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1. BIEDRLL

To understand proteins biological function and in drug discovery, it is critical to probe their
flexibility and obtain accurate models of their 3-dimensional structure. Structures are solved with
X-ray crystallography or Nuclear Magnetic Resonance (NMR) experiments and atomic coordinates
are deposited into the protein data bank (PDB). To make a sensible and reliable use of protein
structure, it is vital to know evaluate the quality of the solved 3D structures. Both X-ray and NMR
structural models have uncertainties and are prone to various errors (i.e. geometry of solved
structures is not realistic, structures do not match well the experimental input data etc). While it is
possible to have a fairly good estimate of the quality of X-ray crystal structure, estimating the
accuracy of NMR protein structures is largely an unsolved problem [1,2]. This is a problem not
only for users of protein structural information, but also for the scientists who calculate the
structures, since it is difficult the judge how good their solved NMR structures are.

In the last AIP Challenge, we proposed a high-throughput method for validating NMR structures,
which compares Random Coil Index (RCI) [6] (developed by David Wishart at University of
Calgary) which experimentally quantifies protein flexibility, together with FIRST-ensemble
[7,8,11,14] (developed by Principal investigator Sljoka) - a method based on rigidity theory
algorithms for fast protein flexibility prediction. We designed a first version of implementation of the
RCI/FIRST-ensemble (from now on we refer to it as RCI/FIRST) validation methodology and
showed on test cases the usefulness of RCI/FIRST for validation of NMR structures. In continuation
work, we proposed to improve our validation method and analyze and validate large number of NMR
PDB structures, working with current data sets, with ultimate future plan to validate all NMR
structures. A public database of annotated high quality NMR structures would be very powerful as
it would serve as a calibration set and quality standard for NMR validation and deposition process
and we have already attained validation on large data sets. Moreover, since NMR structures are
represented as an ensemble of structural models, it is not clear which models are good quality,
creating a lot of confusion to users of PDB. The other important purpose of this research is to apply
RCI/FIRST and identify good and bad ensemble members in NMR structures. We want to identify
regions in the protein within each member of the ensemble that are reliable and at same time
annotate regions within structure models that are likely to have errors, providing very valuable
local information on accuracy of structural ensemble. The long term goal of this research is to set up
an NMR validation server and incorporate it to the PDB web servers, where anyone can submit

structures and perform validations. This work is of high significance as for first time allows us to



assess the accuracy of NMR structures and improve structure calculation process. Another
importance of this project deals with improved functional analysis of proteins, for example using
the rigidity transmission allostery (RTA) analysis that the applicant has developed in 2012 (Sljoka
dissertation, York University, 2012) and applied it in (Sljoka et al Science 2017, Nature
Communication 2018 [12,13]) and demonstrated it can predict allostery in enzymes and receptors.

As RCI/FIRST methods enables us to identify high quality structural members of the ensembles,

we can obtain improved prediction of allostery or other structure-function analysis.

2.

HRAR

(MHARDER

Proteins are a constituent element of all living organism and play crucial roles in immunity,
catalysis, and metabolism and are targets in drug therapeutics. To deeply understand protein
function, it is important to analyze their flexibility and know how their various components move
within their 3D structure. Advancements in the field of mathematical rigidity theory and
algorithms have opened up opportunities for fast computational predictions of protein flexibility
and their dynamics. The principal investigator Sljoka A. has played a key role in advancing this
area of research over the last 10 years.

The most important initial step and input for computational protein flexibility-dynamics and
function analysis is an accurate representation of proteins complex 3-dimensional structure.
Protein structures are solved experimentally (with X-ray crystallography and NMR) and
deposited into the Protein Data Bank (PDB). Unfortunately, protein structures are model
representation of experimental data and are prone to interpretation and measurement errors [1-5].
The validation task force of protein data bank (PDB) is increasingly concerned about validation
of protein structures [1] (ie the development of a set of objective measures of the quality of each
structure) and this is rightly so, since protein structures are only useful if one knows how
trustworthy (ie accurate) they are. While it is relatively easy to validate X-ray protein structures,
validating NMR protein structures is significantly more challenging and remains an open
problem. This is mainly because there is no direct connection between the input experimental
NMR data and the final solved 3D structural models. This is a significant issue to users of PDB, as

structures are only useful for protein function analysis when structures are accurate and reliable.

In the initial AIP Challenge we proposed a novel and first high-throughput method for validating
NMR structures. This method relies on comparing the previously developed Random Coil Index
(RCI) [6] together with FIRST-ensemble [7,8,11,14] (developed by Principal investigator Sljoka).
RCI is a computational methods which inputs experimental derived NMR chemical shift data to
quantify local rigid and flexible regions in protein structure. On the other hand, FIRST-ensemble is
a computational method based on rigidity theory and graph theory algorithms which give fast
protein flexibility prediction by decomposing a protein structure into rigid and flexible regions.

In the AIP challenge, we designed and implemented a first version of the RCI/FIRST-ensemble



(RCI/FIRST) validation methodology and their comparison for NMR structure validation. We had
also developed the algorithm and methodology how to best output the results of FIRST-ensemble
that gives the most robust match to the experimental RCI values and a Pearson-Spearman
correlation comparison of RCI vs FIRST-ensemble. Given the implementation, we had showed on
a small test cases of NMR protein structures the usefulness of our methodology RCI/FIRST for
validation of NMR structures. We have demonstrated that on previously experimentally supported
accurate NMR structures, both RCI and FIRST-ensemble give a similar rigidity measure (i.e. high
correlation) and on inaccurate NMR structures the output of FIRST-ensemble and RCI were not

in good agreement (i.e. low correlation) (see Figure 1).
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Figure 1: Top part: Geometric assessment of NMR structure obtained from Protein Data Bank
(PBD) which evaluates the quality of structure based only on geometric criteria. Left structure has
good geometric quality and right structure has poor geometric quality. Geometry is an important
measure but alone is not sufficient for validation. RCI/FIRST goes beyond geometry and assesses
how well the structures match the experimental input NMR chemical shift data. Middle and
Bottom part: FIRST-Ensemble and RCI output showing flexibility prediction and validation
comparison with prediction of high correlation on a high quality NMR structure and low

correlation on a low quality structure.

(2) =&
Our novel NMR protein structure validation RCI-FIRST addresses the missing link between the
input experimental data (i.e. NMR chemical shifts) and the output 3D NMR model structures. RCI

assesses the experimental NMR shifts of backbone atoms and gives a flexibility score for each



residue. FIRST-ensemble uses mathematical concepts in rigidity theory [9,10] to decompose a
protein (NMR PDB structure) into flexible and rigid regions. RCI and FIRST-ensemble report on
similar outputs, using independent directions and inputs (NMR spectra vs NMR structures) and
their comparison provides a residue-by-residue test of how the rigidity of the structures (from
output of FIRST-ensemble) compares to the experimentally determined 'true' rigidity (from RCI),
as we had shown in last AIP challenge on test case proteins.

The first thing we did during PRISM research is to improve FIRST-ensemble vs RCI comparisons.
We currently calculate a single correlation coefficients to see the global relationship between
FIRST-ensemble and RCI. That is, for every amino acid in the protein, we assign a value of
flexibility prediction from FIRST-ensemble (i.e. lowest hydrogen bond energy strength where the
corresponding residue’s C-alpha atom is part of a large rigid cluster containing at least 20 atoms)
and obtain RCI value for each residue which gives a direct amount of flexibility per residue
according to the input of experimental NMR chemical shift data. We then calculate a Spearman’s
rank correlation coefficient to assess how similar are two predictions of rigidity and flexibility of
protein structure (see Figure 2 and Table 1 and 2).

