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ROS (Reactive Oxygen Spedes).

 Principal Focus This Talk: Hydrogen Peroxide (H>0O,) and
superoxide anion radicd (0;).}

o Harmful byproducts of oxidative metabolism.

1. Membrane/
membrane-
bound recep-
tor destruc-
tion; propaga-

tion o lipid | _ |

i dati Production d O, by eledron transport chain (ETC)
PEroxi : IC_)I’] — readions. H,0, is produced by SOD-caadyzed ds
autooxidative  mutation. From Cortassaet al., (2004).

and va
arachidonc cascade (inflammatory).

2. DNA damage.

3. Release of excitatory amino aads, e.g., glutamate =>
excitotoxicity.

4. Reduced cdlular respiration and ATP production.

! Other biologicdly important ROS include nitric oxide (NO), singlet oxygen (*O,),
peroxyl radicd (RO, ), hydroxyl radicd (HO") and peroxynitrite (ONOQO)).



* Normal Physiologic Function: ROS also
1. ad as sgnaling moleaules and secondary messengers,
2. adivate signaling cascades,

3. Induce and suppressgene expresson.

ROS Detoxifi cation.

1.0, -~ HO,:SOD CAT
SOD /'

2.H,0O, - H,O: CAT, GPX, [% | — [Mm%] — %%

MPO, etc. N PO

3.More acarately, peroxi-  Sequential ROS detoxification

by scavenger enzymes. CAT -
dase ZymeS, such as caalase; GPX — dutathione

EPO, LPO and MPO, can  peroxidase; MPO (myeloper-
functionas SOD and CAT  oxidase; SOD — superoxide
—ie, they can detoxify dismutase (three spedes).
baoth Oz"and H-0..



PeroxidaseEnzymes

« Catalyzeoxidation d ahydrogen danor.
1. Peroxidase reactions:

2RH +2H" +H,0, - 2H,0+2R"
a. Many substrates.
b. Oxidation by H-0..

2. Peroxidase-Oxidase readions:
2RH +2H" +0, - 2H,0+ 2R’

a. Fewer substrates: Nad(P)H, I1AA, DHF.
b. Oxidation by H->0O, and 0O..

e Structure.
1.Most organized abou a heme

group.

2.Active site of GPX contains Se

— uses glutathione eseledron  cytochrome C peroxidase de-
dona picting the functional group,
Protopaphyrin 1X (red) with
Fe3+ (gray), and histadine lig-

e Evol utionar”y ancient. ands (yellow). (Swiss Institute
of Bioinformatics)




e Functions:
1. Antioxidant scavenging (GPX, MPO)
2. Host defense @ainst infedion (LPO, EPO, MPO)
3. Mediate immune regponse(EPO)
4. Attadk tumors (M PO, EPO)

e Sources, aswell as scavengers of ROS. MPO, EPO, etc.
produce potent oxidants - hypochlorous aad (HOCI), hy-
polkromous adad (HOBY), hydroxyl radicd (HO’), singlet
oxygen (*O,), peroxyl radicd (RO, "),and peroxynitrite
(ONOQ") that destroy pathogensvia

1.Halogenation and ntration of their proteins,

2.Humoral immune resporse.

» Peroxidase-caalyzed readions manifest complex dynam-
icsinthelab andin living cdls.



Mechanism.

e Multiple enzyme states.
colll (Per®), col (Per™), coll (Per*), Per®*, Per®*

e Two redoxloops:
1.“Peroxidase” cycle:

Per®* _, col - Per®
2."Oxidase” gcle:
Per’* . (Per®) - colll - col — Per®

3.Couped byreduction steps: col — coll — Per®".

4N0n-enzymat|c reacG Branching Chain of Radicals
tions. Include — s
11 . . 1) \LR’
a.“branchingchain” of o 0; =% w0, = xaD,
radicals. (NiD)z | v s
b.radica removal by o,

NAD dimerizaion. | - |
Radicd proliferation by the peroxi-

dase gycle. Each NAD radicd pro-
ducestwo new NAD radicds.



