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Electron cryo-microscopy (cryo-EM) is an experinartechnique to determine the 3-dimensional
structure for large protein complexes. Currentlys tteichnique is able to generate protein density
maps at 6 to 9 A resolution. Although secondarycstires such as-helix and b-sheet can be
visualized from these maps, there is no matureagmprto deduce their tertiary topology, the linear
order of the secondary structures on the sequérte.problem is challenging because given N
secondary structure elements, the number of pessitders is ()*N!. We have developed a
method to predict the topology of the secondamycstires usin@b initio structure prediction. The
Rosetta structure prediction algorithm was usemhdie purely sequence based structure predictions
for the protein. We produced 1000 of theeinitio models, and then screened the models produced
by Rosetta for agreement with the helix skeletorivadrfrom the density map. The method was
benchmarked on 60 mainly alpha helical proteinglifig that for about 3/4 of all the proteins, the
majority of the helices in the skeleton were cdiyeassigned by one of the top 10 suggested
topologies from the method, while for about 1/3atifthe proteins the best topology assignment
without errors was ranked the first. This approaiso provides an estimate of the sequence
alignment of the skeleton. For most of those trasHfve assignments, the alignment was accurate to
within +/- 2 amino acids in the sequence.

Introduction

Electron cryo-microscopy (cryo-EM) is an attractive inoet for structure determination
because it can work with proteins that are poorly solubletieerwise fail to crystallize,

and is amenable to the structure determination oklargtein complexes as well [1-7].
Although the cryo-EM can generate structures in the forelesftron density maps at 6
to 9 A resolution, it is currently not sufficient to deténe the atomic structure directly
since the side-chains cannot be resolved at this low-tavietliate resolution [7, 8].

However, the location of secondary structures (SS), sutielae®s and-sheets, can be
visually and computationally identified [8-12]. It has beenearerging question about
how to combine the low resolution density map with strecpnediction techniques in
order to derive the 3-dimensional structure of the protei8,[13]. The identified SS are
often the major components of a protein and they form itsteke(€ig. 1). Although the
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skeleton contains the geometrical location of SS, it daésprovide the information
about where the SS are aligned with the protein sequence. die airthe SS with
respect to the sequence, the topology, is also unknowthidnpaper, we used helix
skeleton, which is composed of the helices computation@dgtified by our software
HelixTracer [12]. Given a protein density map at 6-10e&atution, HelixTracer can
output the locations of helices represented by their @leattial lines which can be
potentially curved (Fig. 1).

Rosetta is one of the most successdbl
initio  structure prediction methods [14-18] “«
Unlike comparative modelingb initio methods
do not require a structural homology to sta
with. For small protein domains, Rosetta i
frequently able to produce low resolution mode
with correct topologies spanning the majority ¢
the protein sequence. Previous work has sho
that Rosetta is useful in refining NMR data [1f
18].

<

. Fig. 1. Surface representation of the
We have developed a method to derive t simulated density map (green) and the
topology of a protein by combining its heliy helix skeleton (purple cylinder-like sticks)
skeleton information with the predicted mode found by HelixTracer for protein 1abv
obtained from Rosetta. Our method involves two components: Malickbkleand
consensus analysis.

There were two impetuses to develop MatchHelices. Fistwere not aware of an
existing efficient approach to matching predicted nhatieictures to a skeleton without
any sequence information. Second, it is a waypoint towardg ifutegrating density
maps into constrainedb initio modeling that rapidly reduces the search space. An
alternative approach for comparison is used in “Foldhunterh fldMAN [9, 19] which
uses correlation of density maps to align the skeletom avistructure. This approach is
slow because of the grid search for translation and ootaparameters. Since
MatchHelices only searches through the possible orienwtsuggested by the helix
skeleton, the computation is significantly less. Forypictl alignment between two
structures of 100 amino acids, Foldhunter needs severaltesi while MatchHelices

takes a few seconds on a 3GHz machine.

