Vyuziti
kapilarni elektroforezy
pri studiu enzymu

Zdenék Glatz




Frederic Reuss

(1807)
Katoforéza
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Elektroforeza

(1909)
Leonor Michaelis

Michaelis Menten Plot

v = VYmax - [S]
Km + [S]

asymtote

.

Initial Reaction Rate (V)

Nt
Km substrate concentration [S]




Volna elektroforéza
(1925)




Volna elektroforéza
Arne Tiselius (1902 -1971)
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Volna elektroforéza
Arne Tiselius (1902 -1971)

Nobelova cena1948
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Zonova elektroforéeza
. (1939) |
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Stabilizace

oPoOrezni media

oKapilara




Porezni media
+1939 Papir
+1950 Agarovy gel
+1955 Skrobovy gel
+1957 Acetat celulosy
+1959 Polyakrylamidovy gel
+1979 Agarosovy gel




Kapilarni elektroforeza

1967 - Hjerten
3 mm kapilara




Kapilarni elektroforeza

1981 - Jorgenson Lukacsova
/5 um kapilara
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Beckman 1987




2003 - Projekt lidskeho genomu
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2003 - Projekt lidskeho genomu
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ProC enzymy ?







Enzymy — molekularni stroje

Rychlostni konstanta :

> Bez katalyzy - 0,23 s

> Pt - 1,3.103s1
> Enzym - katalasa - 3,7 .10’s'1
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Enzymy — molekul

Figure 5-1 Concepts in Biochemist




Enzymy — molekularni stroje

Katalasa

2 Hzoz =1 [ OZ + 2H20

Cislo premény 40 000 000 =2

1 molekula enzymu premeéni
40 000 000 molekul substratu za 1 s




Enzymy — stanoveni koncentrace

Escherichia coli Homo sapiens

3 000 bilkovin 25 000 bilkovin

Koncentrace « Katalyticka aktivita

I
Substrat ) Produkt




Stanoveni aktivity enzymu

m Blochemie
m Molekularni biologie

m Klinicka diagnostika

m Farmakologie — vyvoj leciv
m Biotechnologické procesy
m Bioanalyticka chemie




Metody pouzivane pro
stanoveni aktivity enzymu

+ Spektrofotometricke

+ Spektrofluorimetrickée

+ Elektrochemicke

+ Radiochemicke

¢ Separacni - HPLC, GC, CE
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Enzyme Assays

Second Editio
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Enzyme Assays
R.Eisenthal and M.J. Danson




HPLC in Enzymatic Analysis
E.F. Rossomando

HP

Analysis
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ProCc enzymy a CE ?




Vyhody CE

o Aplikacni diverzita
nabite i neutralni latky
nizkomolekularni i vysokomolekularni latky
chiralni i achiralni latky
bakterie i viry




Vyhody CE

o Aplikacni diverzita
¢ Jednoducha instrumentace

.~ CZE, MEKC,




Vyhody CE

o Aplikacni diverzita

¢ Jednoducha instrumentace

+ Vysoke rozliseni a ucinnost separaci
+ Mala spotreba vzorku

¢ Rychlost analyzy

+ Mala spotreba chemikalii a malé
\Y4 y 4 0
mnozstvi odpadu




Vyhody CE

¥ .
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Studium enzymovych reakci
pomoci CE

= ,,Pre-ca pi"ary“

K ,,0n-capi||ary“

» Post-canitigny"




Studium enzymovych reakci
pomoci CE

= ,,Pre-capillary" provedeni :

- kapilara je pouzivana pouze pro separaci a

detekci

- nutna manipulace mezi enzymovou reakci a

separaci




Kinetické stanoveni
glutathion S-transferasa

|. conjugate
7\
' :}—?H—CHQ—OH
§—CH,—CHCONHCH,COOH
NHCOCH,CH,CH{NH;)COOH

— OH

{ “}—&H—CHg

=/ é—CHz—CHCONHCHzCOOH
r!JHCOCHECHQCH(NHg)COOH

II. conjugate

Conjugate li
Conjugate |

Ly

.

Sikova, Z. et al. J. Sep. Sci., 2005, 28, 1357.