We performed predictions and obtained correlation coefficients on several large sets of NMR
structures obtained from studies such as Mao et al (J. Am. Chem. Soc. 2014), Rosato et al (J
Biomol NMR, 2015) and others. In a number of these sets, NMR structures were refined in hope
of quality improvement and often the same protein structures were also obtained from X-ray
crystallography making it easier to judge the quality of NMR structures. On these large sets
consisting of several hundred NMR PDB structures and several thousand ensemble models we
have calculated correlation coefficients and shown that RCI and FIRST-ensemble is a robust
method for validation of NMR structures.

Another issue with NMR structures is they are always represented as a set of typically 20 models,
however it is unclear which models are useful and accurate. To deal with this, on large sets of
NMR structures, we demonstrated we were able to successfully validate accuracy of individual
NMR models and distinguish which models are high quality and which models are poor and can
be neglected from NMR ensemble. As such we have begun to collect and annotate a large data
sets of poor and high quality structures, and also ranking each model in the ensemble based on
correlation similarity of FIRST-ensemble and RCI.

The other major result we obtained is about local predictions of quality by comparison of
FIRST-ensemble and RCI on secondary structure parts of a protein (helices, beta sheets and loop
regions). That is we could localize predictions of quality to separate regions of structure based on

secondary structure classification. More detailed achievements are listed in next sections.

(3) 3
The purpose of the AIP Challenge PRISM is to further develop our RCI/FIRST-ensemble
methodology and illustrate its usefulness in validation of NMR structures and perform more large

scale validation of NMR structures. This work is of high scientific importance as it provides a



first method that allows us to assess the accuracy of NMR structures and improve structure
calculation process for experimentalists depositing solved NMR structures to PDB. Specific
achievements and results, figures and data of the project are put in the next private research
results section (FEABADTHFTLR R ) as many of the results are still unpublished.

References: [1] Montelione et al 2013 Structure 21:1563. [2] Vranken, Prog NMR
Spectrosc 82:27, 2014. [3] Snyder et al 2005 Proteins 59:655. [4] Saccenti 2008 J
Biomol NMR 40:251. [5] Vuister 2014 J Biomol NMR 58:259. [6] Wishart 2008 J
Biomol NMR 40:31. [7] Sljoka & Wilson 2013 Phys Biol 10:056013. [8] Jacobs et al
2001 Proteins Struct Funct Bioinf 44 150-165. [9] Whiteley 2004 Phys Biol 2:S116.
[10] Tanigawa & Katoh 2011 Discr and Comput Geom 45 647—700. [11] Sljoka et al
2015 Plos One 10(3). [12] Sljoka et al Science 2017 355, 262—287 [13] Sljoka et al
Nature Comm. 2018 1 9:1372. [14] Sljoka et al Frontiers Immun. 2018 9 413. [15]
Fenton, Trends Biochem. Sci. 2008, 33.

Specific achievements of AIP PRISM are:

— Improved RCI/FIRST-ensemble methodology for predictions. We can now obtain a single
global measure of similarity between RCI and FIRST-ensemble for an overall score of
quality of NMR structure or quality assessment of individual models.

- We obtained results on comparison of FIRST-ensemble and RCI on large number of NMR
structure and data sets of NMR structure which have a corresponding solved crystal
structures, hence obtaining further quality measures of NMR structures.

— Obtained predictions of quality and accuracy of individual members of the NMR ensemble
on large number of NMR structures, hence we can have a large dataset and corresponding
database of annotated good vs poor structures

— Improved RCI/FIRST-ensemble methodology for local prediction of quality in the protein
structure by differentiating quality based on the type of secondary structure (helices, sheets,
loops) quality assessment and its implications in validations

— Generated a large set of poor vs high quality structures and ensemble structural members
for comparisons and further studies

— Comparisons and correlations of quality of structure predictions from
RCI/FIRST-ensemble vs root mean square deviations (RMSD) between corresponding
X-ray crystal structures and NMR structures

— Preparing a draft paper for publication

— Results obtained using RTA allostery method on high quality NMR structure and

comparisons to X-ray structures

Here we put a sample of outputs in figures and tables to demonstrate some of the listed

achievements.
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Figure 2: Validation of NMR structures using RCI/FIRST-ensemble using our method showing

sample of results from one data base from Mao et al (J. Am. Chem. Soc. 2014).

Structures with high correlations we predict are high quality NMR ensembles. Structures with low
correlations are poor NMR ensembles. The strength of correlation for each model of NMR
ensemble is calculated. This indicates which models are of high quality and also indicate any poor
structural models in the ensemble. For a high quality NMR structure, most models in the ensemble

have high quality, conversely for a poor NMR structure most models do not have high accuracy.

model | 2k2a Zjqn 2jr2 2keu kol 2kyi 2kpu 2kez 2jn0 2ksp

1| 0LT01795 | 0.490190 | DEDGETE | 0.G1GE5E | 023585 [ 0.040442 | 0411024 | 0204888 | 0.430836 | 0.550400

2| 0638181 0.GOG2T1 | 0407726 | 0598721 | 0.210382 | -0.043820 | 0.301379 | -0.130820 | 0.490033

3| 0612980 OGEO08G | 0412366 | 05TOM51 | DL302G20 | 0UD0SZ20 | 0.254500 | 0311957 | 0508773

1 | 0.T20784 0714510 | 0496102 | 0UE05582 [ 0098300 | 0164312 | D.408GG2 | 0230017

5 | 0.6T4015 0.T2G0098 | 0425189 | 0638010 | 0352601 | 0.267498 | 0.222897 | 0.071337

G | 0609073 0640254 | 0400284 | 0582843 | -0.324674 3 0.109305 | 0.211258

7| D.6TET2E 0.754TGL | 0402037 | 0633885 [ D.ITERG 0308000 0258086 | 0348566
0.532721 0620765 | 0UG4B333 | 0546227 | 0169703 0326601 | 0165895 | 0.GE25E]

0.582144 | 0.195465 | 0.415430 | 0548660 | 0654253 | 0113004 | 0.161280 | 0430388 | 0.132664 | 0.G08135
10 | 0698473 | 0.484700 | 0583535 | 0.410580 | 0651550 | DOITISG | O.130570 | 0150045 | 0.240085 | 0488686
11 | 0.697350 | 0.425068 | 0.768120 | 0624851 | DLGTITIT | D.205364 | 0U0GA276 | 0337916 | 0385050 | D.GRT754
12 | 0.670444 | 0357844 | D.EBOGGE | 0612672 | 0596574 | 0L1MG02G | 0360303 | 0420527 | 0467300 | 0502480
13 | 0.646509 | 0462711 | 0.774403 | 0.633046 | 0640636 | 0.003004 | 0.117194 | 0.321634 | 0.066735 | 0.436252
14 | 0.699227 | 0409227 | 0.735250 | 0376438 | 0615874 | 0014603 [ 0.152118 | 0.245003 | -0.050750 | 0497226
15 | 0466289 | 0.498340 | 0727847 | 0.591163 | 0636683 | D.AGG381 | 0.138300 | 0182002 | 0.0TG99T | 0609105
16 | 0.699616 | 0318858 | 0704040 | 0641255 | 00613306 | 0222528 | 0190237 | 0.304563 | 0300681 | 0576208
7| 0.6199405 | | Di4 | DGRGETO | (0.583238 | DEATE | 0274563 | O 41 [ 0345791 | 0.270010 | D.GET0AT
18 | 0614999 260 | D.540068 | 0560090 | 0561127 | 0.236790 | (.114758 | 0419811 | 0404756 | 0.540146
19 | 0.741269 | 0445358 | 0720901 | 0.G00963 | 0497094 | 0198602 [ 0202631 | 0186721 | (0.220143 | D.G5ES50
20 | 0693218 | 0.3T115T | D.7EE533 | 0462614 | 0622347 | 0321201 | 0.205508 | 0.200651 | 0.002613 | 0485640




model lxpw 2khn Mp 2133 Tkpw 2kpp k= 2%kip
0063120 0570835 | 0.833488 | 0.763778 | (.55E21D | D.470160 | -DL36TEGL | 0421406
-0.081269 0.530805 | 0.7BO5S0 | 0.7049918 | O 344 | 0556081 | 0.331658 | 0276744