MatchHelices

Consensus Analysis
of Alignments

Helix Skeleton

2. Methods

2.1 The Overall Approach

Given a protein sequence, Rosetta can generate pro
like conformations known as decoys. The decoys .
predicted possible conformations of the protein. Differe
decoys may have quite different conformations. The idea
is to use helix skeleton to group the decoys and to de Fig. 2. The overall approach

Predicted Alignment
of the Skeleton



the topology from each group. The overall procedure is showvdgL 2. It was tested on
60 mainly alpha-helical single domain proteins rangingize of 50 to 150 residues. For
each protein, Rosetta was used to generate 1000 decoy$ydirinrc” was used to

generate its density map at 8A resolution [19]. Then the Is#eleton was identified

from the density map by HelixTracer [12], and all the decogse aligned with the

skeleton by MatchHelices. Finally a consensus analyasemployed to identify the ten
most popular alignments of the skeleton with the sequence.

2.2 MatchHelices

1. Input data ]

L

MatchHelices is a method to align a decc[

with a helix skeleton (Fig. 3). The input i

composed of a decoy and the helix skelet [ 2. Select a new pair of helices ]‘_

found by HelixTracer (step 1). MatchHelice AS

is a greedy and iterative method which fir: [ 3. Align the mass centers J
[

constructs seed alignment and then refines ys

alignment. A seed alignment is an initial trie 4. A.,gn the pair of helices ]
of alignment that satisfies the following twt
criteria. The first requires the alignment of tF [

5. Determine the] (6 Mlnlmlze]
two mass centers, one from the decoy and - correspondlngJE>Lthe RMSDJ
other from the density map (step 3). Tt points
second requires that a pair of helices, one fr
the decoy and the other from the skelen[ 7. update the best alignment ]
(selected in step 2), is positioned in a way Y
that the two helices are as close as possi
while keeping the mass centers aligned. T
second requirement is satisfied by a rotation
the decoy model around its mass center YES I}
maximally superimpose the two helices in
pair (step 4). The seed alignment is the
refined by allowing certain level of mismatch Fig. 3. The flowchart of MatchHelices
between the mass centers. Since the seea
alignment roughly positions the two helices in a pair, theesponding points can be
assigned between the two helices. If thea®ms of the helix in the decoy are within 5 A
distance from the helix axis in the skeleton, they aregasdi to the nearest
corresponding points on the skeleton (step 5). By doiisgdlset of corresponding points
are determined between the two helices in a pair. Dtinegefinement step, the decoy is
rotated and translated to minimize the RMS deviation betweeigorresponding points
of a pair of helices (step 6). The step 5 and step 6epeated iteratively finding atoms
within the cut-off and re-superposition to convergence. Ip $tehe alignment score is
calculated and the best alignment is updated. The alignmené $& an ad hoc
combination of the number of overlapped C-alpha atoms and uhwwear of helices

8. If all the pairs
have been tried? NO

[ 9. Output the best alignment ]




matched. The process (step 2

to step 7) is repeated for all the

permutations of helix pairs and

their relative directionalities to

determine the best alignment

between the decoy and the

skeleton. In case of ambiguity,

in which different parts of a Fig. 4. Examples of MatchHelices Results: Rosetaoy

decoy helix overlap two or backbone (blue) and it's superposition with thexhekeleton
; (red) for protein labv. The thick regions show vehdine

mor_e Sk9|e_t0n helices, th( superposition criteria are satisfied. A. Correspotmsne of

assignment is made accordin the decoys in first ranked topology prediction (aog

to the center residue of the Prediction)in Fig. 6C, and B. corresponds to seaaméted (a

. oor prediction) in Fig. 6C.
helical segment of the model. poorp ) in Fig

Two example decoys aligned to the skeleton by Matchetebce shown in Fig. 4.

Since we are hunting for partial alignments over subsetheofskeleton, it is in
principle possible that there could be multiple alignmenth@kkeleton to a given decoy
that are equally good. In practice, several attribufesuo approach seem to avoid this
issue. First, because we require the decoy center &f tmde concentric with the density
center, this forces an overall overlap beyond just thiedsewe are pairing, and breaks
most degenerate cases. Second, HelixTracer producesoskelgith curved segments,
not straight lines, and this too breaks the degeneracy., Mdradimply discard skeleton
matches that are insufficiently complex (e.g. if onlgiagle segment is matched while
there are more than two helix segments in the skeletos}lyLaven if this does occur in
a particular decoy, we use many decoys and form a&osos.