,End point” stanoveni
cytochrom P450 2C9

Diclofenac

4 o o
s AINEAL,  cYPc9

4’-hydroxydiclofenac
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Konecny, J. et al. Electrophoresis, 2007. 28, 1229.




Studium enzymovych reakci
pomoci CE
= ,,On-capillary™ provedeni :
- kapilara je navic vyuzita i jako reakcni

prostredi

- stanoveni je automatizovano - davkovani,

smiseni, inkubace, separace, detekce = CE




Elektroforeticky zprostredkovana
mikroanalyza

Electrophoretically Mediated MicroAnalysis

EMMA

J. Bao, F.E. Regnier, J. Chromatogr. 608, 217 (1992).

rozdilna elektroforeticka mobilita enzymu a jeho substratu(t)
pro vyvolani reakce primo v kapilare
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EMMA - kontinualni mod




EMMA — zonalni mod




EMMA — zonalni mod

Vyhody

» Mensi spotreba vzorku - enzym,
substraty, inhibitory

> Vyhodnocovani




EMMA — vyhodnoceni

G6PDH

Glu-6P + NAD"™ — 6P-Glu + NADH

Kontinualni mod Zonalni mod

g
3
:
3

B.J. Harmon et al.,J. Chromatogr. A 726, 193 (1996). E.S .Kwak et al., Anal. Chim. Acta 397, 183 (1999).
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EMMA — zonalni mod
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vypnuti el. napéti: “zero potential amplification”




Studium enzymovych reakci
pomoci CE

= ,,Post-capillary™ provedeni :
- vzorek je nejprve separovan pomoci CE,
na konci kapilary je reaktor, kde probiha
enzymova reakce

- uvedenou variantu nelze pouzit
u komercnich CE zarizeni




Separation capillary

L

N
detector 1
Svri Substrate tubing
yringe

Heactn;n capillary

m

Buffer vial Buffer vial [E]

Ground

Substrate s Silicona
lubing - rubber
(PTFE) SIISLLIISEI NN seal

Reaction capillary

A. Emmer, J. Roeraade, Chromatographia 39 (1994) 271.




Studium enzymu pomoci CE ?
(pre-capillary versus on-capillary)




Off line — pre capillary

Inkubace

On-line — on-capillary

-1

Inkubace + analyza

=

Analyza

uli







rhodanasa — pre-capillary stanoveni aktivity
Volba separacnich podminek

CN- + S0, - SCN + SO;%

|

0.1 mM TTAB - 15 mM borat pH 9.0

Glatz, Z. et al J. Chromatogr A, 1999, 838, 139.




rhodanasa — pre-capillary stanoveni aktivity
Volba separacnich podminek

CN- + S0, - SCN + SO;%

|

100 mM (-alanin - HCI, pH 3.5




rhodanasa — pre-capillary stanoveni aktivity
Analyza standardu

Kapilara: kremenng, vnitfni prdmér 75 um,
celkova délka 64.5 cm, efektivni
délka 56 cm

Davkovani : 50 mbar/6s

Separacni napeéti: 18 kV (negativni polarita)

Teplota kapilary: 25+0,1 °C

Detekce: A = 200 nm (Sirka pasu 20 nm)

Vzorek : 1 mM S,05%, 1 mM SCN-, 25 mM CN-

v 25 mM HEPES pufru (pH 8.5)




rhodanasa — pre-capillary stanoveni aktivity
Stanoveni aktivity




rhodanasa — pre-capillary stanoveni aktivity

Short-end

Davkovani

‘/
r“‘*

Capillary

thermostatting

Diode-array
detector

Vial carousel Itherrnnﬂaﬂedi

Buffer replenishment

Long-end




rhodanasa — pre-capillary stanoveni aktivity
,ohort end” versus ,Long end injection”

"LONG END INJECTION"




rhodanasa — pre-capillary stanoveni aktivity
,ohort end” versus ,Long end injection”