0.040005 0566733 | 0.832427 | 0.762608 | 0.5508442 | 0537817 | -0.134648 | 0.430025
0052034 | 0080960 O.G6GETE | 0.736039 | 0.713519 | 0.630205 | 0.50G363 | 0.161374 | 0.537105
0.134654 [ -0.07T5739 | 0842007 | 0.583630 | 0.605411 | 0.751403 0.548476 | -0.160733 | 0.548430
G| 00ITIED | -0.021050 | 0064400 | 0530200 | 0.734413 | 0.7T0530 0.G35300 | 0324803 | 0404508
7| 04 0.079030 | 1 0631061 | 0.774634 | 0604469 0.552323 | -00034320 | 0438207
0163028 | 0.023585 0.4TEEEE | 0.769679 | 0.669982 | 0619198 | 0.513373 | 0.15MEL | 0446460
0.1457E8 [ -0.003330 | 0821702 [ 0.584100 | 0.810637 | 0.725321 | 0.GE20GE | D.GEETES | -A0.163276 | 0.503064
10 | 0.134450 | -0.018731 0501623 | 0.G2BETT | 0.TE6566 | 0581572 | 0.442368 | 0.198201 | 0334478
11| 0.102595 | -0.014825 0464682 | 0.G3B563 | 0675919 | 0661459 | D.535194 | 0194566 | 0.549344
12| 0.041620 | 0.023307 0.580750 | 0.736324 | 0.TE0GE0 | 057104 | 0484757 | -0, 117 | 0302030
13| 0.006164 | -0.169913 | 0.TE14T5 | 0401284 | 0.G0GE30 | 0.716232 | DEEETIE | 0400304 | 0UAEE2G5 | 04480650
14 | 0.002452 | -0.039078 | 0808061 | 0.GOT0GE | 0613183 | 0632182 | 0502742 | 0.632004 | 0.OT0HM
15| 0.040022 | -0.150853 | 0814842 | D.GEGEGE | 0.607725 | 0.THI2M | DE26631 | D.E0G150 | -0 0EN2E 7
16 | -0.045745 | -0.06T158 | DERE10M | 0645531 | 0.703006 | 0307067 0571130 | -0.130730 | 0337313
7| 00EX07T4 | 002756 [ 0EZTETA | D.GLEGIE | (LTRE0ES | 0.771211 0.512008 | 0065244 | D.E1TELL

] 0101336 | 1« 0541163 | 0.80GE00 | 0.740443 0567762 | 0.151199 | D.EE14TY
0.116133 0518062 | .G20GEE | 0816042 0431503 | 0484008 | 0444743
20 | 0.05TE2E | 0.021015 0.420524 | 0.G0G430 | 0.794840 0.538656 | 0.220044 | 0436173

model | 2kw2 22 kwh 206 Djuw 213a 2hii 2jsl Zjpu
1| 0643346 | 0.191216 | D.G025TT | 0536600 | 0406248 | D.G38281 | 0.324T22 & 0.GGG45T | 0LG154T9
2 | 0.634080 | 0.5B0ATE | 0.640T4L | 0622733 | 0713213 | 0747234 | 0286581 | 0812586 | 0601684 | 0LG2031T7
3| 0.660240 | 0D.583127 | 0.534150 | 0563006 | 0662813 | 0807222 | 0.343230 | 0.GIEE0G | O.TLGESG | 0LG40760
4 | 0.6235938 | 0.183300 | 0607388 | 0.591371 | D.GGESE2 | D.7BGT3N | 0.39T180 | 0.T48455 | O.TLTEET | 0L701981
5| 0.597629 | 0.583475 | 0.532576 | 0585280 | 0621514 | 0804372 | 0435676 | 0001660 | 0674416 | 0LGDES9S
G| L.6TG6363 | 0.387350 | 0.537381 | 0562526 | DGGIE0G | 0848328 | 0.505352 | 0.720303 | 0702628 | 0L616517

(.633747 | 0.373077 | 0504806 | 0532824 [ 0281503 | 0.700615 | 0.344318 | 0828147 | D.GOT0G2 | D.G3E360
(0.631827 | 0104560 | 0.534979 [ 0.5TI01E | 0632070 | 0.700719 | 0.455633 | 0.911765 | 0.744516 | 0.551341
(.562763 | 0.340240 | 0LG1T19]1 | 0535321 | 0674280 | D.700007 | 0.253324 | 0011052 | 0664323 | 0.548300
10| 0.613103 [ 0.GG4050 | 0547262 | 0606714 | 0. 30 | D.E12033 | 03092840 | 084300 | 0720826 | 0.603991
11| 0.712540 | 0377585 | 0.622405 | 0.424174 | D.53TIEE | 0707414 | 0.18335]1 | 0.T13E5E | D.GE4244 | 0708341
12 | 0662702 [ 0482840 | 0592172 | 0571386 | DGEITOS | 0706044 | 0240240 | 0SITEED [ 0.504014 | 0641513
13 | 0508886 | 0.544106 | 0618772 | 06014583 | D.7RG100 | 0740662 | 0.425501 | 0.700533 [ 0.780501 | D.BG7279
14 | 0LGO1E0G | 0.351243 | 0636220 | 0.54149]1 | DG4ETOS | 0.7EI044 | 0L.263TES | 0GI4286 | D.G310TL | 0647258
15 | 0.652527 | 0.5G36T | 0.561529 | 0506719 | 0443467 | 0.TGRE08 | 0401570 | 0.84TE0E [ D.GGEE3L | DETOE16
16 | 0.6T4815 | 0107600 | 0597743 | 0.53%056 | 0.GE0L0 | 0.7EOLE4 | 0.239953 | DUETIETE | 0780014 | 0447574
17 | 0695052 | -0.109700 | 0619736 | 0504190 | DGDG1ET | 0.7E0423 | 0.334717 | 0811920 | 0.700968 | 0505024
18 | 0663794 | 0.000251 | 0484950 | 0.533770 | 0450093 | 0748740 | 0.441143 0670522 | 0L719766
10| 0.691986 [ 0103058 | 0.632038 | 0564417 | 0584202 | 0837336 | (.294372 0641703 | 0LG04522
20 | 0.596462 | 0.6270920 | 0.635235 | 0500253 | 0633440 | 0.773894 | 0.418816 0.70GAST | 0.GO0360

=]

=]

Table 1: Sample of correlation calculations between RCI and FIRST-ensemble as measure of
validity of NMR ensemble from Mao et al (J. Am. Chem. Soc. 2014) database of NMR structures.

