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Our Abstract

“The development of reliable methods for restoring susceptibility
after antibiotic resistance arises has proven elusive. A greater
understanding of the relationship between antibiotic administration
and the evolution of resistance is key to overcoming this challenge.

Here we present a data-driven mathematical approach for
developing antibiotic treatment plans that can reverse the
evolution of antibiotic resistance determinants.

We have generated adaptive landscapes for 16 genotypes of the
TEM j-lactamase that vary from the wild type genotype TEM-1
through all combinations of four amino acid substitutions ... ...

Overall this study shows that there is promise for reversing the
evolution of resistance through antibiotic treatment plans.”
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Time Machine

Think of reversing the evolution as traveling back in time.
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Chemistry

Our time traveler is the resistance gene TEM S-lactamase.
Identified by Naomi Datta in 1963; named after patient Temoneira.

TEM17 E104K

TEM19 G238S TEM33 M69L

It enlarges the
active site
B

Wiki: Beta-lactamases are enzymes produced by some bacteria that
provide resistance to ... antibiotics like penicillins, cephamycins, ...

Beta-lactamase provides antibiotic resistance by breaking the antibiotics’
structure. These antibiotics all have a common element in their
molecular structure: a four-atom ring known as a S-lactam ...



Evolution Observed

Of 190 clinically identified TEM genotypes, 174 differ from the
wild type TEM-1 by at most four amino acid substitutions:
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The Barlow lab studies a system with four amino acid substitutions.
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TEM-50 system
The TEM-50 genotyope is highly evolved.

It differs from the TEM-1 in four amino acid substitutions:

TEM-50 |

M69L*  E104K G238S N276D*
1000 0100 0010 0001

Experiments: The Barlow lab
> created all 16 genotypes between TEM-1 and TEM-50
» measured the growth rates of 12 replicates of E.coli DH5a-E

» repeated in the presence of each of 15 [-lactam antibiotics

AMP, AM, CEC, CTX, ZOX, CXM, CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP



The 4-dimensional cube

Mutant
Wild Type
M69L
E104K
G238S
N276D
M69L/E104K
M69L/G238S
M69L/N276D
G238S/E104K
G238S/N276D
N276D/E104K
M69L/E104K/
N276D
M69L/E104K/
G238S
G2385/N276D/
E104K
G238S/N276D/
M69L
TEM-50

Isolated
TEM-1
TEM-33
TEM-17
TEM-19
TEM-84

TEM-35
TEM-15

TEM-50

Binary Allele
Code

0000
1000
0100
0010
0001
1100
1010
1001
0110
0011
0101

1101

1110

0111

1011
1111
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The data

Measure the fitness of each of the 16 genotypes

Treatment Control
(with 1 antibiotic) (without antibiotic)

0000 A 1V 72 73 e s Te 77 fa M9 Mo M1 N2 M3 Na s Ne 17 N8 M9 20 ™ T2 T3 4
0100 8 25 126 127 28 129 30 31 132 /33 34 A5 36 137 28 39 ‘a0 41 ‘a2 3 a4 78S ‘& ‘47 @
0100 ¢ | M9 %o & B2 @y B4 A5 B¢ 57 Ba Ba Bo @1 %2 B3 B4 &5 B &7 B B 0 1 M2
0010 D 73 74 175 76 177 78 79 80 /81 /82 83 /84 185 86 /87 88 B9 %0 M1 92 93 /o4 95 %5

0001 E 97 ‘98 99 100 701 %02 103 Y04 105 %06 107 Toe 409 110 111 712 M3 1a 115 M6 M7 Ns M9 120
1100 F 121 222 423 124 125 126 127 128 129 130 431 132 433 434 135 7136 137 138 139 M40 41 142 143 Y4
1010 G| f4s fas a7 fas fao 450 451 452 453 454 455 M56 457 458 450 Aeo 461 fe2 q6a Aea Aas Ao fo7 fee
1001

0110 1| 493 Aa4 a5 fos fo7 Aos fo9 Joo 201 %02 903 S04 Jo0s Gos S07 208 09 F10 211 212 213 D4 15 De

169 470 471 172 273 774 175 176 177 478 179 N80 481 482 183 N84 485 186 187 Nes 485 190 191 192

