Solving the Hamiltonian Path
Problem with Living Hardware
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Advantages of Bacterial Computation
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Possible Paths through the Graph

Computational Complexity
* Non-Polynomial (NP)
* No Efficient Algorithms

# of Processors
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Flipping DNA with Hin/hixC

Promoter hixC ﬁ hixC ':D hixC
f{> ATGC CCATGC /)w TACTCC TTGA ...
TACG I\‘GGTACG I‘\ATGAGG AACT ...

Hin Recombinase Hin Recombinase
Dimer Dimer




Flipping DNA with Hin/hixC

Promoter hixC ﬂ hixC ':D hixC

ATGC CCATGC % TACTCC TTGA ...
TACG GGTACG

A A

Hin Recombinase Hin Recombinase
Dimer Dimer

Promoter hixC hixC ':D hixC

ATGAGG AACT ...

ATGC GCATGG TACTCC TTGA ...
TACG CGTACC ATGAGG AACT ...

4_



Flipping DNA with Hin/hixC

Promoter hixC —’ hixC ':D hixC
f{> ATGC CCATGC /)w TACTCC TTGA ...
TACG I\‘GGTACG I‘\ATGAGG AACT ...

Hin Recombinase Hin Recombinase

Dimer Dimer
Promoter hixC hixC ':D hixC
I_I__D ATGC % GCATGG TACTCC TTGA ...
» TACG CGTACC ATGAGG AACT ...

L
Promoter hixC '::> hixC —} hixC

IJ__> ATGC TACTCC % GCATGG TTGA ...
. TACG ATGAGG CGTACC AACT ...



Encoding a Graph into DNA
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Encoding a Graph into DNA
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Encoding a Graph into DNA




Encoding a Graph into DNA

\




Using Hin/hixC to Solve the HPP

Hin Mediated Recombination



Using Hin/hixC to Solve the HPP
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Predicting Outcomes of
Bacterial Computation



How Many Plasmids Do We Need?

Probability of at least k solutions on m plasmids for a 14-edge graph

k=1 |5 10 20
m = 10,000,000 |.0697 (O 0 0
50,000,000 .3032 | .00004 0 0
100,000,000 5145 | .0009 0 0
200,000,000 7643 | .0161 .000003 0
500,000,000 973 |.2961 0041 0
1,000,000,000 9992 | .8466 1932 .00007

k = actual number of occurrences

A = expected number of occurrences

A = m plasmids * # solved permutations of edges + # permutations of edges

Cumulative Poisson Distribution:

P(# of solutions =2 k) = 1-

x=0
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# of True Positives +

Detection of True Positives
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Building a Bacterial Computer




Choosing Graphs

RFP RFP
:/ ) /\D
TT.«-B  (GFP) TT.<«-—B_ (GFP

Graph 1 Graph 2




How to Split a Gene
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Promoter
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Splitting Reporter Genes

Red Fluorescent Protein



Splitting Reporter Genes

GEP Split by hixC RFP Split by hixC



ACB

BAC

DBA

HPP Constructs

RFP
Graph 0 Construct:
: . RFP1 .  RFP2Z . GFP1 . GFP2
HOOB5 BOO34 71502244000 1715023680034 1715012044000 1715020 B
Tl
Graph 0
Graph 1 Constructs:
. . HFP1 . HFP2 . GFP1 . GFP2 . . . HFP2 . . .
HCICIE B34 71502244000 171502380034 171501244000 171502080010 BOO12 J44000171502380010 BOO12 J44000 RFP
e o & @ hi—mr @ @
C A
. . RFP1 . HFP2 . GFP1 . HFP2 . . . GFP2 . . .
HOO85 BO034 171502244000 171502380034 171501244000 (71502380010 BOO12 J44000 171502080010 BOO12 J44000
e — - -8 0 & L D @ T
TT. <« B
. . HFP1 . GFP2 . . . HFF2 . GFP1 . RFP2 . . . Graph 1
HO085 BOO34 |T1502244000171502080010 BOO12 J44000 171502380034 (71501244000 171502380010 BOO12 J44000
[ 2 @ LT & 2
RFP
Graph 2 Construct: A\ D
. . RFP1 . GFP2 . HFP1 . GFP2 . . . HFP2 . GFP1 .
HCICIE BO034 171502244000 71502080034 [T1502244000171502080010 BOO12 J4400017 1502380034 1715072044000 TT B GFP

-"'_ M T

r_‘- —
Graph 2



Intensity (a.u.)
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Measuring Fluorescence

GFP Excitation Spectra for 4 HPP Constructs
(at an Emission Wavelength of 515nm)

ABC

pLac-RBS-GFP1-hixC-GFP2

380

400

4210

440 460 480
Woavelength (nm)

450 nm chosen as excitation
wavelength to measure GFP



Intensity {a.u.)
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Measuring Fluorescence