Correlations for each model are achieved.



| model | 2krk [ 2jr2 [ 2k07 | 2jz |
0.802595 | 0.696875 | 0.123371 | 0.254192
0.757035 | 0.606271 [ -0.012374 [ 0.249146
0.750777 | 0.669086 | 0.032075 | 0.230819
1| 0760155 | 0.714510 | 0.052034 | 0.215916
5[ 0.842037 [ 0.726008 [ D.134654 | 0.236750
6] 0.684400 |  0.649254 | 0.017389 [ 0.155085
7| 0818045  0.754761 | D.044777 | 0.243087
80852273 |  0.620765 | 0.163928 [ 0.237742
9 [0821702 |  0.415430 | 0.145788 [ 0.081608
10| 0.820058 |  0.583535 | 0.134450 | 0.220648
11| 0757150 | 0.768120 | 0.102595 | 0.257107
12 [ 0.763020 | 0.550566 | 0.041629 [ 0.281098
13 [ 0.781475 | 0.774403 | 0.096164 | 0.269855
14 | 0.808961 |  0.735250 | 0.002452 [ 0.296306
15 [ 0.814842 | 0.727847 | 0.049022 [ 0.237372
16 | 0.858104 | 0.704040 [ -D.045745 | 0.369837
17| 0.827874 |  0.655870 | 0.082074 | 0.293184
18 | 0.765732 | 0.540068 | 0.252710 | 0.160328
10 [ 0.799434 | 0.720001 | 0.153535 [ 0.358455
20 [ 0741885 | 0.755533 | 0.057628 | 0.195184

Lo b | =

Table 2: Sample of correlation calculations between RCI and FIRST-ensemble as measure of
validity of NMR ensemble, here shown on part of structures obtained from Mao et al (J. Am. Chem.
Soc. 2014) database. Correlations for each model are achieved. Here showing a pair of two good
NMR structure (2krk and 2jr2) and two bad NMR structures (2k07 and 2jzt).
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Figure 3: An example of good overall quality NMR structure on (pdb id 2krk) predicted with our
validation method RCI/FIRST-ensemble. Top of figure: Sample of correlation calculations between
RCI and FIRST-ensemble as measure of validity of NMR ensemble from Mao et al (J. Am. Chem.
Soc. 2014) database of NMR structures on whole structure (global measure) and on secondary
structure type (local measure) — alpha helices, beta sheets and loops. Correlations for each model
are obtained. Bottom of figure: geometric quality assessment obtained from Protein Data Bank

showing high geometric quality.
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Figure 4: An example of good overall quality NMR structure on (pdb id 2jr2) predicted with our
validation method RCI/FIRST-ensemble. Top of figure: Sample of correlation calculations between
RCI and FIRST-ensemble as measure of validity of NMR ensemble from Mao et al (J. Am. Chem.
Soc. 2014) database of NMR structures on whole structure (global measure) and on secondary
structure type (local measure) — alpha helices, beta sheets and loops. Correlations for each model
are obtained. Bottom of figure: geometric quality assessment obtained from Protein Data Bank

showing high geometric quality.
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Figure 5: An example of poor overall quality NMR structure (pdb id 2k07) predicted with our
validation method RCI/FIRST-ensemble. Top of figure: Sample of correlation calculations between
RCI and FIRST-ensemble as measure of validity of NMR ensemble from Mao et al (J. Am. Chem.
Soc. 2014) database of NMR structures on whole structure (global measure) and on secondary
structure type (local measure) — alpha helices, beta sheets and loops. Correlations for each model
are obtained. Bottom of figure: geometric quality assessment obtained from Protein Data Bank

showing poor geometric quality.
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Figure 6: An example of poor overall quality NMR structure on (pdb id 2jzt) predicted with our
validation method RCI/FIRST-ensemble. Top of figure: Sample of correlation calculations between
RCI and FIRST-ensemble as measure of validity of NMR ensemble from Mao et al (J. Am. Chem.
Soc. 2014) database of NMR structures on whole structure (global measure) and on secondary
structure type (local measure) — alpha helices, beta sheets and loops. Correlations for each model
are obtained. Bottom of figure: geometric quality assessment obtained from Protein Data Bank

showing poor geometric quality.



Figure 7: An example of output of RCI/FIRST-ensemble correlation vs Root Mean Square
Deviation (RMSD) of NMR structure and corresponding x-ray crystal structure.

On large data sets, we found no correlation between the quality of NMR structure as predicted by
RCI/FIRST-Ensemble validation methods and RMSD between NMR structure and corresponding
X-ray crystal structure. Hence, how close NMR structure is to X-ray crystal structure does not

indicate quality.

3. SHROEH

The results that were achieved during AIP-PRISM challenge have positioned us with a
strong base to propose to structural biology community a first tool for NMR validation.
Our method is unique as it is the first NMR validation method that goes beyond only
geometry quality assessment as it provides the missing link between the input
experimental data (i.e. NMR chemical shifts) and the output 3D NMR model structures.
We are continuing to develop and improve our method for NMR validation. We have
already tested and applied our method on many data sets of NMR structure. More work
remains to apply our method and test and validate all available NMR structures in the
protein data bank. Our initial plan also included a preparation of a webserver for NMR
validation which is ambitious for an 8 month project, as this is a large multi-year project.
With our new already achieved improvements to the methods and validation on NMR
structure, development of a webserver is an important next step in NMR validation.
Our NMR validation method is expected to have a big impact on protein research, in
particular validation of protein structures which is the fundamental component for
more accurate protein function analysis and in drug design. The expected outcome is
that our work will create paradigm shifts in how we assess the quality of molecular

structures, particularly protein structures obtained by NMR. Moreover, this work has



important consequences for accurate computational analysis of protein function, in
particular the applications of rigidity theory-based algorithms that the applicant has
developed in 2012 and has appeared in journals Science and Nature Communication for

analysis of allosteric communication (i.e. signaling) in proteins.

4. BCHb

- We made many achievements as were listed in above section, based on the original plan. These
include: improvements to RCI/FIRST-ensemble method, global correlation measure of NMR
structural quality, local measures of quality based on secondary structure, quality assessment on
individual models, validation on large data sets of NMR structures, we are generating a large data
set of good and poor NMR structures, comparisons of quality by comparison to RMSD between
NMR structure and corresponding X-ray crystal structure, RTA analysis and comparison on high
quality NMR structures and X-ray crystal structures. The other major aim is development of an
NMR validation webserver and it was a too ambitious goal for a short time. Webserver
development will be an important next goal. This is a large several year program and will require
further work and inclusion of larger collaboration.

- Protein structures are instrumental in analysis of protein function and in design of novel drugs.
High quality protein structures enable us to more accurately analyze their flexibility, dynamics and
ultimately how they perform their biological function, while poor models of protein structures
become less useful. Currently it is difficult to validate the quality of NMR structures. Our NMR
validation method, as we have already demonstrated in AIP-PRISM is a fast and powerful
high-throughput method and it is expected to have a big impact on protein research.

We expect this work to create paradigm shifts in how we assess the quality of NMR molecular
structures, and have ripple effects on the power of mathematical algorithms in biological sciences.
This work has other wider applicability, such as applications of rigidity theory-based algorithms in
allostery analysis.

- This research brings a completely novel way of assessing the quality of NMR structures, which is
an open problem in structural biology. This is a large multi-year challenging project that will require
further ongoing work to validate all currently known NMR structures, and collaboration with NMR

experimentalist to provide further validation and support.
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1. Kazuhito Nishiyama, Toshiki Saitoh, Adnan Sljoka, Validation of NMR protein structures
using rigidity theory and chemical shifts, Research report Bioinformatics (BIO), 2018 — BIO -
56, No. 6,1 — 2, 2018 - 12 - 07.

2. Journal paper under preparation.
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- Keynote talk: Adnan, Sljoka, Rigidity theory and its applications to protein
function analysis, Workshop of CREST Big Data Applications, Shonan-Village,
Japan, January 16-17, 2019.

- Invited Talk: Adnan Sljoka, Rigidity theory and application to protein biology,
Kyoto University, Kyoto, Informatics Seminar, Jan 24, 2019.