Short-end injection

Long-end injection

Doba analyzy 1.5 min 7 min
Presnost 0.11 % 0.04 %
migracnich casu (n=10)
Presnost plochy 0.33 % 0.82 %
piku (n=10)
Linearita 50 - 5000 pM 50 - 5000 uM
Korelac¢ni koeficient 0.9993 0.9998
Limit detekce 2.5 M S5 uM




rhodanasa — pre-capillary stanoveni aktivity
Stanoveni aktivity




rhodanasa — EMMA stanoveni kinet. parametru

Volba separacnich parametru

Stejny pufr pouzit jak pro enzymovou reakci,
tak pro separaci produktt

pH optimum rhodanasy: 8.5

|

BGE pH 8.5 — (nepokryta kapilara, PVA — pokryta kapilara)

Novakova, S. et al. Electrophoresis,, 2002, 23, 1063.




rhodanasa — EMMA stanoveni kinet. parametru

Volba separacnich parametru

Separace anorganickych aniontd (S,05%, SCN-)
probiha nejlépe pri nizkém pH zakladniho elektrolytu
— eliminace EOF

pH optimum rhodanasy: 8.5

|

Kombinace metody EMMA s "partial filling technique™




rhodanasa — EMMA stanoveni kinet. parametru
Davkovaci a separacni parametry

80

ma L

Parametr Hodnota

{ PFesnost migra¢nich ¢asu 0,23 %

(n=10)

1 PFesnost ploch piku 3,88 %
(n=10)

25 mM HEPES I Substraty v 25 mM I Rhodanasa v 25 mM I 25 mM HEPES

(pH 8,5) HEPES (pH 8,5) HEPES (pH 8,5) (pH 8,5)

Separacni napeéti

18 kV (negativni polarita) Detekce

200 nm

nastrik
vzorku




rhodanasa — EMMA stanoveni kinet. parametru
Stanoveni Michaelisovych konstant Km

SCN

15 mM 5.0 ELJ\
10mM S0 - IIII y

5mM 8.0

50 2mM 5.0 ' LA
1mM 5.0°

0 0.5mM 5.0

1




rhodanasa — EMMA stanoveni kinet. parametru
Stanoveni Michaelisovych konstant Km

. 6-
0,004 . ; ’ 5. ¥ = 0,5839x + 0,0768
' z LSS
Es EOU/Ky(EN) P
0,2 ) , e 2 >

S 0, 0, 20,250,002 {

1/ [KCN] (/mmol)

Ky (CN) =7.60 MM K, (S,052) = 13.02 mM

S,05" ‘\ /* E SCN’
S0, /\\ ES CN’




rhodanasa — EMMA stanoveni kinet. parametru
Inhibice rhodanasy 2-oxoglutaratem

(inhibitor pridan do zony substrati)

_ sinhibitorem
bez inhibitoru

Novakova, S. et al J. Chromatogr. A, 2003, 990, 189.




rhodanasa — EMMA stanoveni kinet. parametru
Diagnostika typu inhibice

2-0G K;(mM) inhibice
S,05? 1.40 akompetitivni
CN° 3.62 x 107" kompetitivni
S,05” ‘\ /* E SCN
EeS,0;°

S0,* /\» ES CN’

ES e 2-0G < I > 2-0G « I > cyanohydrin




Haloalkandehalogenasa Ec3s.15

RX + HO - ROH + X + H?

. Odbouravani halogenovanych derivatu uhlovodiku

. Enantioselektivni organicke syntezy




haloalkandehalogenasa — pre-capillary stanoveni
Volba separacnich podminek

RBr + HO - ROH + Br + H*

|

100 mM (3-alanin - HCI, pH 3.5
UV 200 nm
Separacni napeti 18 kV (hegativni polarita)

Glatz, Z., et al. J. Chromatogr. A, 2000, 895, 219.




haloalkandehalogenasa — pre-capillary stanoveni
Volba separacnich podminek

RCI + HO - ROH + CI + H*

?