0101 J 217 218 219 220 221 222 223 224 225 226 227 28 229 230 231 232 233 234 235 236 237 238 239 200
0011 K 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263 264

1011 L | 965 66 367 Ges Ge0 F70 971 472 973 $74 475 76 377 478 479 Gw0 G Gs2 Ge3 S84 B85 Oss 247 s
1101 M| 289 290 91 S92 293 F94 295 296 297 98 299 oo So1 802 So3 S04 805 Sos So7 See S0s S0 1 A2
0111 N | 13 814 815 816 817 1 §19 520 821 822 823 824 425 826 827 S2s 62 830 431 832 833 434 535 S36
1011 o | 437 438 439 540 841 542 543 544 S5 846 47 Se G40 550 551 852 453 §54 855 856 457 458 459 60
1111 p | 861 S62 963 S64 S65 566 567 S68 860 870 871 872 473 474 875 S76 877 478 S0 Seo 48 S82 S83 S84

... In the presence of each of 15 antibiotics. ..



Fitness landscapes
For each of the 15 antibiotics AMP, AM, CEC, CTX, ZOX, CXM,
CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP we have a

2x2x2x2-table f = (fjy) with entries in R
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Fitness landscapes

For each of the 15 antibiotics AMP, AM, CEC, CTX, ZOX, CXM,

CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP we have a

2x2x2x2-table f = (fjy) with entries in R
We care about the dynamics on such fitness landscapes:

1111

N

1110 1101 1011 0111

e R

1100 1010 1001 0110 0101 0011
1000 0100 0010 0001
0000
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Population genetics
A substitution model is a function

M : RlG — R16X16
that assigns to each fitness landscape f a transition matrix M(f).
We use two simple models:
» The Equal Probability Model (EPM)
My, =1/k

if u — v and genotype u has k outgoing arrows.

» The Correlated Probability Model (CPM)
fv - fu
Zw(fw - fU)

if u — v and the sum is over all genotypes w with v — w.

Muv -

Data yield matrices MXPM(f,) of format 16x16, where X = E, C

and *x = AMP, AM, CEC, CTX, ZOX, CXM, CRO, AMC, CAZ, CTT, SAM, CPR, CPD, TZP, FEP
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Matrix algebra
Fix EPM or CPM, and consider the matrix product

M(fa,) - M(fa,) - M(fa) --- M(fs,)

where a1, as, a3, ..., ax is any sequence of antibiotics.
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Matrix algebra
Fix EPM or CPM, and consider the matrix product

M(fal) ’ M(faz) ’ M(faa) M(fak)

where a1, as, a3, ..., ax is any sequence of antibiotics.

There are 15% such sequences!

Which ones should the doctors try?
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Matrix algebra
Fix EPM or CPM, and consider the matrix product

M(fal) ’ M(faz) ’ M(fas) M(fak)

where a1, as, a3, ..., ax is any sequence of antibiotics.

There are 15% such sequences!

Which ones should the doctors try?

Fix two genotypes u, v € {0,1}*.

The entry of this matrix in row u and column v is the
fixation probability of genotype u mutating to genotype v.
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Combinatorial optimization
Let v=TEM-1 and u any other genotype.

Time Machine Problem: Maximize the (u, v) entry of the matrix
M(fal) ) M(faz) ’ M(fa3) e M(fak)

over all 15 antibiotic sequences of length k.
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Combinatorial optimization
Let v=TEM-1 and wu any other genotype.

Time Machine Problem: Maximize the (u, v) entry of the matrix
M(fa,) - M(fs,) - M(fo,) --- M(fa,)

over all 15 antibiotic sequences of length k.

Idea: Travel back in time to 1963
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Just do it
Time Machine Problem: Given 15 transition matrices
of format 16 x 16, consider all products of length k,
and maximize a particular entry in the first row.

We implemented a brute-force approach for k =2,...,6 in maple,
and we computed optimal solutions for both substitution models.
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Just do it

Time Machine Problem: Given 15 transition matrices
of format 16 x 16, consider all products of length k,
and maximize a particular entry in the first row.

We implemented a brute-force approach for k =2,...,6 in maple,
and we computed optimal solutions for both substitution models.

