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Seznam zkratek

2-ME
AU
BHMT
CAPS
CE-MS
CZE
HPLC
CHES
ICso

D

LOD
LOQ
MES
MOPS
NMDA
NMR
oD
OPA
Polybren
Tricin
tris

uv
UV-VIS

2-merkaptoethanol

absorbanéni jednotka

betain:homocystein S-methyltransferasa
kyselina 3-(cyklohexylamino)-1-propansulfonova
propojeni kapilarni elektroforézy s hmotnostni spektrometrii
kapilarni zénova elektroforéza

vysokoucinna kapalinova chromatografie
kyselina 2-(cyclohexylamino)ethansulfonova
koncentrace, pfi niz je inhibovano 50% aktivity enzymu
vnitfni pramér

mez detekce

mez stanovitelnosti

kyselina 2-(N-morfolino)ethansulfonova

kyselina 3-(N-morfolino)propansulfonova
N-methyl-D-aspartat

jaderna magneticka rezonance

vnéjsi prameér

o-ftaldialdehyd

hexadimethrin bromid
N-[tris(hydroxymethyl)methyl]glycin
tris(hydroxymethyl)aminomethan
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Seznam symbolu

<

™

o T

Mapp
Megs
Meof

Mjim

Na
N dif
Nexp

PK,

aktivitni koeficient

permitivita prostredi [Fm'1]

dynamicka viskozita [Pa-s]

elektrokineticky potencial, zeta potencial [V]
specificka elektricka vodivost [Sm'1]

Debyeova délka [m]

smérodatna odchylka v prostorové doméné [m]
smeérodatna odchylka v ¢asové doméné [s]

stfedni kvadraticka vzdalenost [m2]

aktivita

hydratovany iontovy primér [m]

latkova (molarni) koncentrace [mol-dm'3]

difuzni koeficient [m?s™]

limitni difazni koeficient [mzs'1]

elementarni naboj (1,602177-10™° C)

intenzita elektrického pole [Vm'1]

Faradayova konstanta (96 485,34 Cmol™")
iontova sila roztoku elektrolytu [mol~m'3]
elektricky proud [A]

kysela disocia¢ni konstanta, konstanta kyselosti
smisena kysela disocia¢ni konstanta

celkova délka kapilary [m]

efektivni délka kapilary [m]

elektroforeticka pohyblivost [m?V's™]

aktualni iontova pohyblivost [m2V"1s'1]

zdanliva (pozorovana) elektroforeticka pohyblivost
efektivni elektroforeticka pohyblivost [mZV'1s'1]
pohyblivost elektroosmotického toku [m?V's™]
limitni iontova pohyblivost [m?V's™]

relativni molekulova hmotnost

pocet teoretickych pater

Avogadrova konstanta (6,022045-1023 mol™)
pocet teoretickych pater pouze za pusobeni podélné difuze
experimentalné zjistény pocet teoretickych pater
hydrodynamicky tlak [Pa]

zaporny dekadicky logaritmus kyselé disocia¢ni konstanty
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q: plosna hustota elektrického naboje [Cm'z]

R molarni plynova konstanta (8,31451 JK 'mol™)
r Stokesuv polomér [m]

R? koeficient determinace

R; vnitini polomér kapilary [m]

R; rozliseni pikd

t ¢as [s]

T termodynamicka teplota [K]

Ty okolni teplota [°C]

teof migracni ¢as elektroneutralni latky [s]
tmig migracni ¢as [s]

u elektrické napéti [V]

Veof rychlost elektroosmotického toku [ms“]
Wi Sirka piku v poloviné vysky [s]
X molarni zlomek

z nabojoveé Cislo iontu
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1 Uvod

Kapilarni elektroforéza pfedstavuje rozvinutou analytickou separacni technologii, ktera
sdruzuje fadu UZeji vymezenych metod, jako jsou kapilarni zonova elektroforéza (CZE),
kapilarni izotachoforéza (CITP), kapilarni izoelektricka fokusace (CIEF), micelarni
elektrokineticka chromatografie (MEKC) a dal$i. Spoleénym znakem téchto metod je, ze
vyuzivaji kapilaru malého priméru naplnénou roztokem zakladniho elektrolytu k separaci ¢astic
vlivem elektrického pole. Spektrum ¢astic analyzovatelnych kapilarni elektroforézou je
kromobycejné Siroké — saha od malych iontl pres stfedné a vysokomolekularni latky az po
bunky a mikroorganismy. Tézisté aplikaci predstavuji separace elektricky nabitych ¢astic, avSak

nékteré kapilarni elektroseparacni metody umozniuji analyzu i neutralnich latek.