Neprima detekce




haloalkandehalogenasa — pre-capillary stanoveni

Neprima detekce

UV light source

5 mM chroman 0.5 mM TTAB pH 8.5
Neprima detekce - 315 nm / 375 nm
Separacni napeti 15 kV (negativni polarita)




haloalkandehalogenasa — pre-capillary stanoveni

Stanoveni aktivity
substrat 1-brombutan

Prima detekce Neprima detekce




haloalkandehalogenasa — EMMA

Davkovaci a separacni parametry
Zakladni elektrolyt

20 mM p-alanin - HCI, pH 3.5 - prima detekce
separacni napeti 29,9 kV (negativni polarita)

nebo

10 mM chroman 0.1 mM CTAB pH 9.2 - neprima detekce
separacni napeti 18 kV (negativni polarita)

Davkovani
20 mM glycinatovy pufr (pH 8.6) : 50 mbar/4s
Enzym ve 20 mM glycinatovém pufru (pH 8.6) : 50 mbar/4s
Substrat ve 20 mM glycinatovém pufru pufru (pH 8.6) : 50 mbar/4s

20 mM glycinatovy pufr (pH 8.6) : 50 mbar/4s

Telnarova, M. et al. Electrophoresis, 2004, 25, 290.

» oW e




haloalkandehalogenasa — EMMA

Stanoveni Michaelisovy konstanty Km
substrat 1-brombutan

Prima detekce Neprima detekce




haloalkandehalogenasa — EMMA

Stanoveni Michaelisovy konstanty Km
substrat 1-brombutan

Michaelis-Menten

Michaelis-Menten

. Ky = 0,59 mM ‘| Ky = 0,17 mM—
10 5 /”

Peak arca (mALLs)

[1-bromobutane] (mM) [1-bromobutane] (mM)

Lineweaver-Burk
Lineweaver-Burk

V/peakara (mAlls)

V[ 1-bromobutane] (mM) 1/[1-bromobutane| (mM)

Prima detekce Neprima detekce




haloalkandehalogenasa — EMMA

Stanoveni inhibicni konstanty Ki
substrat 1-brombutan; inhibitor 1,2-dichloethan

!
e N,
{ v — A et in

)

Prima detekce Neprima detekce

Telnarova, M. et al. Electrophoresis, 2004, 25, 1028.




haloalkandehalogenasa — EMMA

Stanoveni inhibicni konstanty Ki
substrat 1-brombutan; inhibitor 1,2-dichloethan

Michaelis-Menten . Michaelis-Menten

Peakarea (mAlls)
Peakarea (mALLs)

1=0mM P * |=0mM
=1 mM - o |=|mM
1= 5 mM 4 L v 1=5mM
1 =20 mM /- v I=20mM

00 02 04 06 03 1O 12 14 L6 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22

|1-bromobutane| (mM) [1-bromobutane] (mM)

Lineweaver-Burke
® [=0mM
o I=1mM /
v |=5mM
v

I =20 mM /
/

I/peak area (mAlls)

0 2 - o =1, -0.5 0,0 0,5 1,0 1,5
1/[1-bromobutane| (mM) 1/[1-bromobutane] (mM)

Prima detekce Neprima detekce




,Pre-capillary” enzymoveé stanoveni
stanoveni aktivity

¢ Vysoka ucinnost
¢ Vysokeé rozliseni
¢ Rychlost analyzy




,On-capillary” enzymove stanoveni
studium kinetiky

¢ Vysoka ucinnost
¢ Vysokeé rozliseni
¢ Rychlost analyzy
¢ Automatizace

¢ Malda mnozstvi vzorku

Studium kinetiky dvousubstratove enzymove reakce
(60 experimentu)

* spotreba vzorku enzymu - 20 pl !!
* doba studie - 3 hodiny SE !! (10 hodin LE)




EMMA
soucasne jako predseparacni
metoda ?