- Invited Talk: Rigidity theory and protein function design, Central University of
Rajasthan, India, November 29, 2018.

- Invited Talk: High throughput analysis of protein function with rigidity, 3DSIG:
Structural Bioinformatics and Computational Biophysics, 26t Conference on
Intelligent Systems for Molecular Biology, International Society of Computational
Biology, July 10, 2018, Chicago.
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Combinatorial Grammatical Structure of phrases in Situated Human-Robot
Interaction ]
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1. BIROARLL

Creating interactive social robots able to collaborate with human users in tasks
requires high-level spatial intelligence that could make them able to discover their
surrounding spaces that have been primarily shaped by human agency. A stubborn
challenge that I address in this project is to ground unknown synonymous words through
semantic information, and to infer the latent grammatical structure of phrases, which
embraces grounding Parts of Speech (POS) (e.g., nouns, verbs, and prepositions)
(outcome of H29 AIP Challenge), and induction of Combinatory Categorial Grammar (CCG)
through visual perception. This constitutes the main target and the basic research
milestone to investigate during this work. This research direction could help in
making a robot able to understand syntactic relationships between words (i.e.,
phrases).

The literature reveals different approaches towards grounding words through
perception; however, grounding phrases through appropriate computational modeling
is still, no doubt, a major challenge in developmental robotics and AI. This project
takes a step forward towards understanding the latent syntactic structure of language
so as to pave the way to grounding phrases through perception.

2. HIRAR

(MHARDER

In AIP 2017 challenge  Towards Understanding Object-Directed Actions: A
Generative Model for Grounding Syntactic Categories and Dependencies of Speech
through Visual Perception”, my research was centered around building a
computational model for grounding parts of speech through visual perception. This
model allows a robot to learn the meaning of words in a sentence like verbs, nouns,
adjectives, prepositions and spatial relationships between referents and
landmarks. However, the proposed model was only able to deal with words separately,
which means that it was not able to learn the latent syntactic structure between
words (i.e., phrases). This last point constituted my motivation (in the current
PRISM project) for investigating the latent syntactic structure of language at
the phrase level so as to open the door to ground phrases through perception.

(2)BE

In the PRISM project, my research contribution focused on:

1- Investigating the effect of different representations of words (i.e., syntactic



and semantic) on grounding daily human language instructions to a robot. The
semantic—syntactic representation is obtained through the vectorial
representation of each word using the Word2Vec model. The effect of this vectorial
word representation on grounding language instructions is compared to the
representation with syntactic POS tags. The results showed that semantic
information is very important in grounding unknown synonymous words (i.e., new
words but with the same meaning of words in the training phase).

2- Investigating language understanding at the phrase level (not only at the word
level as in point 1). To this end, I worked on Combinatory Categorial Grammar (CCG)
induction that uses the grounded POS tags (the outcome of the AIP challenge
2017-2018) as a basis for generating CCG categories in an unsupervised manner.
The results show good performance from the framework in generating accurate grammar
categories for phrases compared to a gold standard parsing. This opens the door
to studying the way to create a vectorial representation of the generated
grammatical categories, where each vector representing a syntactic category can
combine with other vectors in space so as to allow for understanding
compositionality in language and grounding phrases through perception.

(3) FHH

In the research theme: “Evaluation of Word Representations in Grounding Natural
Language Instructions through Computational Human—-Robot Interaction ©, a Bayesian
model was proposed to ground new words but with the same meaning to those that
the robot was trained on using semantic information (e.g., move and shift & car
and Toyota). The results showed that embedding vectors can highly improve the
grounding process if being combined with POS tags for object and action words
compared to embedding vectors only or POS tags only.

In the research theme: “A Probabilistic Approach to Unsupervised Induction of
Combinatory Categorial Grammar in Situated Human—Kobot Interaction ©, a Bayesian
framework was proposed to induce CCG categories for grounded words through visual
perception. The HDP-CCG model uses the grounded POS tags of words to induce grammar
categories. The performance of the grammar induction process was successfully
evaluated through a gold-standard parse file and different POS tagging systems:
BROWN clustering, BMMM clustering, and the HMM clustering system proposed at AIP
challenge 2017-2018.

SHROER

Making a robot able to understand phrases is the real milestone to achieve from this
work and its development in the future. Most of the related research studies in the
literature considered language understanding as a problem of understanding words only,
while it is more related to a higher—level understanding for phrases. This could be

effectively allowing robots to better collaborate with human users in workspace, and
to better interact with normal users at home environment

Currently, I amworking on developing a probabilistic model to represent the generated
CCG categories of phrases through a compositional vector space so as to define the



new “HOL-CCG: Holographic Combinatory Categorial Grammar” that could facilitate
grammar grounding. In the proposed HOL-CCG methodology, each generated grammar
category corresponding to a phrase will be represented as a vector that could combine
with other vectors so as to create a sentence (using the CYK parsing algorithm).
Representations in this compositional vector space would be grounded and updated
online through sensorial information that back propagates in the space so as to open
the door to define the aspects of language emergence

4. HBCFH

1- Research achievement status: I believe that I am progressing in the good direction,
and the framework that I ambuilding step—by—step is very promising and interesting.
I am collaborating with researchers in computational linguistics for this purpose
to help accelerating my achievement in this research line. During the current year,
I will complete the grounding step of the generated grammar categories, which will
be the real state—of-the—art in cognitive robotics and artificial intelligence
related research.

2—- How to conduct research (research implementation system and execution of research
expenses): | have attained the core targets that I have mentioned in the project
plan, but it will be completed in 2019. Moreover, the PRISM funding helped me a lot
to attend different conferences in Al and computational linguistics which was indeed
so efficient to inspire me with new ideas

3- Originality of research subject (challenge): This research topic bridges between
different communities: computational linguistics, robotics, and Al and already the
current research achievement is standing beyond the actual state—of-the—art in the
related research. The expected achievement in 2019 (i.e., completing the grounding
model of grammatical categories) will close the loop and will be an outstanding
outcome of my work and my scientific contribution.
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2. A. Aly and T. Taniguchi and D. Mochihashi “A Probabilistic Approach to
Unsupervised Induction of Combinatory Categorial Grammar in Situated Human—Robot
Interaction” , Proceedings of the 18" IEEE-RAS International Conference on
Humanoid Robots (Humanoids), China, 2018.
3. 0. Roesler and A. Aly and T. Taniguchi and Y. Hayashi “Evaluation of Word
Representations in Grounding Natural Language Instructions through Computational
Human—Robot Interaction ” , Proceedings of the 14th ACM/IEEE Human—Robot
Interaction Conference (HRI), South Korea, 2019.
4. A. Aly and T. Taniguchi and D. Mochihashi “A Bayesian Approach to Phrase
Understanding through Cross—Situational Learning ” , Proceedings of the
International Workshop on “Visually Grounded Interaction and Language” , in
Conjunction with the 32nd Conference on Neural Information Processing Systems
(NeurIPS), Canada, 2018.
5. 0. Roesler and A. Aly and T. Taniguchi and Y. Hayashi “A Bayesian Framework



for Human Language Understanding: Grounding Word Representations through
Cross—Situational Learning” , Cognitive Systems Research (under submission),
2019.
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DERBEFEXEMNHY. Stein Variational Gradient Descent(SVGD)[1] & &£ U} Stein
Points(SP)[2]&ME X%, SVGD B HID 521 KL EEBEDER TGS KT, TATD
Particle ZEEHTEMICEIN T FETH S COFRITAERDEREFE VDS RITORREIC
LE A TESN, BRREZDITHEITIEREIZELLY, — A D SP TlX Kernelized Stein f
BELIT (ENBEEEEE /NECT B KD, R &I Particle DEAEEAOL TULK Greedy HHF X TH
5, LML SP FEFRREN SN TS LDD AR FEREAEEDHE AN LFEITENHLL,
BRTOEBIZIEETIEAL,

