and convert them into the pdb standard ready to be 

used for deposition in the database. It also resolves the issues of software compatibility given 

that most refinement packages that handle glycans accept them in standard pdb format.

3.4.1 Connectivity and LINK Records

Another major limitation of working with glycans in Rosetta is the extreme syntax 

requirements for the input pdb files. Two areas that cause particular issue are the requirements 

that all glycans be numbered in such a way that the numbering completes each chain before the 

next begins. This is not a requirement in standard pdb format meaning that Rosetta is unable to 

load many of the valid structures stored in the database. The other major requirement is that all 

link records in the pdb file occur in such an order as to create a valid Rosetta fold tree. This 

imposes very tight restrictions on the order of which the LINK records can occur and results in a 

load failure whenever such requirements are not met. These two issues, combined with cryptic 

error messages, mean that if often requires an expert Rosetta developer spend hours manually 

manipulating the glycan containing pdb file into a state which can be read by Rosetta making it 

nearly unusable as a refinement tool.

Two recent additions to Rosetta have dramatically improved this problem. The first is a 

method for auto detection of glycan connections added by our collaborator Sebastian Rämisch. 

This code uses distances to map the connectivity of all the glycans in the structure and renumber 

them internally into acceptable format. This resolves the chain numbering issue allowing Rosetta

to accept chains numbered in any format and instead relying on geometry to find the correct 

connectivity. Second a refactor of the connectivity code in Rosetta, performed by Rocco Moretti,
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fixed the issues involving the LINK record formatting allowing for LINK records to be written in

any pdb compatible format and treated appropriately by Rosetta. 

We took advantage of both these changes to implement a combined system that uses 

explicit link records, when present, combined with auto detection code to find any links that may

have been missed. This system is far more robust allowing Rosetta to load and treat most 

structures reasonably. Furthermore the use of explicit LINKs in addition to auto detection means 

modellers can now utilize the common strategy of rigid body fitting glycans from deposited 

models into their structure and, as long as the original glycan has reasonable geometry, they need

only worry about explicitly declaring the connection to the side chain and Rosetta will handle the

rest of the connectivity appropriately.  

3.5 Refining Low Resolution Glycoprotein Crystal Structures

In order to test Rosetta glycan refinement with low resolution crystal data we collected a 

benchmark set 12 glycan containing crystal structures from the PDB. Resolutions of the data 

ranged from 1.9 to 3.5 Å and in total this set contained 133 sugar moieties. Through a 

combination privateer and manual analysis we were able to identify a number of issues in these 

structures. Including 3 problems with incorrect anomers and 23 problems with high energy ring 

conformations in one case, 5k65, one of the glycans also did not form the correct glycosidic bond

with the side chain.

To refine these structures we used a modified version of the phenix-rosetta low resolution

refinement strategy with several rounds of minimization starting from low repulsive weights and 

ramping to full weight across 4 cycles being performed before the normal protocol. This protocol

was able to resolve all 3 of the incorrect anomers and all 25 of the energy ring conformations as 
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reported by privateer. Examples of these fixes can be seen for entries 1c1z, where the incorrect 

anomeric state for Mannose 397 has been corrected, and 5n92 where the high energy ring 

conformation of Fucose 597 is resolved (Figure 3.1 A-D). For the missing connection identified 

between the glycan and ASN 297 of entry 5k65 an explicit link record was added before refining 

bringing closed and forming the glycosidic bond which becomes visible in the density after 

rephasing (Figure 3.1.E-F). Furthermore these improvements to the geometry come at almost no 

cost in fit to density with almost all models, save one, showing improved R and Rfree after 

refinement (Table 3.1 Figure 3.2). 

3.6 CryoEM Glycan Refinement

In addition to the refinement of crystal structures we also used Rosetta glycan refinement in the 

modeling process of two recent structures, the HCoV-NL63 structure described in chapter 1 and 

the HIV trimer (unpublished). 