Sulfotransferasa gc2s2.1

> cytosolicka
- biotransformace/detoxikace xenobiotik (II faze)

>membranove vazana
- sulfatace glykoproteind




sulfotransferasa — EMMA stanoveni aktivity a
kinetickych parametrd

Reakce

SULT1A1

4-Nitrophenol 4-Nitrophenyl sulfate

Velmi nestabilni Velmi silny inhibitor reakce
80 % (20 % PAP) K; = 0.4 uM

~1 mg 4900 Kc

Vytiskova, S. et al. J. Chromatogr. A, 2004, 1032, 319.




sulfotransferasa — EMMA stanoveni aktivity a
kinetickych parametrd

Predseparace PAP od PAPS — MEKC (cholét)

Separacni odminky:

BGE: 150 mM HEPES, pH 6.5 +
20 mM kyselina cholova
Kapilara: L;=31.2 cm (Lg = 21cm),

75um L.D.
Napéti: + 10 kV
Teplota kapilary: 37 °C
Detekce: 260 nm
Davkovani: 0.3 psi/ 5 s 1mM PAP
nebo 115 mM PAPS

Standard Migracni cas Mobilita Rychlost
(s) (cm?V-1s1)  (cm s)
PAP 246 -3.90 x 104 -0.106

PAPS 339 -4.03 x 104 -0.130




sulfotransferasa — EMMA stanoveni aktivity a
kinetickych parametrd

Davkovani a inkubace

Krok Zéna Tlakp, Cas Napéti
(psi) (s) (kv)

1. Davkovani PAPS PAPS 0.5 5 /

2. Predseparace od PAPS / / 60 15

3. Davkovani S 4-NP 0.3

4. Davkovani E SULT1A1 -

5. Smiseni a enzymova reakce /
6. Inkubace
/. Separace

; i U T

nastrik




sulfotransferasa — EMMA stanoveni aktivity a
kinetickych parametrd

Stanoveni Michaelisovy konstanty pro 4-nitrofenol

1.5 pM pNP

—

0.5 pM pNP

.3 uM pNP

--1-_- -

T ——

an




Stanoveni substratu
metodou EMMA 7




stanoveni kyanidu metodou EMMA
po enzymaticke konverzi na thiokyanatan

CN- + S,05%4 -~ SCN + SO,%

20 mM S,05" vzorek CN- Rhodanasa a 20 mM S,0;" 20 mM S,05"
v 25 mM HEPES (pH 8,5) v 25 mMHEPES (pH 8,5) | v 25 mM HEPES (pH 8,5)

/

nastrik
vzorku

Papezova, K. et al. J. Chromatogr. A, 2006, 1120, 268.




stanoveni kyanidu metodou EMMA
po enzymaticke konverzi na thiokyanatan

=————

Davkovani a inkubace

Krok Tlak Cas Napéti
(mbar) (s) (kV)

1. Davkovani HEPES pufru 50 4 0

2. Davkovani rhodanasy 50 4 0

3. Davkovani vzorku 50 4 0

4. Davkovani HEPES pufru 50 4 0

5. Smichéni vzorku a thodanasy | DR 5 | 18

6. Inkubace 0 21 0

1. 5eparace - e RV D e R -V N

l—————J




stanoveni kyanidu metodou EMMA
po enzymatické konverzi na thiokyanatan

__Lysat erytrocyti obsahujici 50 uM CN

| “Lysat erytrocyti




Vyuziti metody EMMA
v proteomice ?




1D, 2D HPLC, CRDHHEG-CE, CE-HPLC

\Vide]g=] ¢

N

Tryptické stépeni

|

MS/MS

8 ¥ 3 4 B

- 3 5 i
Bl PeF i -
8 54 3 3 1 @ Y.

Zeisbergerova, M. et al. Electrophoresis, 2009, 30, 2378.




integrace , on-line" tryptickeho stepeni do CE
Davkovaci a separacni parametry

i &

Sandwich mode:
(1) Injection nf'en:'.}'rne
(2) Injection uf subs

(3) Iniection of enzvime

25 mM Tris-HCl | Trypsin ve 25 mM | Protein ve 25 mM | Trypsin ve 25 mM | 25 mM Tris-HCI
(pH 8,5) Tris HCI (pH 8,5) | Tris HCI (pH 8,5) | Tris HCI (pH 8,5) (pH 8,5)

/ Zakladni elektrolyt T
nastrik 0,1 M fosfatovy pufr pH 2,5 Detekce
vzorku nebo 200 nm