Mechanism — I .
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Peroxidase-oxidase readion as modeled in [bso0]] and as typicdly studied in vi-
tro, i.e.,, with oxygen inpu and NADH the substrate. Note the coupged redox
loops referenced above. Red arrows indicae entry points of external ROS. For
readions and rate constants, seeTablel.



M odeling Peroxidase-OxidaseReaction.

* Peroxidase modelstraceto Yamazi [yy /7] andthe
“FAB” group|[fabb78 with subsequent workers
adding and removing reactions (elementary steps).

* Detalled vs. “abstract” models.

e BFSO [bfso05 a detail ed model developed for HRP.
1. 10 Equations; 17 parameters.
2.No explicit representation d cofador concentra-

tions/ dynamics— subsumed into parameter values
a. DCP (laboratory)
b. Melatonin, serotonin... (in vivo)
3. Omits various reactions including
NADH + H" + O, = NAD" + H,0, (Ry2)
which waslater added back in.

4. Omits halogenation readions of EPO, LPO, MPO.



Tablel. Elementary Steps Used in the BFSO Model of the PO Reaction.

Reaction Rate Equation Constant

ki

1.NADH+0O, +H* — NAD"+H,0, ki [NADH][O,] 3.0M%st
k2

2. HyOo+Per® — col ko[H-O2][ Per®] 1.8x10" M7's?
ks

3.col+NADH — coll+NAD*® ks[col][ NADH] 4.0x10* Ms?

4. coll+NADH — Per®+NAD*® ka[coll][NADH] 2.6x 10 M st
Ks

5.NAD*+0, — NAD*+0O, ks[INAD*][OJ] 2.0x 10’ Mt
Ke

6.0, +Per®* —colll ke[O2][Per®] 1.7x10' Ms?
k7

7. 0, +2H" —H,0,+0, k051> 2.0x 10’ Ms?
kg

8.collI+NAD* — col+NAD" kg[coll [][NAD"®] Variable
Ko

9. NAD® — (NAD), ko[NAD*]? 5.6x 10’ M'st
k1o

10.Per**+NAD® — Per”+NAD"* kio[Per*][NAD®] 1.8x 10° Ms?
kll

11. Per**+0, — colll ky1[Per®[ O] 1.0x 100 Ms?
k12

12.NADH(stock)  — NADH (liquid)  kig[NADH]gou 1.143x 10" Ms™
kis

13. Oz(gas) =0, (Ilqu d) k13[02]eq - k.13[02] 6.24x% 108 Ms™
K13 3.73x10°s?
k14

14.NADH+H*+O,~ — NAD®*+H,0,  kis[NADH][O, ] 3.0x 10° M st



o Converting Elementary Steps to ODEs.

Table 2. Differential Equations.

dINADH]/dt = -R, - R, - R, + k;» [NADH],, - R,,

d[Q,)/dt = <R - Ry + R; + ki3 [0],, - ki3[0;] -Fy

d[NAD"}/dt R, + R,-R, -R-2R,-R,, + Ry,
d[Per**]/dt = -R, + R,-R, - R,

d[Col]/dt R, - Ry+ R,

d[Coll}/dt R, - R,

d[CollT}/dt R,- R, + R,

d[H,0,]/dt R -R, +R, +R,

d[O,]/dt R, - R, - 2*R, - R,,

d[Per**)/dt




o BFSO first detailed model to replicae cmmplex dynamics
observed in vitro using plausible readions and rate n
stants.

1. Period-doubling to chaos in response to changing
DCP concentrations [bfso95].

2. Switch from period-dowbling to period adding (in re-
sporse to increased NADH inpu) occasioned by in-
creasing pH — affeds formation d NAD dimers.
[hols97, bsho9§].

3. Quasiperiodicity [sho9q and period-doulded tori ob-
served [0bs02]. Latter observed experimentally sub-
sequent to theoreticd prediction [bsho9].

4. Nea heteroclinic and hamoclinic behavior [sbo(1].

o Addition d Ry, alows BFSO to replicae experimentally
observed histability and bursting a low enzyme concen-
trations [bso01].