3.6.1 Modeling The Glycans of HCoV-NL63

To model the glycans of HCoV-NL63 sugar moieties were taken from the PDB  and were 

docked into the density approximately near the the asparagine to which they were bound. Little 

care was taken to ensure correct glycan geometry with many glycans docked haphazardly 

creating glycosidic bonds often several angstroms apart, this was by design as instead Rosetta 

glycan refinement was used to resolve any of the issues resulting from poor docking. In total 31 

sugar moieties were modeled for each monomer, providing valuable insight into the structure of 

the viral glycan shield (Figure 3.3). 
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Comparison of the starting model to the deposited one show several major improvements 

to glycan geometries. Several examples of these errors in the input model are ASN 1218 which 

fails to form a correct linkage to the NAG 1469 which also fits the density poorly (FIgure 3.4.A),

mannose 1428 which is docked in a high energy boat conformation (Figure 3.4.B) and ASN 218 

which contains significant clashes with the attached glycan and an extremely long glycosidic 

bond (Figure 3.4.C). All of these anomalies are resolved during Rosetta refinement resulting in a 

significantly improved structure demonstrating the power of this method to resolve even very 

poorly fit glycans.

3.6.2 Modeling The Glycans Of The HIV Trimer

The HIV trimer is one of the most heavily glycosylated proteins in nature and the glycans

have drawn much attention for the role they play in HIV immune evasion. To aid in the 

understanding of these interactions our collaborators used cryoEM to generate a 3.4 Å resolution 

reconstruction of an antibody bound HIV trimer. In total 60 glycan moieties were resolved well 

enough that they could be modeled in the data. Similarly to HCoV-NL63 glycans were first 

docked into the density using coot and the glycans were then refined using Rosetta by first 

minimizing in cartesian space and idealizing anomeric hydrogens followed by local relax with 

the glycan framework enabled. Again significant improvements over the starting model were 

made, including resolving atomic clashes, incorrect anomers, and long bond distances (Figure 

3.5). 
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3.7 Discussion Of Glycan Refinement

Here we have described a novel refinement strategy for work with glyco-protein conjugates with 

sparse cryoEM and x-ray crystallography data. This method is able to resolve many of the 

common errors found throughout the PDB, especially at lower resolutions including problems 

with incorrect anomeric forms, high energy ring formations, and unrealistic glycosidic bonds. 

This protocol comes at a time when, thanks to the advances in cryoEM, an increasing number of 

glycosylated structures at near atomic resolution are expected to be solved at near atomic 

resolution precisely where existing refinement protocols perform so poorly. We anticipate that 

going forward this tool will be a valuable resource for crystallographers and microscopists 

looking to build accurate models of glycoprotein conjugates and we hope it will begin to reduce 

the number of new structures being deposited with significant errors in their glycan 

conformations.
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Figure 3.1 Anomalies in deposited crystal structures Resolved by Rosetta-Phenix 
Refinement
A. Mannose 337 from pdb entry 1c1z is in the incorrect anomeric conformation. B. Rosetta 
refinement has resolved the incorrect anomeric attachment assigning the correct alpha 
conformation to the sugar. C. Fucose 597 of entry 5n92 is in a high energy boat conformation. D.
5n92 fucose 597 has been moved to  the low energy chair conformation by Rosetta glycan 
refinement. E. The N-acetylglucosamine residue 501 of chain B for entry 5k65 does not form the
glycosidic bond to the ASN 297 of the same chain. F. After explicitly assigning the linkage 
Rosetta refinement is able to form the correct bond and density for the connection is visible upon
rephasing.
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Figure 3.2 Rfree before and after glycan refinement
Figure 3.2 shows Rfree before and after gylcan refinement in Rosetta. With the exception of once
case Rfree remains unchanged despite resolution of the glycan anomalies.
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]