2.3 Consensus Analysis

After all the decoys have been aligned with the helix skelétety,are clustered based on
where the skeleton helices are aligned on the proteineseg (Fig. 5). We used the
secondary structure locations (“estimated helix positioggherated by Rosetta as a
guide to assist the clustering process. For each eesidmore than half of the Rosetta
decoys assign helix secondary structure to this resilaeesidue is labeled to be within
an estimated helix (indicated by H’s below the protein sequénd-ig. 5). Within the
regions of the sequence where the estimated heliceleréise nature of the alignment is
examined. Two alignments are grouped into the same clfisher $keleton helices they
align roughly have the same location on the sequence. Rantyc each center amino
acid of the skeleton helix has to be within the correspondiegtimiated” helix.
Therefore, the decoys in the same cluster are thosethétlsame number of aligned
skeleton helices. Moreover, their order, their diretiaom the sequence, and the
corresponding “estimated” helices must be the sameeXample, in Fig. 5, “Decoy A”,
“Decoy B” and “Decoy C” are grouped into one cluster whidecoy E” and “Decoy F”
are grouped into another cluster. “Decoy D" has only 3 skeleelices aligned, so it



Fig. 5. lllustration of the clustering process b&tdecoy alignments. Horizontal bars following thbel
“Decoy A”..."Decoy H" are the alignment results offfdrent decoys. Different patterns of the bars espnt
different helices in the skeleto

cannot be grouped into the same cluster with “Decoy it @ecoy F”. Although
“Decoy G" and “Decoy H” have the same set of skeleglités aligned to the sequence,
they cannot be grouped together since the center of themskélelix shown as the black
bar is aligned to two different estimated helices in the alignments. After the
clustering, the resulting clusters are ranked by the nuofldecoys which they contain.

3. Results and Discussion

Fig. 6 shows the top ranked four topologies for protein labg.t®p ranked topology
correctly predicted the order of the six skeleton helicestified by HelixTracer (Fig.
6C). Besides the correct topology, our method also rougtdpedi the skeleton helices
to their correct locations on the sequence for the rtorked result (Fig. 6C). Each
topology is derived from a cluster of decoys (Fig. 6C)e TWwo decoys fitted to the
skeleton of protein 1abv in Fig. 4 are the members ofvtieectusters corresponding to
the first and the second topologies diagrammed in Fig. 6&nlbe seen in Fig. 6C that
the topology inferred from the alignment in Fig. 4A is tloerect one and the topology
inferred from Fig. 4B is incorrect.

In the case of labv, HelixTracer correctly identifiedadilthe six helices. But this is
not always the case. Sometimes it misses or over-psextiote of the helices. Therefore,
there could be an error in the result of HelixTracémil@rly, there is often an error in
the predicted model of Rosetta. However, the error domst can be partially
compensated in the consensus analysis step, which will be $@wvin this section.

We tested our method on 60 mainly alpha helical proteinfabte 1, we only listed
44 of them. These 44 proteins have majority of the skelegtices correctly assigned by
one of the top 10 predicted topologies, judging by the colu@amrréct TH” and the
column “Assigned Helices” (Table 1). From the last cuhu‘Alignment Offsets”, we can
see that for most of the alignments with the sequenceffibets of the centers are within



Fig. 6. Predicted sequence alignment of the skelietoprotein labv.

A: Simulated density of protein 1abv at 8A resalntiwith inset helix skeleton (purple sticks).

B: The helix skeleton (purple sticks) overlappedtmmbackbone of the protein from the PDB.

C: Top 4 predicted topologies and the true topolofjtabv. Green: predicted sequence alignmentieof t
helices. Purple: the true sequence alignment ofhéees. Right: diagrams of the topologies. Bluésdo
indicate true +termiri of helices labeled in A and

+/-2 residues. From the column “Rank”, it is noticeable thall7 proteins, about 1/3 of
the total proteins tested, the best assignmentniseththe first. Column “Cluster Size”
lists the number of the decoys in the cluster that was tsgufoduce the correct
assignment. In general, a larger value in the “CluStee” column makes the result more
reliable. However, for some proteins, the “Cluster Sizalue is very small and it still
produces good results. It can also be noticed that when the vatue ‘Gfotal Clusters”

is larger, the value of the “Cluster Size” is usualtyafler. This is reasonable, because
the number of decoys is the same for each protein, avet fdecoys will usually be in a
cluster if more clusters are formed.