K vyvoji elektroforetickych technik v kapilarnim méfitku dochazelo ve druhé poloviné 20.
stoleti prostrednictvim praci Hjerténa [1, 2], Everaertse [3], Virtanena [4], Mikkerse [5] a dalSich.
Pocatkem 80. let se zacina pouzivat kapilarni zonova elektroforéza, s jejimz vznikem je
nejCastéji spojovana prace Jorgensona a Lukacsové [6], v podobé pouzivané prakticky dodnes.
Separace se v CZE dosahuje na zakladé rozdilné rychlosti putovani iontd roztokem zakladniho
elektrolytu vlivem elektrického pole. Analyzované ionty vnesené na vstupni konec kapilary se
diky svym rozdilnym elektroforetickym pohyblivostem rozdéli do samostatné putujicich zoén,
které jsou zaznamenavany detektorem nejcastéji umisténym prfimo na separaéni kapilare Ci
tésné za ni. K nejbéznéjSim typim detektord patfi UV-VIS absorpéni, fluorimetricky, vodivostni,
elektrochemicky ¢i hmotnostni spektrometr. CZE je obvykle provadéna v kfemennych
kapilarach vnitfnich pramért 25 — 75 um a délek 20 — 100 cm. Separacni napéti byva do 30 kV,
coz odpovida intenzité elektrického pole zhruba 200 — 1000 V.cm™. Migraéni ¢asy analyti se
pohybuji obvykle do 15 minut. Pro CZE je charakteristicka nizka spotrfeba vzorku, jelikoz
obvykly davkovany objem byva fadové v nanolitrech, a vysoka separaéni ucinnost az stovek

tisic teoretickych pater.

Cilem této disertacni prace je rozsifeni aplikacniho pole CZE v oblasti separaci
stereoizomerl biomolekul a biologicky aktivnich sloucenin, v jejichz analyze predstavuje CZE
konkurenceschopnou metodu predevS§im diky své vysoké separacni ucinnosti, rychlosti,
variabilité, nizké spotiebé chemikalii a slucitelnosti se vzorky biologického plavodu. Druhou
studovanou oblasti je pouziti CZE jako nastroje pro stanovovani fyzikalnéchemickych
parametr( latek, pfevazné pak acidobazickych disociaénich konstant (pK,) slabych a stfedné

silnych ionizovatelnych funkénich skupin v organickych slouc¢eninach.
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2 Kapilarni zénova elektroforéza — zakladni aspekty

2.1 Pohyb iontua v elektrickém poli

Na ion i nachazejici se ve stejnosmérném elektrickém poli plsobi sila F, = zeE , kde z

je nabojoveé cislo iontu, e je elementarni naboj a E intenzita elektrického pole. Pohyb iontu je
vSak ve visk6znim kapalném prostfedi brzdén silou Fs, kterd je dle Stokesova zakona

F, =6rrnv,, kde r, pfedstavuje polomér kulovité ¢astice (tzv. Stokesuv polomér) pohybujici se

prostfedim o dynamické viskozité 7 rychlosti v, Bezprostiedné po vioZeni elektrického pole se
sily Fe a Fs dostanou do rovnovahy a ion se pohybuje konstantni rychlosti v;, ktera je umérna

intenzité elektrického pole E:

v,=mE (2.1)

1 !