Figure 3.3 Architecture and glycans for HCoV-NL639(a,b) Ribbon diagrams showing two 
orthogonal views of the S trimer, from the side (a) and from the top (b), facing toward the viral 
membrane. Glycans are shown as dark-blue spheres. (c) Residue-level schematic of N-linked 
glycans. The most extensive glycan structure detected by MS at each site is represented except 
for glycans observed only by cryo-EM, for which the resolved sugar moieties are shown. FP, 
fusion peptide, HR1, heptad-repeat 1 region; HR2, heptad-repeat 2 region (shown with a dashed 
line because it is not resolved in the map); TM, transmembrane domain (the striated texture 
indicates regions that are not part of the construct); GlcNac, N-acetylglucosamine; Man, 
mannose; Fuc, fucose.

9 Figure published with permission from doi:10.1038/nsmb.3293
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Figure 3.4 Improved glycan geometries for HCoV-NL63
A. The glycosidic linkage between ASN 1218 and NAG 1469 is not made in the input structure 
(green) and the input fits the density poorly. In the deposited model (blue) the glycosidic bond 
has been formed and the model fits the density well. B. Mannose 1428 in the input structure 
exists in a high energy boat conformation (green). This mannose is converted to a chair form by 
Rosetta refinement (blue). C. ASN 218 of the input model (green) has significant clashes with 
the attached glycan as well as a highly unrealistic glycosidic bond. These issues are resolved by 
Rosetta in the output model (blue).



46

Figure 3.5 Glycans of the HIV trimer fixed with Rosetta glycan refinement.

A. Asp 241 has a stretched glycosidic bond and poor bond geometry in the input model, green, 
which is resolved in refinement, blue. B. Man 1200 has poor fit to density and bad glycosidic 
bond geometry in the input. These problems have been fixed by Rosetta glycan refinement, blue. 
C. The glycosidic bond distance of NAG 1301 is stretched and the nitrogen of the asp is oriented
away from the glycan in the input. This is resolved in the output.
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PDBID
Reported

Resolution
Reported
R/Rfree

PDB redo
R/Rfree

Rosetta
Starting

Rosetta Final

1c1z 2.87 0.2380/0.2440 0.2310/0.2420 0.2385/0.2531 0.2198/0.2462

1uzg 3.5 0.2840/0.3240 0.2886/0.3075 0.2374/0.2748 0.1889/0.3166

2i69 3.11 0.2060/0.2680 0.2551/0.3039 0.2290/0.2850 0.2097/0.2706

5ezj 1.95 0.1980/0.2470 0.2242/0.2497 0.2430/0.2738 0.2317/0.2756

5gz4 2.55 0.2350/0.2880 0.2150/0.2991 0.2772/0.3159 0.2422/0.3132

5hy9 1.97 0.2120/0.2720 0.2370/0.2617 0.2454/0.3072 0.2323/0.3018

5k65 2.5 0.2210/0.2460 0.2316/0.2626 0.2357/0.2665 0.2169/0.2693

5la4 1.9 0.1850/0.2270 0.1651/0.2016 0.2136/0.2455 0.2041/0.2453

5n92 2.3 0.2050/0.2410 0.2075/0.2481 0.2355/0.2694 0.2292/0.2766

5nsc 2.3 0.2250/0.2650 0.2107/0.2497 0.2399/0.2602 0.2065/0.2614

5vem 2.6 0.1960/0.2270 0.1944/0.2113 0.2151/0.2476 0.1925/0.2520

5wbe 2.75 0.1950/0.2290 0.1926/0.2213 0.2446/0.2858 0.2107/0.2807

Table 3.1 R and Rfree of reported, PDB redo, and before and after Rosetta-Phenix refinement
This table reports the R and Rfree of all 12 models in the benchmark set. R and Rfree improve in every 
case between the Rosetta-Phenix starting and final models. All water and non-glycan ligands are have 
been stripped from the input model, possibly explaining any major differences between PDB and 
PDBredo reported values and those of Rosetta-Phenix.
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