The other 16 proteins (with PDB ID lag2_, 1bgf , 1bo9A, 1d8e%0A, leylA,
1ljhgA, 1jli_, 1jw2A, 1k04A, 1kIxA, 1koyA, 1I9IA, 1lre_1IriA and 1qqvA) failed to
generate correct topologies from the top 10 predictions. Thegeoteins are not listed
in the table. Although for the 16 proteins we didn’t get fatisresults in the top ten
topologies, we noticed that a subset of the assignmettie gkeleton helices may still be
correct. They were not qualified to be “good results” bezane used a very strict
criterion that all of the assignments in a resultudaolg the topological ordering of the
helical segments and their directionalities should beectrSo it is possible that useful
information still can be acquired from the top 10 resultstie 16 proteins.

In some cases only a subset of the skeleton helicesaligned (see Fig. 6C), thus
there could be more than one result having correct topolbgiessing different helical
subsets within the top 10 predictions. In such cases, we otdy lise one that has the
most skeleton helices involved in the assignment.



Table 1. Results of the 44 out of 60 proteins whielie the majority of the helices in the skeletorremily
assigned by one of the top 10 suggested topologies

Protein Total Possible Total Cluster PDB Total Correct Assigned  Alignment
ID Residues Clusterd8 Cluster8 RanK Sizé' Helice§ TH' THY Heliced Offsets

Tad3_ 72 62700 315  3rd 23 6 5 5 4 {0,25,0,05}
laés_ 87 360 213 9th 19 4 3 3 3 {02515}
latw_ 68 138 80 3rd 56 3 3 3 2 0,05}
labv_ 105 291792 611  1st 18 6 6 6 6 {1,0,0,1,0,2 }
1bby_ 69 138 71 1st 346 3 3 3 3 {0.5,0.5,0}
1bkrA 108 378640 607 2nd 5 8 5 5 3 {1,050}
1c3yA 108 62700 670  1st 12 6 5 5 4 {0.5,0.5,2,0 }
ldagA 71 36 18 4h 95 3 2 2 1 1}
1dgnA 89 1044204 578 8th 8 7 6 6 4 {1,0,0,05}
1dk8A 147 1432180 725 3rd 5 10 5 5 3 {1,0,0.5}
1diwA 116 39040 334  1st 34 8 4 4 4 {0500515}
1dogA 69 4360 87 1st 234 5 4 4 4 {0,011}
1dp3A 55 138 35 ist 194 3 3 3 2 {1,0}
1du2A 76 64 61 7th 36 4 2 2 2 0,1}
ldxsA 57 4360 234  5th 21 5 4 4 4 {0,1,0,2.5}
lef4AA 55 138 a7 ist 518 3 3 3 3 {0.5,0,2.5}
leyhA 144 169E+08 823  1st 15 10 7 7 4 {0,0.5,1,4.5 }
1f68A 103 62700 427 2nd 44 6 5 5 3 {0.5,0.5,0.5}
1fevA 91 1356 235  7th 21 6 3 3 2 {0.5,2.5}
1fe5A 118 750 182  7th 16 5 3 3 2 {152}
1g03A 134 291792 635 S5th 8 6 6 6 3 {2,155}
1g7dA 106 19090 338 2nd 53 5 5 5 5 {1115015}
1gab_ 53 138 116  4th 57 3 3 3 3 {1.5,0.5,0.5 }
1gd6A 119 166390 347  1st 14 7 5 4 3 {0.5,0.5,1}
1gxgA 85 360 149  2nd 62 4 3 3 3 {1,1,05}
1gxgA 105 1472 95 ist 68 4 4 4 3 {0.5,0.5,1}
1hb6A 86 4360 235  1st 35 5 4 4 4 {1,1,005}
lhbkA 89 1472 218 3rd 17 4 4 4 4 {0,1,0,05}
ihdi 77 360 76 1st 532 4 3 3 3 {1.5,1,2}
1hp8_ 68 360 57 1st 253 4 3 3 2 {1.5,1.5}
ligsA 107 166390 517 7th 5 7 5 5 5 1,02,29}
lizA 120 62700 313  1st 36 6 5 3 3 {0.5,1.52}
liygA 133 1044204 501  6th 18 7 6 5 4 {1,0,0,05}
1jsA 111 166390 316  7th 17 7 5 5 5 {1,2,2,0,0.5}
1kr7A 110 1044204 602  6th 9 7 6 5 4 {0.5,0,0,0.5}
imyo_ 118 19748176 816 2nd 6 8 7 7 4 {0,0,1,1}
ingr. 85 1044204 752  8th 4 6 7 6 3 {0,1,0.5}
ink_ 78 19090 303  6th 17 5 5 5 3 {0.5,0.5,4 }
lpru_ 56 138 62 1st 320 3 3 3 3 {0.5,0,0}
lutg_ 70 1472 111 1st 79 4 4 4 4 {0,1,0.5,1}
2asr_ 142 19090 447  Tth 4 5 5 5 3 {3,05,05}
2end_ 137 138 204  8th 14 3 3 3 2 {15}
2lisA 131 1044204 695  7th 3 6 7 5 3 {25,052}
2mhr 118 4360 258  1st 84 5 4 4 4 {4,05,1,0.5}