kde m; predstavuje elektroforetickou pohyblivost (rozmér m2V"1s'1), kterou Ize vyjadrit z rovnosti
sil Fe a Fs vztahem (2.2):
ze

m = (2.2)
6,

Elektroforeticka pohyblivost iontu je tedy dana jak jeho vlastnimi parametry (naboj,
velikost) tak vlastnostmi prostfedi (viskozita). Jednoduchy vztah (2.2) vSak plné nevystihuje
situaci, nebot' elektroforeticka pohyblivost iontu, ktery se béhem kapilarné elektroforetického
experimentu pohybuje v roztoku zakladniho elektrolytu, muze byt ovlivnéna mezimolekulovymi
interakcemi s iontovymi i nenabitymi cCasticemi, jenz zakladni elektrolyt obsahuje. Dale,
prfedpoklad iontd o kulovitém tvaru je vsouhlasu se skute¢nosti u jednoatomovych

anorganickych iontd, avSak nikoli u iontd organickych, mnohdy strukturné slozitych biomolekul.

Pro odhad elektroforetickych pohyblivosti organickych iontl byly vyvijeny vztahy, které
by korelovaly elektroforetickou pohyblivost s dostupnymi Udaji charakteristickymi pro molekulu
analytu. Dnes jiz klasicky kvantitativni popis pfedstavil Offord [7], ktery pouzil jako miru velikosti
molekuly relativni molekulovou hmotnost M, :

ze
m =k —

, NVER (2.3)

kde k znamena konstantu iamérnosti, kterou je zapotfebi stanovit experimentalné. V pozdéjsich
letech byly publikovany dal§i semiempirické modely popisujici vztah mezi elektroforetickou
pohyblivosti a nabojem a relativni molekulovou hmotnosti analytu (pro pfehled viz [8]), mnohé
z nich v$ak byly obménami vztahu (2.3) a puvodni Offordiv model slouzi dodnes, 40 let po

svém uvedeni, pro rychly odhad pohyblivosti pfevazné vétsich biomolekul.

V textu predkladané disertacni prace je pouzivano nékolik druhl elektroforetickych

pohyblivosti m. Limitni elektroforeticka pohyblivost my;, pfedstavuje pohyblivost iontu v prostredi
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o nekoneéném ziedéni (neboli o nulové iontové sile), v némz se neuvazuji zadné interakce
iontu s okolnimi ¢asticemi. Aktualni elektroforeticka pohyblivost m,,, ma vyznam pohyblivosti
plné nabitého iontu v aktualnim zakladnim elektrolytu. Efektivni elektroforeticka pohyblivost
elektrolytu m.4 v daném zakladnim elektrolytu je definovana jako soucet aktualnich pohyblivosti
vSech iontovych forem elektrolytu nasobenych svymi molarnimi zlomky. Zdanliva (pozorovana)
elektroforetickd pohyblivost m,,, pfedstavuje soucet efektivni pohyblivosti a pohyblivosti

elektroosmotického toku.

Vramci této prace jsou elektroforetické pohyblivosti kationtd uvadény s kladnymi

znameénky, pohyblivosti aniontl pak se zapornymi znaménky.

2.1.1 Koncentracni zavislost elektroforetickych pohyblivosti

2.1.1.1 Onsageruv limitni zakon

Zavislost elektrické vodivosti iontd na koncentraci elektrolytd byla studovana dlouho
prfed vznikem elektroforetickych metod. Prvnim vztahem, ktery tento jev kvantitativné popisuje,
je Onsagerav limitni zakon, neboli Debye-Hiickel-Onsagerova rovnice. Byla odvozena na
zakladé predstav podobnych Debye-Hiickelové teorii zaméfené na vypocet aktivitnich
koeficientll nabitych ¢astic v roztoku [9]. Onsagerav limitni zakon lze po prevodu z pGvodnich
molarnich vodivosti na elektroforetické pohyblivosti iontl psat takto:

m =m,

ma

m,..B, ]z,HzJ|1Tq—q+|z,|Bz (2.4)

act,i

kde m,y; je aktudlni iontova pohyblivost, tj. pohyblivost plné nabitého iontu i v prostfedi o
iontové sile /, a m;,,; je limitni pohyblivost iontu /, tj. pohyblivost iontu pfi nekone¢ném ziedéni; z;

a z,; jsou nabojova Cisla iontu i a jeho protiiontu j.