* Previously observed instances of model-experiment corre-
spondence preserved / improved under the extended model
[sboO1].



e Low dimensional dynamics.

1.Despite 10-D state space, all observed dynamics com-
patible with trajeaorial evolutionin a3-D subspace

2. Attrador dimensions closeto 2

3.Motivates continuing seach for simplified surrogate
models [sho(5].



Bistability.

1333
32.0
0201 | | w© l '
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Experimental [afo9( and theoretical [bso01] transtions be-
tween equilibrium and oscillatory dynamics. Top Left. Oscil-
latory behavior quenched by spiking (arrow) the PO reaction
with 1.8 — 2 mMol H,0,. Top Right. Oscillations restored by
30-90 sec O, inpu shutdown (doulde arows). Bottom L eft.
Oscill ations quenched by ssmulated addition d 6 mMol H,0..
Bottom Right. Oscillations restored by 90 sec ssmulated O, in-
put shutdown.



Mechanism of Bistability.

e Result of a @-dimension 2 bfurcaionwhereby a airve of
Hopf bifurcaions emits a aurve of cyclic folds.

1. At the bifurcaion pant, the Hopf bifurcaion changes
criticdity — super to sub.

2. Between the CF and H curves a stable point coexists
with two cycles, one of which is dable.

3. Equili brium destabili zed via subcritica H.

5.0

Fixed Point _[l Periodic & Quasi- _[I:I
Dynamics O periodic Dynamics -0 @;hle
,--"'"'#-—-'
/
= Cyclic
- = ~ Fold
2 T
T'E Codimension 2 Curve
Z Bifurcation

Hopf
Curve




BURSTING.

e The stable gycle produced by
CF bifurcaion can undergo
torus bifurcation.

o With further parameter tun-
INng, torus approades hetero-
clinicity.

e Result In the time domain iIs
bursting.

e Qualitatively similar behav-
lor observed in the laboratory
by [af090].

* Interpreted as “autonomous,”
l.e., noise-induced, switching
between coexisting attrac
tors.

4.75

10,]
(uM)

0.25

0 20,000
Seconds

16.0

10,] |
M) |

20,000 ' 30,000 ' 40,000

Seconds

Bursting behavior in ssimulo and in
vitro. Top. As predicted by [bso0]].
Bottom. As observed experimen-
tally by [af09(.



H,0, Regponseto Continuing H,O, I nput.

e Bigtability no longer a low 1o
e
enzyme phenomenon Per- | sior
sists up to at 1.5 uM at least. =% | <1 02 “ 4o
E" — Fixed Point
'J 1
e Four different dynamicd re- Periodic Orbit |
gimes observed as onre in- RE
creases rate of inpu. . - 1L.0.] Mot
< [H202]Regulated —>“@ Rz thd
egulate
. 1.0
1.Inpus transduced into os- o~
cillations of ~constant am- = = s
p“tUde % — Fixed Point
a. Low Er, simple gycles. - ,
b. Higher Et, complex cy- N Ys
cles or chaos. 25 L e
-0 Log H,O, Input -2.0

2.0scillations  and  stable  peroxidase-oxidase readion subjed
equili bria cexist. [H20;]eq to continuous HzO, input. Numbers

: refer to the four dynamicd regimes.
depends oninpu rate. Top. H,O, input increasing (forward

bifurcaion dagram). Bottom. Inpu
3. Equili briaomy_ deaeasing (bad<wards_ diagram).
Total enzyme concentration, [Ef] =
0.4 uM. Bistability is also observed
4.Blow-up: [H2O,] increases at higher values of [Eq]. In this case,

withou bourd the oscillatory dynamics can be
' complex cycles or chaos.



O, responseto continuing input of H,0..

 Thesame, but [O, ] remainsregulated at inpu rates for
which [H.O,] — oo.

