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Understanding color tuning rules in
the Arch family with a fully
computational QM/MM approach
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HPC project
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e Data-driven determination of Arch3 variants
excitation energies from gene sequences

e Self-consistent computational approach

e Understanding color tuning determinants in the
Arch family

e Identifying Arch red-shifted candidates for
optogenetics
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HPC project
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HPC project

e Self-consistent computational approach

a a-ARM QM/MM Model b Phase I: a-ARM Input File Generator (~ 5 min without user manipulation)
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HPC project

UNIVERSITA

e Understanding of color tuning determinants in o1 SIENA
the Arch family

00000000

10 1) ) ) je

ebo ssee

\I(J

A A AL AL AN 4 \

NN

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia



HPC project
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e Identifying Arch3 red-shifted candidate for optogenetics

@ —&

Halorubrum
sodomense
expressing Arch3

Gene
introduced and
expressed in
neurons

AP visualized ' 2N\ §
":“ through fluorescence
4 emission

Hochbaum, D et al. Nature methods 11, 825, 2014.
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Optogenetics A
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Sensors

neuron membrane
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Karasuyama, M et al. Scientific reports 8,15580,2018
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Arch3

s

Gradinaru, V. (CalTech) Melsaac, R. S et al. Directed evolution of a far-red fluorescent rhodopsin, Proceedings of the v r;:llgﬁt-ﬁir&
National Academy of Sciences 2014, 111, 13034-13039, 1240
Arnold, F. H. (CalTech) Melsaac, B, 5. et al. Recent advances in engineering micrabial rhodopsins for optogeneties, Curr,
Opin. Struct. Biol. 2015, 33, 8-15.
Cohen, A. E. (Harward)  Hochbaum, D. R. et al. All-optical electrophysiology in mammalian neurons using engineered
microbial rthodopsins, Nat. Methods 2014, 11, 825-825,
Boyden, E. 8. (MIT) Piatkevich, K. D. et al. A robotic multidimensional directed evolution approach applied to
fluorescent voltage reporters. Nat. Chem. Biol. 2018, /4, 352-360.
Protein  AESTS NaExe AESTE, LExp FQY Ref.
(kcal mol™) (nm) (kcal mol™) (nm)
Arch? 51.5 555 NR® NR? NR 22
Arch3 51.4 556 41.6° 687° 1-9 x 10 225
QuasAr1 49.3 580 40.0, 38.6 715,740 6.5x107%,8.0x 102 %2
Archon2 48.8 586 38.9 735 1.1 x 1072 #
QuasAr2 48.5 590 40.0 715 4.0 x 107 s
Arch7 46.4 616 39.3 727 1.2x 107 “
ArchS 46.0 622 39.1 731 8.7 x 1073 -

“*Not Reported
bThe A'max reported is likely coming from the Q-intermediate rather than from the dark-adapted state (see ref. 27)
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The a-ARM protocol
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Extracellular (OS) -

MM Subsystem \
ions (Na ) Protein environment (aq, ions and waters) e Ty
Fixed at crystallographic/homology

geometry
MM Subsystem

Chromophore cavity (aa and waters)
MM optimization(AMBER ff)

SA-CASPT2/CASSCF(12,12)/
6-31G(d)//AMBER

Electrostatic Embedding (ESPF),
AMBER ff (except frontier)

Intracellular (iS)

MM Subsystem

Pedraza-Gonzalez, L.; De Vico, L.; Marin, M. D. C.; Fanelli, F.; Olivucci, M.. J. Chem. Theory Comput. 2019, 15, 3134-3152,
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The a-ARM protocol

Experimental value
v Experimental |

Automatically produced

A a-ARMaetaunt

After manual correction

8 a-ARMcustomized '

t X-ray ¥
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(kcal mol

AA
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SCWRL{-mutants

v

(eV)

| OLLCLooL0
ScoORRWANDN®D
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ASR A7-D21TE(M) |

Arch2(M)
SqbathoRh(A)

ASR 47-2(M)
bRysc (M)
ASR;3c-1(M)
ASR3¢-2(M)
bathoRh(A)
KR2-1(M)
NM-R3(M)

ASR A7-1(M)
CIR(M)

bR a7 (M)
Arch1(M)
KR2-2(M)

ChR2-C128T(M)

ChR2(M)
=+ ChRec2(M)

PoXeR;ac:(M)

Rh-A269T(A)
# Rh-E113D(A)

Rh-T94S(A)

Reone(A)

- PoXeR o7 (M)

o
=
=
E
= Rh-F261Y(A)