Konstanty B, a B, jsou dany takto:

J2F?
B=—"" (2.5)
122N, (6RT )2
J2F?
B=— " (2.6)
67N, n(eRT)?

v nichz F je Faradayova konstanta, N, je Avogadrova konstanta, ¢ je permitivita a 7 je
dynamicka viskozita roztoku zakladniho elektrolytu. R je molarni plynova konstanta a T je
termodynamicka teplota.

Parametr g vrovnici (2.4) lze vypocist pomoci nabojovych Cisel z, z a limitnich

pohyblivosti iontl mym i, My -
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— |zl lzll mllm,l +ml|m,/ (27>
lzll+lzj’ Izl|mhm./ +|Z/|mhm,l
lontova sila je dana souétem:
I = %20,2,2 (2.8)
!

kde c; a z; jsou koncentrace a nabojova c&isla kazdého iontu i v roztoku.

V Onsagerové teorii se objevuje iontova sila jakozto zobecnéna charakteristika
zakladniho elektrolytu. Ktomu jsou za priCiny, které zplUsobuji zménu elektroforetické
pohyblivosti iontd s iontovou silou, uvazovany vyhradné elektroforeticky a relaxacni jev. Ostatni

vlivy, jako napfiklad komplexaéni ¢ asociaéni rovnovahy, nejsou vzaty v potaz.

2.1.1.2 Rozsifeny Onsagertiv model

Béhem odvozeni limitniho Onsagerova zakona byla zavedena néktera zjednoduseni,
jez vyznamné omezuji jeho platnost za podminek bézné se vyskytujicich v kapilarni zénové
elektroforéze. Horni hranice platnosti limitniho Onsagerova zakona, ktera se projevuje jako
linearni zavislost aktualni iontové pohyblivosti na odmocniné iontové sily (\/7 ), je udavana do 1
mM. Nicméné iontové sily zakladnich elektrolytll pouzivanych v kapilarni elektroforéze se bézné
pohybuji v rozmezi 10 — 100 mM. Navic jsou ionty povazovany za bodové naboje, coz rovnéz

vérné nevykresluje skuteéné poméry.

Zavedeni parametru zohledriujiciho skute¢nou velikost iontd bylo uskuteénéno obdobné

jako v rozsifené Debye-Hiickelové teorii v Onsageroveé rovnici (2.9):

Ji

My B,|2]|2|—L=+2|B, |—— (2.9)

1+Jq 1+ Bav/l

macl,l = mhm_: -

kde a je hydratovany iontovy primér a konstanta B je dana nasledovné:

V2F

1

(eRT)2

B= (2.10)

Ostatni symboly jsou v souladu s rovnici (2.4). Konstanty B;, B, a B dané vztahy (2.5),
(2.6) a (2.10) nabyvaji ve vodném prostredi o teploté 25°C téchto hodnot: B; = 0,7853 dm*?mol’

2.8, =31,42 - 10° m*V's'dm*?mol? B = 3,291 - 10° m 'dm*?mol 2.

Podoba rovnice (2.9) je v podstaté shodna se vztahem navrzenym Robinsonem a
Stokesem [10] a s modelem, ktery predstavil Lucy a kol. [11], zalozenym na Pittsové teorii [12].
Rozsah platnosti Onsagerovy rovnice byl rozSifen do zhruba 75 mM iontové sily [13].
Hydratovany iontovy primér a je vSak dostupny jen pro Uzkou skupinu béznych iontd a tak se
pfi vypoctech pouzivaji pfiblizné hodnoty soucinu Ba v hodnotach 1,5; 1,65 nebo 2.4.

Onsagertiv rozsifeny model navic predpoklada kulovity tvar iontd s vysokou nabojovou
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hustotou, coZ pro obvykle analyzované organické ionty o rozliéné nabojové hustoté opét piné

neodrazi skutecnost.