(REFZE)

ZTCTHADREAEATEIBREFEDIREHAETOEDLNITLEEA =, DFEYDEF
BEFICLTERLTHTNLBREEERT CENTE M OERRIAMEMTEHIIENTED
&£37%F Greedy HFEZFEDEEERZT-, EAMIZIEFH Z (X Maximum Mean Discrepancy
(MMD) EME (NS EERE R EZ AR EREEOR/IMET ST EFIREL Iz, SHIC MMD ER#
R/MEDBEEEZBAEZEILAN)LNZERM (RKHS) LOFFFEMmE L HEEAHLT ZET,
KUY Particle THRID EEREEHEDH DN DK, Frank Wolfe 7)LT') X L[3]% RKHS
L THERTHELNSTEEITOI,

BIZIELUT DT ST ANTESF DIRLZEBRED Particle DA EHE TIToTLVD,



ERTIEIEMORHGN2RTDHI AN
DEAELETREIN TV, BAFE
DERBHTVRARHEDIEICZELTNS,
FEDHH Particle DEIZH LTS,
FRDFETIX, 2D Particle DEZEEOL
TULKEFNSD Particle DA EHEER
MDD MO TEHBEBMICHEEL L
T OTEERIELTLS,

LTOREIF2RITDANIHGET—ATHSID. ERIEHXFTIDIENIC860RTIEEDNE
HCTOEADFEDBENUEERL NS, SEIOMARDOKEILTS. ELHARHE XK
[CEEED ERBY AAAI019 [THRIR, RIREICTHERETO>TLS,

[1] Qiang Liu and Dilin Wang. Stein variational gradient descent: A general purpose Bayesian inference algorithm. In NIPS, 2016.

[2] Wilson Ye Chen, Lester Mackey, Jackson Gorham, Frangois—Xavier Briol, and Chris J Oates. In ICML, 2018.

[3] Martin Jaggi. Revisiting frank-wolfe: Projection—free sparse convex optimization. In ICML 2013.

3. SEOREM

SHEOBRALLT. AARDLLLLDEH TH =T HEEMEOFTMICAEAL. REFEDEER
ECORIIEBLDILENDETH D, EARMICIK. SHEE. BEDHEAINSOHIEHEICEK
BEHAEIE TR IZTHhRTOEEDOD . FEEEOFTMICOVTIER+ 2 THE=OFLIH
EERER. FUTIIT—RLDRAPDLETH D, FHRICBELTIE, SEIOHAEICLYEE
EINE=FHE. EOFERHEABT LTV LDFEEEDENENCSWNTHEINDIE
WRAMEZADIENARETHASD . TOEBRIMEDHEELNREL/ NSA—ENEFENTL
FOTWAI-HEEICHDE-OITERTAZENELL, ZCTSEDOMETIIEDEEED
THEEEMSTNTLE>TLSAHEMELAHLIONEARMIZEHEATESLSICTILTY X L
EROBERETICEHABLETHDS,

4. BCFHE

APRTE BRFEE7ILTIVXLZREEOMBICEALRERIC, ZOHAREREZEELTL
WA DHIBEED—DITRS. FHERMEEEYFHT -0 DERATHLOVFEOREE
7otz ERKRELTIFERMLGTIILTVXLE LUV T O ERBIN CTEERETHLIN. B
BRAMEHEOCRT R L BN DETHSEZAOND HRDEEMRIIOVTH. R
HEERMEOFME VSR OISR LFRICEEZELT—ICEVWTERMNT LT X LEHT-
[CHELTEEVDIRTREVEEZON AN, S RODBHITHRAR=RIGHR D ERE M
LTI CENSHIZA R RDIERALERETHLHEZE AN D, ARDHMBIEIZ DN TIXER
FOHEUFREFEGLIHLOERIIHL A UFEZRETELEVWIRATRENEEZZS
N5, MIRDEHHELTIE, SEIDHARIEERE - BRI GAR THO-OERMICHRER
EDNEICTATTORE. BREN. RREEIT o AREIODVWTHEDEH DO D5
BEHROBACERZBADSMELGEBUN DBEMCHITTEEEZD,
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AR TIIEFUEBLZANT, BICEELEBEICE>TANETAREICTIFEFRET S,
BE I7—FvIL-YTVT4, YhiRIZERK, Internet of Things ZEEDEMMNAFEL., tHEIZIE
ZLDBERNVBNTND, CNLDFREDELCLELHIEHT 51012, FHREREERE
PYRYFTEA1—HF A2 T—ADFEEDOR LN EBELREBELD,
ERBERBEH T A RTILABEDIITSTINAVEA—T 4T DEMIL, BRIBTRDOFEE
ELTEICHRESN . DNEUELEATE, TO— AT, SNODEHRERADANFEILZTD /N
BUESNI- KD . AR TRV R ECER TO IR FYETOIFELRERONI-F
B LAVEh otz EEEBEE T RTLA1GE SR RE RSB IEDN AT REI Ao T BRI RR(C
T BBEULBANFEE. FOANDXARIZCE->TELDEEZDND, T T IAD—EE A
WY =Tz RETEHBFENMREINATORZELDOD ., EHEXIRO P TENBANFEZE—DOD
ERUWEEICIH>TERLELLDEFEELLGLD KARDOBEWNE, J7—FvIL-UTVT4. Hh
REERCTHERANRAFNTVWIRBREE CHEATRGANFEZDOLGHN THEICEEL:
BEIEBL. ZOBEETAWVANFEEZERTLHILTHD, EBITERMICEI N B S8R 4L
MELNIXT)—TDANDARETH D R FHEENDEMIBEITIMREREUND T 4—
F\womBon, +9BANRAR—ZADERTESIEANEN TS, SFREEICIX16EDR
ULt Y ERE T AIET, ERENDBEIARNTOUIRAF A RENTEETH S,
ARAERTIE. EHRTERMBANZAREL T DIF A EBRHEBEZRAVTEET 5. EAMIC
(E. BBRLICIECIZAAFEEL T, BEDOEBE. KIFVOEOBEIZLDSIA N, BIZFHLEAD
AAFEELTIVVIEE O RS/ FEMEERETT 5o

AFEIF RETIS THIEDREHE TARTILAIHAADONDAEEMEAHY . L ErA
DINIREL DB THAHEE A D,

2. HIEmRE

(MHARDOER

HE BRETA ATV CESREHE TARATLALBEDIIT7STINAVE1—TA2T D
PDEREBELTLS, CNIZHEVT NAZRAVNEELTEY ., AADARELRZERARE SN TL
3, FDEH. BEAVATI—APEME I AF Y REICKDBENSNDIN., ChOHDFiE
[FAHERMICITESA, 2T 2017 EEEAEUHEMEOA TN -EBFREELA
WBAILET. FCHEELTDEEICKDANEAREL T DFERE Rz, BN EBE (TR
BRTHYRFEA S ENEBEDOAFNTEY . FTHESMBEEICL>TELIREE
MEEATHIENTED, P TH, EEEF THNAIEEICKDFEX. E—oRET7ILTY