=
(2]
=]
©
c

Rh-A292S(A)
Rh-G90S(A)

Rh-W265Y(A)
Rh-T118A(A)

Rh-A2925/

5.84:\299(,'(}\)
Rh-E122Q(A) -
Rh-D83N/E122Q
bR AT-YI85F(M)
bR A7-P186A (M)
bR 4 r-M145F (M)
bR Ar-TO0A(M)

bR 47-L93T(M)

A20
Rh-W265F(A)

Pedraza-Gonzalez, L.; De Vico, L.; Marin, M. D. C.; Fanelli, F.; Olivucci, M.. J. Chem. Theory Comput. 2019, 15, 3134-3152,

3
oW

LW
drigh

ol
s

O Ll
Frgart

UNIVERSITA
o1 SIENA

1240

— E?:l Jeil

i

MAE

. E?:l |yi - ‘til
N n

MAE for a-ARM
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The a-ARM protocol

Leonardo Barneschi, MSc

Pedraza-Gonzalez, L.; De Vico, L.; Marin, M. D. C.; Fanelli, F.; Olivucci, M.. J. Chem. Theory Comput. 2019, 15, 3134-3152,
Universita degli studi di Siena
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PDB ID
or
PDB file Mutation? e
I Yes
Generation of | SUbStltUthn Assignment Counter-ion
Chromophore Selected | Protonation ™| placement
Cavity Residues States
OPb:'u";thgm PDB2PQR PutiON
Side-Chains PROPKA
Modeller




Design of the mutation strategy

1240

fpoCKet | e
PROPKA

Modeller

Execute MODELLER

mutation file
[A] For mut“ =1toN [ﬁ] a-ARM PDB file [A] mutation routine [A]

Compare every
rotamer via RMSD

computation [A]

NO Order rotamers from
Mutate other lowest to highest Evaluate DOPE score
for each rotamer

amino acid? DOPE

Run the a-ARM
protocol

Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia

Leonardo Barneschi, MSc



L

Design of the mutation strategy
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Positions V59, P60, D95,
T99,P196,D222,A225 were
foundto be importantin
mutagenesis experiments

elix 3
Arnold, F. H. (CalTech)  Mclsaac, R. S. et al. Recent advances in enginecring microbial rhodopsins for optogenetics, Curr,
Opin. Struct. Biol. 2015, 33, 8-15.

Cohen, A. E. (Harward)  Hochbaum, D. R. et al. All-optical electrophysiology in mammalian neurons using engineered
microbial rthodopsins. Nat. Methods 2014, 17, 825-825,

Dipartimento di biotecnologia, chimica e farmacia
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Preliminary results - Single Mutants

V59 1

10.0

P60 -

Y93 -

D95 -
P96
T99 -

7.5

=AY,

5.0

T100 -

L103 -
M128 -
1129 -

0S-1S

1M-1Inw

-2.5

T131 +

G132 -
G135 -
W148 -

- 0.0

S151 4

- =25

cavity position

T152 -
M155 ~
W192 -

=5.0

Y195 -

(Jow/eoy)

P196 -

W199 -
D222
A225

-7.5

-10.0

ACDEF{ISH I KLMNPORSTV‘u:-.."Y
amino acid replacement

TATr
_____

UNIVERSITA
o SIENA

1240

Biggest shifts are
displayed for
substitutions to
charged aa

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia



Sequences representation

Proteinaa sequence

Alanine (A) 10000000000000000000
Cysteine (C) 01000000000000000000
Aspartate (D) 00100000000000000000
Glutamate (E) 00010000000000000000
Phenylalanine (F) | 00001000000000000000
Glycine (G) 00000100000000000000
Histidine (H) 0000001 0000000000000
Isoleucine (I) 0000000 1000000000000
Lysine (K) 0O0000000100000000000
Leucine (L) 000000000 10000000000
Methionine (M) 00000000001000000000
Asparagines (N) 00000000000100000000
Proline (P) 000000000000 100006000
Glutamine (Q) 000000000CO00 1000000
Arginine (R) 000000000000001 00000
Serine (S) 0OD00OO00CON000O 10000
Threonine (T) 0000000000C0000001000
Valine (V) 00000000000000000100
__Tryptophan (W) 000000000ON00000GO10
Tyrosine (Y) 0O0000N000ON000OCO00 T