H, O, Input

0.1 W \/\ 0.1
[H,0,] [H,0,]
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e

Resporse to increasing rates of H,O, input. Left. First 5000s. Right.
Final 5000s. Top. [H,0,]. Bottom. [O,]. Color-coding by dynamics.
Blak (oscillations) — Log | = -5.00 — -3.75 uM/sec. Red. (Inpu-
dependent equili bria) — Log | =-3.5 —-3.25 uM/sec. Blue. [H,O,] un-
regulated; [O, ] regulated) — Log I =-3.0 — -2.0 uM/sec.



Regoonseto continuing input of O, .

* The same as resporse to H,O, input!

0.1

[H,0,]

O, Input

il
E b : ..
F OB

0.1

\IIIIIIIIIII\IHIIlIIn”IIHIH\I

i
]

L

1IN

IMMWHMW“WWW

Seconds

0.1

[H,0,]

TR TP

0.1

0
200,000

205,000

Seconds

AL

TG

“J'l‘ﬂ",‘ LI

!

0
200,000

205,000

Seconds

Resporse to increasing O, inpu, |. Left. First 5000s. Right. Find
5000s. Top. [H,0,]. Bottom. [O,]. Color-coding by dynamics. Bladck

(oscill ations) —
equili bria)

—Log |

[O,] regulated — Log I =-3.0 — -2.0 uM/sec.

Log |l =-5.00 — -3.75 uM/sec. Red. (Inpu-dependent
= -3.5 —-3.25 uM/sec. Blue. [H,O,] unregulated;



. Why?

1.Recdl radicd prolif-

erationin peroxidase

cycle.

aNAD" — O,

b.Oz_ — HzOz.

C. H202 — 2 NAD’
(col, coll formation).

d.NAD" removed by
dimerizaion, Rg, and
by the oxidase gycle.

2.H 202 VS. 02_.

R2,R3+R2, R4

V. gs _ R7,R14
NAD —> 02 —> H,0, —>

RY
Y

(NAD),

Radicd proliferation. NAD radicds
are produced auto-caalyticdly in
the peroxidase oycle and removed
by NAD® dimerization.

a.Crudely, adding O, the same as adding H,O, save that
O, gets passed along whereas H,O, is either con-
sumed by R, or acamulates.

b.H,O, will acawmulate if [Ef] limiting, 1.e, H,O, blows
up, while O, continues to be regul ated.

c.H,O, acamulation promoted by reducing the rate of
NAD" dimerizaion as results, for example, from in-
creasing pH — affeds kq[h0ol897].



Consajuencesof Elevated [H,O,] and [O, ]
» Direa effeds of H,0..

1.Increases [O, ].
2.Impairs TCA cycle throughput via a-KGDH impairment.
3.Impairs Mitochondial function (Complex I).
4.Up-regulates NO production.
5.Inflammatory M PO: Up-regulates M PO production.

6. Inflammatory other: Acti-

; . ) The prostaglandin pathway
vates microglia and arachi- [ECETEIE_
donc cascadeviaPLA plp%_, l
induced p‘od uction of Arachidonic Acid

arachidoric add. R

¢ PGH
mm.ﬁ? y A// \\
S, LTHy LTC, LTD,LTE, Eﬂ; PGE, PGF2, PG, TXA,

e Dired Effectsof [O,].

H,O, triggers arachidonic cascade
viaPLA,.

1. Increases [H,0O,].

2. Increases production d halogenous aads by MPO.



| ndirect Effeds.

o TCA related.
1. Energy production.
a.Inhibition of a-KGDH reduces NADH produced by a-
ketoglutarate — succinyl CoA.
b.Reduces overall cycle throughput.

2. Reduced TCA cycle throughput
a.=> Reduced high energy compound.
b.=> Reduced GSH (reduced gutathione) — indicaor of
oxidative stress
c.=> Reduced functioning d GPX (principa peroxidase
In namal brain)
d. => More H,0..