ALEMBPEE FRICE>TRH-EBAZTL., 10BFMOMEE~DEEE 91.7%DFEE. 5
BRTICLI-5E . 95.6%DFEE THANT 5 LA HES- [Augmented Human 2018], LALZ
DFEFERMELIRED ZHRMEICREEN HoT=,
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2017 EEITIRELI=FEIE. R4 YFD ON/OFF D KIAREEIREXRIRETHA—FT. B
EDBEEHHT HLIGRTAT—HEHECHEDGEREIELRTRAUID KOG E
TR TH T CNODEMEIFANDHEE LIFEIFERLGAVITI—ATHD, Fi-.
TOBRIEER ST BDEIEITIBZRIICE>TRET 576 ERMITIE AN o=, £ T, &EEFER
HBERAW-EICEELFHEEA AT —RETEHFEERF Lz, AME TIXEIZED
BANFEREBEANAVZTI—RERTHL, BERAROCI—F D7 —rEELT. D
IRAFYEREL . DIRAFYICITBEHOBE. RIFOBE. ROBE. FHLE~ADEFHE
NEEND HIZ, FOSEADEFHE(CHLTIIRZAE =0TV EVFRESHEHE
ZEELZ, ANEICE. BoDEAROHETERRICIST ELREMICTIRIBETEI /NS
51z . EBEREDEDMEFF CHNIONZZIZERICHETEENTESMELD
%,

TNEDTTRAFvHHE R ATREN DIREEE 1T 0Tz, KYSHEBEERYAN, R545—D
FOLEMMEREEL > ANZAIREL T S LEBIEELT,

BEFETE. BESIOBESEIEFHOBFETMAANDER IR FrERE -#AT5
FEEHZLOD, ERMBEBREEZZEBLEZAAFEREREISA TN, ZOERALL
T N—FRIzT7EY IR 7THREINSDT TA—FNRHON TSI ENEZ NS, T2
T MBOEBFEVEEEH-ITHERFL. 2BEO oY Lot Y EEEH L, Xt
YREOIRAFYICLIREERPLCRELDEALEZFRTHIENTES, BIZ, LU H(E
EREENDMBIARMEWN O TSI NAVE1—T AT IZHEL TS, £ V7D
FE CIERFRIIOERMIBEEREZE B L2 —J Iy T —OFEFRALV -, Chollk
ST —DDEETEHDEE. RIFOBE. ROEE. FHLENOBESHHIIATEELNE
REELT=,

(3) FHi

MEANAATI—RADEFHBIEBLLGLIERREBEDHRE

EREVFEEHERT L. REBEXE T (E, FHUAZRIL., EEDEI LR DRE
ZRIET HCETHERMTAATRETHLSA . TOHAEEALSELL2BEDO L HERALD



LT ERRIZEOE U YEEEZRE Lz, 2B EORFR L HERANSILETEK
YRELEEHAMNTREIC Aoz, VY T RIELIROBZ, FHSEADEMIZLS
BIEEMREZATEHET, SIRAFYEHNT S,

Bluetooth \@{E}R&Z AL VHZET 100Hz TOEHAIA A BEIZAE o 1=,

Ot Y HFIEBMT S L THEISDEIEZETAIREEIC Ao,

WMEEENEEICKIEANAUITI—RICTAWVDANTEEORE

NI2&kBE. FOLEADEEK., FEF—LaVF3RIICEVWTHEMTHDEVWSFERT
Hotz. BADBED D THHEITH T IV VIEE. ASAFBIMENRIFENDEESL
THOIEDNLINLDEEDRBER A=, T, BEENTE. BEEZRS. BEDTY
DAVREICDWTIFBEA AM AT —REAVEEETITSGE . EDKSLBEMENFE
NEWLDTUr— b RABEZETE T, TOHER. BEROHETOXRFEOTHE. ROBEFIZLHEH
ERZENENFERSNDAREEAH LI LN o1,

[1] Marcos Serrano, Barrett M. Ens, and Pourang P. Irani. 2014. Exploring the use of hand—to—face input for interacting with
head-worn displays. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems (CHI '14). ACM,

New York, NY, USA, 3181-3190
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BEHRAHZ1—FILEYRT—DIZE>TEELIzESA, FH90% LU EDEETHEATES
&Moot

ASATAVTEBEIZEST. Bond o HOBRIOEEICIET—EDLBERNH D
EERERRLT=,

3. SEOREM
FYRBEIEWNVRETOFEANTRETHIZEERITH-ODRBEIVUTILTIILD
EEFZHAAD AZFIFEEEANERFTAEIFEBOTILT )X LEWRFHT S, LT . AHDF
FEDA—HE)TADFfET D, CNOSDIEREFLD . MR ELTART 5,

4. BT

B HIDEZER KT

WX RERARTEEMN 1A, HRDEZRIR RSB RIRR TH o1, F=IZREBREIFEEY
EL. ZOEBBBLAVTEREDIRATFYOT—2ERELz, TALDT R T 5F
METVOIRFrABAITESLIFRERL -, RHRRBIGAVRRIRBETODIXF vl
AMITONTIXERTELGN2=DT, SRIMRZERITSH. ELT. RERMICIICNODFERE
WML ELTEEDHRELTRRT D,
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RZHE-RBRFEDBACEBN (VI AKX EOH£RMREBZRRT SO D HR
[T ENTELGEHRMIHITTE =,

HEERDEFZRMR I EM - EF R KIENDERZIE
SR ZRETOVIAFYHENOENMEDIRIAERZ =0, RRERETL., EFHARTO
TR ERAOHBAAAZAN FIRAROHRETEEEYT .
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1. HEOARLL

JEANAFIBARDNADFTREE, FCEHELICREEVDAETHS, FIC. AN
HRARETIEERENERRENAIE. MENAOFTREBEBENGL ZLDEHIT
IEREENBELRY | SEHICE—BIRTHETS5FFEF|E AL AEEEEICHLTLIELIE
BEENMEZRI O BEOAFOECERRRICEZALFZEFEXRTHS,

HRUELAY /LB TOSIHITHS TCGA(The Cancer Genome Atlas Research
Network) [T S ER ENRFTRIENAZRLEBENGHERITAREL TRRARGETFEEREN
ZEMEL(TCGA. Nature 2012), ZOHRHREL T, BERENRZRENAICIIDOAATE
LB LTERFEEOREHEENDLEV—A EEFOREEDEEINHFEREIZRDOOLND
Z &% 1RRLT=(Bowtell et al. Nat Rev Cancer 2015), CDZ &, LM ATBDENAKFERE
BT 5=OICIX B FRREHEIT HIEHTHBR YD —O DB, FISEFEFETHREN
BRI EECTH O EERFARYNTI—VDBANEETHLHIIEETRELTIVD,

BEERTFIL. 7/ L LDOHREMNL DNA BBSI (EF—2) ICHE LEGFORBRAGHZT53EH
BOHRIHTHY ., EF—I7Hh+2ZHEBASNTWSED T TEH 500 FEFELU EDEEERFHNEF
HETD T/ L—IIo & FRALERENIORFUOBERBNTEESERFOEF—JM#
MERAEHLETITOIEERFOT / LGBEHMA PRI EFFEICEEUZBLTELMR
SHTHY. # 30 EEDEMEREESE 500 BEULDEERFEF—TELVSHBERROA
BHGEYIT—2MHA SEMEE DI ANBFIA TS,

ULDOMEETENL. IRBIL., BREAZHEICL-SERENRFTRELNAD RSN
ENAETIVHEEHRBICERL. COYUTILICHRBRIOIF UIBEBRTOF ETHS
Assay for transposase—accessible chromatin using sequencing; ATAC-seq ZEEL1-. o 1=
V=PIV RTARIIRLTHEREEZICRALIZY /LDAROIARFUISRA) T | 5B
EAFOHEETOT7AI 7TV RERITBRMARSRE CTHOEERFERRLELS
KEBLGRV)—=V T RAREERT 5. COBETHHIN-ELAICEEDRENEERF
[CRALTYRTFUREIRES —I T X(ChIP-seq) W FEYF T RERIC L HREEETLO.
REMICERICHARGSELNENRZREIPADTRABRREZIFZFRTIENERHAED
BETHS.