Results:

Starting 1Step |#|2Step [#| 3Step | # |4 # 5 Step | #
Genotype Step

1000 1.0 1[1.0 3]1.0 7 |1.0 15 | 1.0 31
0100 0617 |1]10617 [6]0.617 |36]0.617|219| 0.617 | 1360
0010 0.714 [1]0.714 [2]0.714 |3 [0.714[ 4 0.714 |5
0001 0287 [1]10287 [1]0592 |2 |0592]|18 | 0.726 | 2
1100 0617 [3] 0617 [18]|0.617| 108 0.617 | 657
1010 0.715 [1]10.715 |6 [0.715]27 | 0.715 | 112
1001 0.559 [1]0.559 |4 |0.726| 1 0.726 |2
0110 0617 [1] 0617 [10]0.617|78 [ 0.617 | 555
0101 0592 [1]10592 |9 [0612]1 0.612 |9
0011 0.361 1] 0.361 9 |0.586]1 0599 |2
1110 - 0617 |2 [0.617|24 | 0.617 | 215
1101 0592 [2 [0592]|24 |0.617 |12
1011 0532 [1 [0.532]1 0.684 | 1
0111 0586 |[1 [0.600| 1 0.617 | 4
1111 - 0.617 14 0.617 [ 72
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Biomedical interpretation
Since 1963:

Back to wild type:
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examiner.com
Press Coverage

NEWS / SCIENCE & SPACE
See also: science & space, antibiotic resistant bacteria

Researchers find a
way to reverse
antibiotic resistance
in bacteria

May 6, 2015

Scientists May Have Just Found A Solution For Deadly
Superbugs

Post |

aimendrala))

B
TH E SCOTSM AN Drug -resistant superbugs beaten by/'titigies

SCOTLANDFSUNDAY machine’
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Biology leads to New Mathematics

Time Machine Problem: Given square matrices My, ..., M,,
maximize a particular matrix entry over all n® words
M, M;, - -- M;, of length £ in these matrices.

What is the computational complexity of this problem 7
Does there exists an efficient dynamic programming approach?
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Biology leads to New Mathematics

Time Machine Problem: Given square matrices My, ..., M,,
maximize a particular matrix entry over all n® words
M, M;, - -- M;, of length £ in these matrices.

What is the computational complexity of this problem 7

Does there exists an efficient dynamic programming approach?

The answer is no. It can be reduced to k-SAT.

Theorem (Ngoc Tran & Jed Yang, arXiv: May 11, 2015)
“Antibiotics Time Machine Problem is NP-hard”.

Tran and Yang also show that a certain natural
convex relaxation can be solved in polynomial time.



Biology leads to New Mathematics!

Time Machine Problem: Given square matrices My, ..., M,,
maximize a particular matrix entry over all n® words
M, M;, - -- M;, of length £ in these matrices.

What is the computational complexity of this problem 7

Does there exists an efficient dynamic programming approach?

The answer is no. It can be reduced to k-SAT.

Theorem (Ngoc Tran & Jed Yang 2015)
The Time Machine Problem is NP-hard.

Tran and Yang also show that a certain natural
convex relaxation can be solved in polynomial time.

s Theoretical Computer Science Part of Mathematics?
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Conclusion: Optimal Treatment Plans Can Be Designed

1111
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. by solving the Time Machine Problem
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Press Covera ge Computer Scientists May Have Just Found A Solution For
Deadly Superbugs

@ May7, 2015

SGUDE

15/05/2015
Resisténcia de bactérias aos antibiéticos é revertida

Redagéo do Diario da Salide

Evolugdo as avessas
A proliferagdo das bactérias resistentes aos antibidticos € um problema crescente em nivel mundial.
A boa noticia é que esse problema talvez seja reversivel.

Miriam Barlow (Universidade da Califérnia) e Kristina Crona (Universidade Americana) descobriram uma maneira de fazer
com que as bactérias retornem a um estado pré-resistente.

As duas pequisadoras demonstraram essa "evolugdo as avessas" usando uma familia de 15 antibidticos disponiveis para
combater infecgdes comuns, incluindo a penicilina.

Ciclagem de antibidticos

Para anular o processo = i | o """ aaos antibidticos, as
pesquisadoras as expus: c . Com esses dados, elas
calcularam a probabilide de ao medicamento.

GEN News Highlights

May 6, 2015

Reverse Resistance by Rewinding Evolution
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