3. Reduced TCA cycle mom-
promises ammonia detoxi-
ficaionin bran.

a. No urea g/clein CNS.
b. Ammonia detoxificaion _ .
TCA cycle and ammonia detoxifica

aco:)mpll shed b)/ TCA. tionin brain cdls. In the presence of
excessammonia, a-ketoglutarate is

4. Reduced TCA Cycle conwverted to gutamate, glutamate to
' . glutamine (astrocytes only), oxal o-
throughpu increases acdate to aspartate and pyruvateto

NAD" / NADH. alanine. From [s05].



e Mitochondia.
1. H,O, impairs mitochondial function (complex | defi-
ciency).
2. Impaired mit function => more H,0,, O, .

 H,O,up-regulates NO.
1. Impairs CAT

2. =>more H,O5

e H,O, up-regulates MPO synthesis.

1. MPO produces potent oxi- X = CL, Br, SCN
dants asociated with in- >
flammation. T l
. D -
2.H,0O,acaimulation=> IR. a/—’\pem
RX N
X HOX

3.Inflammatory episodesin
brain => neuronal damage
| dedh.

Production d halogenous aads by
EPO and MPO.



e Hyperammonemia (HA).
1. Retarded TCA cycling => energetic deficitsin brain.

2. Impedes LTP viareduced cGMP.

3. Increases a-KG — glutamate — glutamine; reduces
GABA
a. => selzures.
b. => glutamate mediated excitotoxicity viaNMDA
metabotropic receptors.

4. Reduces SOD, CAT, GPX adivity => more O, ", H,0..

5. Reduced carnitine (via reduced a-KG — succinate
conversion) => reduced acayl CoA =>reduced TCA
=> increased HA.

« Foregoing reaction network contains numerous urces
of positive feedback.

» Positive feedback plus hysteresis (PO dynamics) => po-
tential for long-lasting inflammatory episodes that per-
sist after eevated ROS concentrations subside.



2-Oxoglutarate Succinate
+100, +LC0,

= HTML

Protein degradation ——————_— TM L

Ascorbate

Mitochondrion
Glycine

TMAEA
T NAD
Cvitnsol

Ascorbate

" .
Fe

NADH + H

L-carnitine Butyrobetaine

Succinate 2-Oxoglutarate
+C0, +0,

Biosynthesis of carnitine requires direct conversion of a-KG to sucd-
nate, thereby competing with TCA cycle and ammonia-induced con-
version of a-KG to glutamate.



Neurodegenerative Diseases (AD, ALS, ASD, MS, PD).

e [nflammation.
1.Overexpressed MPO.

2.Elevated PLA,; elevated 3-chlorotyrosine (biomarker of

chlorination byMPO).
3.Activated microglia

e Overexpressed NO (MS, ASD).

 HA and expeded metabalic corre-

lates (ASD)

1. Abnamal TCA intermediates

2. Reduced carniti ne (consequence of
HA);

3. Fatty acid / B oxidation abnormali-
ties.

4. Digestive / gastric aonamaliti es
(ASD).

e Deaeased SOD, CAT, GPX (AD,
PD, ASD)

* Reduced GABA (adult ASD); en-
hanced GLU (AD), GLN.

AMMOMLA
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1 1

Transformed pasma an-
monia ncentrations of
100 autistic candidates for
VPA therapy. Smilar re-
sults observed for pyru-
vate ad canitine (re-
duced) and ladate and
alanine (elevated). From

[fincg04].



o Abnamal melatonin/ serotonin — retural peroxidase -
fadors (ASD).

 Reduced a-KGDH (AD, PD).

* Developmental Disorders (ASD, PDD-NOS, etc.).
1.Consistent with abowve:
a. Abnamal brain structure.
b. Receptor deficits.
c. Impaired cogntive function.
d. Fatty aad abnormalities.
e. TCA speades abnamaliti es.
f. Presumed mitochondial dysfunction.
g. Comorbid seizure disorders.
h. Comorbid gastric, digestive disorders.

2.Variable manifestation d metabalic dnamalitiesin
ASD may refled nonequili brium dynamics as oppacsed
to heterogeneous nature of the disease.

3.Large number of interacting systems/ readions plus
substantial positive feadbadk suppat this conjedure.
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