Leonardo Barneschi, MSc

Universita degli studi di Siena
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Binary representation Mathematical
relationship between
sequence and vertical
excitation energy
fle) =06+ Biixy + Bizxiza+ ... + Sy xy Amino-acid A
+ Poy @21 + Pas 22+ ... + Pan Tan Amino-acid C
+ Bux Tay + Buz Tz + oo + Bun TN Amino-acid Y

Residue 1 Residue 2 Residue V

Dipartimento di biotecnologia, chimica e farmacia
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Sequences representation

!
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M = 20 (binary representation)
N = sequence length
K = number of variants
Alanine (A) 100000000G60G0000000000
Cysteine (C) 01000000000000000000
Aspartate (D) 00100000000000000000
Glutamate (E) 00010000000000000000
Phenvlalanine (F) | 00001000000000000000
Glycine (G) 00000100000000000000 To represent K
Hisxidir'\e (H) 00000010000000000000 rhodopsins | need a
Isoleucine (I) 0000000 1000000000000 . . . .
Lysine (K) 00000000 100000000000 matrix with dimensions:
Leucine (L) 00000CO00010000000000
Methionine (M) _| 00000000001000000000 K, MxN
Asparagines (N) 00000000000100000000
Proline (P) 0000000000001 0006000
Glutamine (Q) 00000O00CCO001000000
Arginine (R) 0000G0000O00001 00000
Serine (S) 000000000O00000 10000
Threonine (T) 00000000000000001000
Valine (V) 00000000000000000100
_Tryptophan (W) 0000OO00OON0000NGO10
Tyrosine (Y) 0D00ON000OO00000O001T

Leonardo Barneschi, MSc

Universita degli studi di Siena

Dipartimento di biotecnologia, chimica e farmacia
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Sequences representation
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pFF2925F EEE
EF 722058 83F

SEELE
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Preprocessing of input data - towards ML

Hegyyr®
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Are outliers actually oI SIENA
outliers? o
140 N =600 1 140 - N =549 |
120 120 -
IQR range
100 | 100 -
9 rule o
] U
G 80F > T 80F :
= =
o o
E 60F E 60F -
40 + 40 + -
20+ 20 + :
U ﬂ '] [l 1 1 [l
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
AAEDM W (kcal/mol) AAETt 0T (kcal/mol)
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Preprocessing of input data - towards ML £2

UNIVERSITA
All Data D1 SIENA
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Training data

Foldl1 | Fold2 | Fold3 || Fold4 || Fold5 |\

spiit1 | Fold1 || Fold2 || Fold3 || Fold4 | Folds

split2 | Fold 1

Split3 | Fold 1 Fold 2 “ Fold 4 Fold 5

Split4 | Fold1 | Fold2 | Fold3

Split5 | Fold1 | Fold2 | Fold3 || Fold4 -.)

Final evaluation { Test data

Fold 3 Fold 4 Fold 5

> Finding Parameters

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia



Preprocessing of input data - towards ML

High Bias Low General Error High Variance UNIVERSITA
Underfitting Best Accuracy Overfitting D1 SIENA
" N mn 1240
F Rl ' d ]
General Error
Variance
p Bias

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia



ML - A linear approach
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M = 20 (binary representation of a single AA)
N = sequence length
K = number of variants

M N
f(x) =By + Z; z; @ ' ming,g, Z(ﬁEm s0 — Po — ZZBM Tij
i=1 j=

i=1 j=1

or , in matrix notation:

y=PBo+XB —— |lel?=[ly-XB|> — min|ly-XB|2— B=(XX)"X"y

Linear Function Define as least Solve analytically
square problem or via GD

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia
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Linear approaches - Ridge Regression
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M = 20 (binary representation)
N = sequence length
K = number of variants

K
ming g, Y (AES g0 — o — Z Z By [+ A Z Z Bi;
k=1 i=1 j=1 i=1 j=1

or , in matrix notation:

B=XX+IA)1XTy

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia
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Linear approaches - Ridge Regression
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Ridge Regression
MAE -> 1.10 kcal/mol
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Linear approaches - Lasso Regression
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M = 20 (binary representation)
N = sequence length
K = number of variants

K M N
ming g, Z( E§) 0 — Bo— Z Z Pii%i; Ty H A Z Z X
k=1 =1 j=1 i=1 j=1

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia
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Linear approaches - Lasso Regression

gl A
Frgart

umlglEEﬁLTA

o - - (M)
Lasso Regression Ridge Regression
MAE -> 1.05 kcal/mol MAE -> 1.10 kcal/mol
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Linear approaches - Lasso Regression

.1-...4:"'