*The total number of all possible clusters in tharsh space.

® The total number of clusters produced in the casise analysis step.

¢ The rank of the cluster from which the correctalogy assignment was produced.

“ The size (the number of the decoy members inlthstar) of the cluster from which the correct taypl
assignment was produced.

€ The total number of helices in the crystal streetu

" The total number of helices (in the skeleton) tifienl by HelixTracer.

9 The number of correctly identified helices (in sieleton) by HelixTracer.

" The number of helices (in the skeleton) assigneté correct topology assignment.

' The offsets of the centers of helices (in theetkosl) from the actual positions in the alignment
corresponding to the correct topology assignnmiEm offsets are separated by commas.




The column “Possible Clusters” lists the total numberliop@ssible clusters in the
search space,dNwhich can be calculated by:
min(Ht,Hp)
N, = CiCly ke 2)
k=1
in which Ht is the total number of helices identified bgliTracer, and Hp is the total
number of helices in the crystal structure.

It can be seen from the table that for protein “liizA” wathelices, HelixTracer only
correctly identified 3 of them, with 3 helices missed aretlices over-predicted. With so
many errors contained in the input, the correct topolegy still found and it was ranked
the first in the final results. Other examples for vahidelixTracer over-predicted helices
include protein “igd6A”, “liygA”, “1kr7A”, “Ingr_" and “2lsA”. So our method can
sometimes compensate the errors produced in the skeletoriicad¢ion step.

4, Conclusion

This work is a preliminary study to see if we can glyickollapse the factorial
complexity of the topology assignment and sequence adighrproblem to a small
number of possibilities that include an assured true posiive.results showed that our
method was capable of assign majorities of the helictwiskeleton correctly within top
10 assignments for most of the proteins tested. For abowlf HBthe proteins, the best
result with the correct topology was ranked the first. @athod also showed robustness
in working with bad inputs, namely the false positive ansefaegative identifications of
the true helices by HelixTracer. The predicted top@sdbr the helix skeleton can be
very helpful for structure determination with cryo-EM methédid it also can become
the basis of a more careful constrained search usingtRoset

Previously Rosetta has been used to refine NMR data [15H&8 we are using it
only as a consensus screen and we are not (as yetponaiing the cryo-EM data into
the prediction algorithm as restraints as it was done foRN®ur previous work with
NMR data showed that only a few constraints are needechteve very high accuracy,
however when false positive constraints are included gonstraint set, the prediction
quality rapidly deteriorates. Thus our screening protocol bi@sed away from making
complete assignments of all the SS elements, and dewaredictions with few false
positives over the majority of the SS elements at thetdg ranked list.
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