2. HIERE
(MHARDESR
2013 FIZIRESINT= ATAC-seq (X, VED YU TILhbERELA—T oA F U 4EE
DI—VIVRT—REMHRTELH. HRRENVLVERKRAORENI/OIFUHEE
FRMZAREICT DR TEBIMTH > -, ARE L. OBRKBRABETHL@3>FO—)LHH



AN FEETIOMENTLHIAMIBTH S, ELVSFEHER-ITEEMLL ATAC-seq T—43
FMERTHHIC. SERENEFTRENADEEREMBTHIMNE S L EHEEE
BIEEL. ChIZBBONABREEGTFEEMBMICEALT, EEHMENSTIELHEE. A
AHIRRANEED RPN AET VIR Z/ER LTz, COY 2T ILIZ ATAC-seq FEHELIzES
A EIDOT—RIZIFZLD/A XD EE SN YT ILRABEEORBEELNBETHHIEN
FIBALT=, /A X(FEHBEDOMAIEIZf7E L-EME R EDLEEE DNA ORANRRETHS
EEZ. INERET H1=8IZ DNase NEBD TEZEMLUI-HER. BMEL ATAC-seq T—
AEBBHEITHIILT=,

(2)BE

TILTARDA—TooOFUEHIE BEDS—I IV A THEDGEERFOHEE
A7) NAIBETH D=0 . TES / LARDBRNGFEZLELTEEEZEH TS, 2D
BN ARRANSAI N NABRENGESRTFORBEEELEMELFRaEE
DRERRICOENDAEEENH LD, BEFEHXRODHIABRKRAK, FICERISADERKRIRIKIC
FLTIE, LTFICEFAHED-OICHBEEICEL-ERELT 2RI EET
Hot-.

OEELGRERBRAI ST+ E0HIERERRTELRL,

@3 hA—)LELHEEMBOMEDS VT —INFEELLLY,

QEEFRBRIAIZIZ MR D T~ ¥ — 1% (heterogeneity) D38 1= . BNAFRRA L4 D IS B #E R8>
REMBNEAL. AR ENGIOTFUBEEZRETELL,

BIZ.AMBEDITETHS. [HHEEEAVEERFOESTOI74I2T 1 %HRE
B5=0121F, BERFOESIZKYS /L LEIZERIN-FSIZEHTHS genome footprint
FRELID TRV T 3BT IRENH T, T THEEIL. LED3DD
MERICH T HERRELTENTNUTOAEZRATSHILICLT,

DKV EDHBFHI LA —T VAT F UIBIEHERIETES ATAC-seq #B AT 5,

QEEREINRFZARMISADEEHXMTEL THMONDINE b L R MR ZEERRIRIA
Mo BEBIEEL, ATAC-seq XM 5,

QLD IFETHONMEN W L RMBICIMENAICEELGNABEEEFEREMIC
BAL. MEOMEDSIFRELLEE. RLLETOI7MIILEE T SR EAAM
RaZEVERLL . ATAC-seq ZEMT 5,

SEEOBRRE. F—I2IE, LEDOYUTILIZHT S ATAC-seq AL DEiEIEHSE
TL. &Y T ILDEREN ATAC-seq T—AEMBLA-CETHS, FZICIE BLE:
RNA-seq/ATAC-seq T—RIZHLTEIEDISRAFILTEITV. TRNETND YU TILHER
BHLEENATTIVELTEBMNETOI7MLERELTNWSILERIITERIETH D,
ZLTEZICE. BET AV O0IF VISR VT EEERFOFEETOTI7(Y
JEEBEAL. EDPABROEEBEICEVLWTHBERIENEIYSDY /LBEEERIEL. BHA
[CHEETHLRESNDIGEERFDOT I —TEHETIICESIETHD,

RIETFH. SRR ENREFEEAADIOIFUIBERTHI O ABRENEIERT LM
RT—VICEEL T, BiFEEZI ALz ATAC-seq BT DFFMZ AT 5,
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ART— BEREREERENADOBBNENAET IVHREO/OTF A

HREL. GRRENERRESADEEHRMETHIINE Hib L KRBT HEEES
L. NICEREMICHAABEEEFEEATHIILT. REZMICSERENERRELSA
235 TIVEERLIz. ChERAWVWTERBHEMENSHAAME~DEITEIREIC
BT FoDOBEELEHEBAL, BERTFEENICLIIRAREIERRTLHIILEN
AAREBETHD. YT ILILET 6 BEHY. TNETNUTOBEBLELMTRIET .

(DHFTSEC: EMIRE 73 i £ B2 # RS (ER PR A% (A B SR D #) (X EE = HEAE)

@HF1:(DIZ TERT, CCND1, CDK4(R24C)ZE A L1-F3E{L #HRE

@HF1TP53: @I TP53(C234)% & A L1=ASE1L #Aka

@HF1TP53KRAS : @IZ KRAS(V12)Z & A L=A St #ARE

G®HF1TP53KRASAKT : @IZ Myr-AKT1 Z8 ALT=DNAMRE (XR—F < XIZEZ 2 B AT BE)

@®HF1TP53KRASMYC : DIZ c-MYC ZE A LT=H AR (R—F < R Z[EHE A AT EE)

NBIZH LT, B2¥IZ RNA-seq fE4T(3 replicates)ZE L=, EEILLI-BEFHRIRESE
H &2 PCA EBEBMISRARA) T EITWH TV LD E B RERAIRIELERETT
(Fig1,2),
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RNA-seq DIERIFZNZTNDHUTILA BB O EYMERFEEALTEY. BLFEAD
BRENSVRI)T—LTAT7AILDEEICHR)—XF T IVEHEEAH DI EERLT
W5, CNITINENADERBHENAET ILHBREEZERTHEVSHEENDERESET
BIERTHDH-6H. DY TILERNT ATAC-seq BITICHEITT A EEREL-, BIEE
D AP FrL 2P DR THS DNase NIBZEBMLI-H VT IVHAEEZRAL R, TRIC
REXILAYV—LEFIOM 1L DNA AR TEHE M E % ATAC-seq T—2FIFT 5HC
EIZRTNLT=(Figd)o SHIZ. RN ABREICEELGFEDECFELIFRMICHEELIZLIA,
NABEFEADBRERIEDITHES>TERBEMICERT S peak(F—T 0T FU5EE) A
BRETE.DPADODFEYVENICLEENGREZRELTCLWSIARMNEZDOE L
ATAC-seq T—AMERIF TE TS EE ZHNT=(Figh),
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BLE-ARIIDE EREEEGRBREEDLLE(Denny et al. Cell 2016)%5, NA D R4S HEHE
B TD LB (Corces et al. Science 2018)EMNE R TH B,

LHL. BERHAD ATAC-seq FARICHE VW THIEEBRMEEZI FO—L YU TILELT
BT LN EETHAHZLIFMEVDHENCETH D, HFEEIL. AIPFrL > PRISM
MEZIEOMARCOMEREZRHRERT SO, SEREEMRERRENADEEBRRMRTHS
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Based on Parallel Constrained Pointer Architecture. In Proceedings of the 5th Workshop on
Argument Mining at EMNLP 2018, 2018, pages 11-21.

(2) ¥R

FL

B ZDMDOHER (EEGFERR. RE . EFY. TLRAV)—R%F)

1.

Gaku Morio, Ryo Egawa and Katsuhide Fujita. Annotating Inner— and Inter— Post
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