0,1 M mravencanovy pufr pH 2,5

Separacni napéti
18 kV (negativni polarita)




integrace ,,on-line" tryptickeho stépeni do CE

Optimalizace

B-kasein, cytochrom c
Teplota kapilary

35 °C

Mnozstvi trypsinu

l
0,1 mg/ml

»Zero potential amplification™

1
0s




integrace ,,on-line" tryptickeho stépeni do CE
cytochrom c

off-line stépeni — 12 hodin + 1 hodina
4 1 analyzy

méaL

10

&

2 Lh MMMMAU L.mﬂ'l.'L.L_a

10 20

maL

_. ] on-line stépeni - 1 hodina vcetne analyz
15
o L
__ JMW JL"J“'L |
] !
10 15 20 25 30

iy

-
[ =%
b}




EMMA — vyuziti

» Enzymove systemy
- Aktivita enzymu
« Koncentrace substratu a inhibitoru
* Michaelisovy a inhibicni konstanty

> Neenzymove systemy
« GSH, HCys, Cys, DTT
« Ca(ll)
» Gentamycin a kanamycin
 Kreatin

« Cr(VI1) a Co(ll)




Vyuziti metody CE
pri studiu metabolismu
lecCiv




Vyvoj noveho léCiva - LADME

Cytochrorne P450) Flasma Pr D’[Eafﬁ'




Vyvoj noveho leCiva

~ Discovery
(2-10 Years)

E{Lﬂnmwmmmundh!
‘Determine Safety and Dosaga

_ Phase Il
1,000-5 000 Pasient Volunteers
' Used to Manitor Adverse

Reactions 1o Long-Term Use

Additional Post-
Marketing Testing

5,000-10,000
Preclinical Testing ’ s
Laboratory and Screened
Animal Testing -

g
Phase II
8 100-300 Patient Volunteers
Used to Look for Efficacy
10 “and Side Effects

12

FDA Review Approval

14

16
by the FDA




Cytochromy P450 (CYP)

RH + O, + NADPH - ROH + NADP* + H,0

Homo sapiens e
50 réznych CYP izoforem \ ovome

0,
CYP3A4/5 3%

36%

podil na metabolismu 80 % znamych IeCiv

1

Jaterni platky, hepatocyty, mikrosomy, rekombinantni enzymy

1




EMMA — CYP3A4 + dextrometorfan

BGE (-)

I
BB Roztok enzymu Detektor
B Roztok substratu
I Reakcni smeés
Produkt reakce




EMMA — CYP3A4 + dextrometorfan

0.012

Absorbance [AU]
g 3

E

CYP3A4

Zeisbergerova, M. et al. Electrophoresis, 2009, 30, 2378.




Michani difuzi

TDLFP = Transverse diffusion of laminar flow
Deteklor

S BGE O
& -
\\\

R

0.5 -

V. Okhonin, X. Liu, S.N. Krylov, Anal. Chem. 77 (2005) 5925



Michani difuzi

TDLFP = Transverse diffusion of laminar flow

Detektor

R. Reminek, M. Zeisbergerova, M. Langmajerova, Z.
Glatz, Electrophoresis, 34 (2013) 2705.




Michani difuzi — CYP2C9 + diclofenac

BGE (-)

1
B Roztok enzymu Detektor
B Roztok substratu
P Reakéni smés
Produkt reakce




Michani difuzi — CYP2C9 + diclofenac

Diclofenac

I CYP2C9 solution

Diclofenac + NADPH solution

Q
<
g
2
Qo
—
Q
. —
o
>
e
o
Sl
=
0
EI'

R. Reminek, M. Zeisbergerova, M. Langmajerovd, Z. Glatz, Electrophoresis, 34
(2013) 2705.




Michani difuzi — CYP2C9 + diclofenac

Rate (nmol min” nmol™)
Rate (nmol min" nmol™)

10 15 20 ' ' ; 10 15 20
[Diclofenac] (uM) [Diclofenac] (uM)

Remaining activity (%)

T T I T r T T T T T T 1
-0.7 -0.35 0.0 . . . . . 0.0 0.1 0.2 0.3 0.4 0.5
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Kombinace TDLFP s MS
detekci

Figure 10. Mass spectrum of DC and OHDC cobtained after
in-capillary incubation.

Langmajerova, et al. Electrophoresis, v tisku.
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