UNIVERSITA
o1 SIEMNA
3 T T T T T T T 5[] T T T T T 1 i T o
| & Training Set L
6l & Test Set | 45 +
= [ 40
2 o P
'-_r; i 35 I~
Y 2t . 0
— @ 30 B
& ' 2
2 o o
-L:_ll S 25 F
Ed i =
% 2k . = 201
15 +
_I| =4 F ,- . -
= I 10
—6 i i
s 5 i
_B i 1 M [ i 1 [ i 1 i 1 i 1 M ﬂ [l i I i
-8 -6 -4 =2 0 2 4 6 8 =20 =15 -10 =5 0 5 10 15 20
QM/MM — AAETV -3 T(kcal/mol) errors (kcal/mol)

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia



Lasso Regression - coefficients representation s
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Non-Linear approaches - Random Forest
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RF Regression Lasso Regression Ridge Regression
MAE -> 1.00 kcal/mol MAE -> 1.05 kcal/mol MAE -> 1.10 kcal/mol
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Non-Linear approaches - Random Forest

% 8 I I [ ] QHI:HH
E 6 b . * ML
9 /\ f\ .
ﬁ 4r I."I II-I [ II'-I -"{:.\'.II
E 2r -"Il IIl. : . \ / .» \
] \ - :
..é I'-l. 0 M ‘ . /&H } *_\I /:" ',,."II: { 1
%,, X —a=e ZERY, 'z '\‘r
'l:'l 1ID ZID
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50 . . . 50 50
I Random 1 %] Lasso 1 %7
a0 FanSt T 40 F 1 40
5 1 35t 1 35
g 30 $30f 1 830
E 23 @25 1 235
€20 1 a2 £
15 1 15 1 15
10 1 10 1 10
5 1 5t . 5
%20 <15 -10 -5 0 5 10 15 20 %20 -1s -10 =5 0 5 10 15 20 9% 15 -10 -5 0 5 10 15 20
errors (kcal/mol) errors (kcalfmol) errors (kcal/mol)

33
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Meaningfulness of the models

gyt
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Trained ML model
Input Sequences
&0 TH E:11) G0 100

Arch  ILVPGIASARYLAMFFGIGUTEVELASGTVLDIYYARYADWLFTTFLLLL

ILVPGIASARY LSMFEGIGLTEVTVG-GEMLDI Y YARY ADWLETTFLLLL

Output AEg, 5, Quashrl ILVEGIASAMYLSMFFGIGL G-GEMLOIYYARYABWLFTTFLLLL
ArchonZ ILVEGIASAMYLSMFFGIGL G-GEMLDIY Y ARYARWLFETFLLLL

Quashrz ILVEGIASAMYLSMFFGIGL G-GEMLDIYYARYARWLFTTFLLLL

Arehs T IASAMYLEMEFFG IGLTEVTVG-GEMLDIYYARY ABWLFBTPLLLL

ArehT 1 IASAMY LEMEFG IGLTEVTVG-GEMLDI Y Y ARY ABWLFETPLLLL

.~ Y e ————

ng 120 120 1440 L

1 I I Arch?  DLALLAKVDRVTIGTLIGVDALMIVTGLIGALSKTPLARYTHWLFSTIAF
Protein Exp ﬂEm-Su EIP shift ML shift Archl  DLALLAKVDRVTIGTLVGVDALMIVTGLIGALSHTAIARYSWWLFSTICH

Cuashrl llul.L.l-l.]'."n"DEl.\fT IGTLVGVDALMIVTGLIGALSHTATARY SWWLFSTICM

[kcal.l’mnl] I:kca ].IrrI"Iﬂl:l {kca”mﬂl} Archon2 DLALLAKVORVEIGTLVGVDALMIVTGLIGALSHTATARY SWWLFSTICH
Cuashr? BLaLLAKVDRVTIGTLVGVDALMIVTGLIGALSHTATARY SWWLFSTICN

A 51 .4 Archi LA L LAY DR T I G T LV GV A LM IV TG LI GALSHTATARY SWWLFETICH
o ArchT DLALLAKVDRVTIGTLVGVDALMIVTGLIGALSHTATARY SHWLFSTICH

Leonardo Barneschi, MSc Universita degli studi di Siena  Dipartimento di biotecnologia, chimica e farmacia
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Meaningfulness of the models

ML predicts shifts in the
same direction as Exp.

et
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e Statistical Analysis of the excitation energies

e Increase the training set by generating more double
mutants

e Define the problem as a classification task
e Use non linear-models including NN

e Quitliers (?)
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