RFP Excitation Spectra for 4 HPP Constructs
(at an Emission Wavelength of 608nm)

|

ACE

plLac-RES-GFP1-hixC-GFP2

__wﬂ_—f—"f BAC
—\_,._,.r'—'_‘-"'_'_'_‘f'_u e E
1 1 1 1
480 s00 520 540 SE60 S80
Wavelength (nm) \

560 nm chosen as excitation
wavelength to measure RFP



Coupled Hin & HPP Graph

PCR to
Remove Hin

Hin + Transformation
Unflipped

HPP

& Transform




Flipping Detected by Phenotype

ACB
(Red)

BAC
(None)




Flipping Detected by Phenotype

ABC

ACH Hin-Mediated

(Red) Flipping
—

BAC

(None)




ABC Flipping
g2

Yellow Green, Red, None



ACB Flipping

Red L» . Green, Red, None



BAC Flippi
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None L; Green, Red, None



Flipping Detected by PCR

HFP1 RFFZ GFP1 GFP2 RFFZ
0085 BO034 1715022144000 (71502380034 1715012144000 I'r"IECIECIE':ICHCI ECICI1E J44000 I?15CIE-‘JE':ICI‘I':I ECI':I‘IE J44000

ABC ==

. RFF1 . RFF2 . GFP1 . RFP2 . . GFP2 .
RO0B5 BO034 1715022144000 171502360034 171501244000171502360010 B0012 J44000171502080010 BOO12 J44000

ACB {F=

. RFP1 . GFP2 . . HFP2 . GFP1 . HFP2 .
HII{IEE BO034 171502244000 171502080010 ECI{I‘IE J44000 (171502380034 171501244000 171502380010 50012 J44CI{ICI

ACB

\ )

Unflipped



Flipping Detected by PCR

HFP1 RFFZ GFP1 GFP2 RFFZ
0085 BO034 1715022144000 (71502380034 1715012144000 I?‘IECIECIE':ICHCI ECICI1E J44000 I?15CIE-‘JE':ICI‘I':I ECI':I‘IE J44000

ABC ==

. RFF1 . RFF2 . GFP1 . RFP2 . . GFP2 .
RO0B5 BO034 1715022144000 171502360034 171501244000171502360010 B0012 J44000171502080010 BOO12 J44000

ACB {F=

. RFP1 . GFP2 . . HFP2 . GFP1 . HFP2 .
HII{IEE BO034 171502244000 171502080010 ECI{I‘IE J44000 (171502380034 171501244000 171502380010 50012 J44CI{ICI

\ )\ )

Unflipped Flipped




Flipping Detected by Sequencing

BAC

140 150 160 170 120 190 200
A GTATGT ACCC GO AAGACACTAGATTAT CALAAACCATGGTTTTT GATAAACTA GATGGT GCTC TG

RFP1 hixC

A ‘é» | lﬂmhmum& W o Mah st sl



Flipping Detected by Sequencing

BAC

140
>

150 160 200
OO AAGACACTAGA ACC TACGATGOT GCTC TG
RFP1 hixC

A ‘ ﬂﬂﬂmmlﬂ& WMo Aot !

Flipped-BAC l Hin

150 lﬁﬂ
HACGTATGTA

210
AT GGAAT

\ GAT ma
RFPL ,‘\ xC R,:
A‘M‘mlllmu __\,Q L,‘ Ay ﬂ“hh___ )



Conclusions

* Modeling revealed feasibility of our approach

 GFP and RFP successfully split using hixC

e Added 69 parts to the Registry

 HPP problems given to bacteria

* Flipping shown by fluorescence, PCR, and sequence

 Bacterial computers are working on the HPP and
may have solved it



Living Hardware to Solve the
Hamiltonian Path Problem
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Another Gene-Splitting Method

RBS + ATG ------ hixC----- 1 bp + Reporter Genel

Y \ Y -/

Front Half Back Half

RBS + ATG + 1bp ------ hixC----- Reporter Gene2

Front Half Back Half




Other Attempts at Gene Splitting

Reporter Gene Status
Kanamycin Resistance Failed
Tetracycline Resistance Failed

Undetermined

Chloramphenicol Resistance . .
P (Issues in building)

Undetermined

Cre Recombinase : :
(Issues in testing)




Normalized Fluorescence Measurements

Construct

Observed Color on UV
Box

Red
(560/608)

Green
(450/515)

pLac-RBS-RFP Red
pLac-RBS-RFP-RBS-GFP Red
pLac-GFP1-hixC-GFP2 Green
pLac-RBS-RFP1-hixC-RFP2 | None
pLac-RBS-GFP1-hixC-RFP2 | None
pLac-RBS-RFP1-hixC-GFP2 | None
AB (R1-hixC-R2-G1-hixC-G2) Green
ABC (R1-hixC-R2-G1-hixC-G2) Yellow
ACB (R1-hixC-R2-G1-hixC-R2) Red
BAC (R1-hixC-G2) None

DBA (R1-hixC-G2)

Hybrid green

15 3




Starting Arrangement

0.18

0.16

0.12

0.08

0.06

0.02

Probability of HPP Solution

0.14 -

0'1 —

0.04 -

4 Nodes & 3 Edges

Number of Flips




True Positives

Elements in the shaded region can
be arranged in any order.

Number of True Positives = N! = 2N