2.1.1.3 Onsagerav-Fuosstiv model

Onsageruv model byl navrzen pro popis zavislosti elektrické vodivosti silnych elektrolytl
v binarni smési aniontu a kationtu. V kapilarni elektroforéze je vSak obvyklé, Ze analyzovany ion
migrujici zakladnim elektrolytem je obklopen nékolika jinymi ionty. Oproti tomu je v Onsagerové
modelu do vypoctu zahrnut jen protiion analytu. Obecnéjsi pfistup predstavuje model navrzeny
Onsagerem a Fuossem [14], ktefi pfinesli vylepSeny popis vlivu relaxa¢niho jevu na vodivost,
potazmo elektroforetickou pohyblivost, iontu ve smési nékolika dalSich:
] Ji

=m —_—
1+ Bav/

(2.11)

act,y hm, y

—(m,,m.]Bg,iCnRj"’ +|z/’B2

n=0

Symboly v rovnici (2.11) jsou formalné shodné s rovnici (2.9), koeficienty C, jsou dany

vztahem (2.12), vektory Rf"’ rekurentnim vzorcem (2.13):

1

cozé(z_\/ﬁ);cnz—% 2| pron=>1 (2.12)
n
R" =% (2H-1) R"" (2.13)

!

kde H je matice, jejiz prvky jsou dany vztahem (2.15), a | je jednotkova matice. Vychozi prvek

vektoru R!" se ziska podle vztahu (2.14):

>z,

——H,
m

z, |

RO =z - (2.14)

n%m4|

! lim,/

kde z je nabojové ¢Cislo studovaného iontu, z; jsou nabojova Cisla vSech iontd v roztoku, x; je

podil i-tého iontu na iontové sile roztoku (x4, = c,z,z/z c,z? ). Pro symetrické elektrolyty plati, ze
Zc,z,2 =0, ¢imz vymizi druhy ¢len ve vyrazu (2.14). Prvky matice H se ziskaji pomoci vztahu
(2.15):

h, = 51.,2/:/1[@] + 1,0, (2.15)

hm.y

kde &, je Kroneckerlv symbol a w, =
+m,

hm,y

1
o vlastnostech w; =1-w; a w; =—.
2

lim s
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2.2 Elektroosmoza

Elektroosmoza je obecny jev pfiznacny pro systém dvou fazi sestavajici z nepohyblivé
pevné a pohyblivé kapalné faze, mezi nimiz je utvofena elektricka dvojvrstva [15, 16]. Po
pfilozeni elektrického pole ve sméru rovnobézném s hranici mezi pevnou a kapalnou fazi se
faze zacnou v(ci sobé pohybovat rychlosti v... V pfipadé kapilarni elektroforézy znamena
elektroosmoza tok celého objemu roztoku zakladniho elektrolytu separaéni kapilarou. Utvoreni
elektrické dvojvrstvy na rozhrani stény kapilary a roztoku zakladniho elektrolytu je podminéno
ukotvenim elektrického naboje na sténu kapilary. Toho Ize v praxi dosahnout adsorpci nabitych
¢astic a/nebo ionizaci kyselych ¢i zasaditych funkénich skupin pfitomnych na vnitfnim povrchu
kapilary. Druhy uvedeny prfipad je obvykly pro v kapilarni elektroforéze c¢asto uzivané
neupravované kiemenné kapilary, jejichz povrch obsahuje silanolové skupiny utvorené
hydrolytickym narusenim kfemenného povrchu. Silanolové skupiny maji slabé kysely charakter,
tudiz pri pouziti kyselych zakladnich elektrolyti setrvavaji tyto skupiny prevazné v nenabité
protonizované formé a rychlost elektroosmotického toku byva nizka. Se zvySovanim pH
zakladniho elektrolytu dochazi v oblasti pH zhruba 4,5 — 5,5 k vyraznému narastu podilu
zaporné nabitych disociovanych silanolovych skupin a tim i k narlstu elektroosmézy, ktera pak

v alkalickém prostredi jiZ dramaticky neroste.

Podobné jako migrace iontl je elektroosmoticky tok charakterizovan elektroosmotickou

pohyblivosti me., ktera je dana Helmholtzovou-Smoluchowskiho rovnici (2.16):

m. = Veor _ £ (2.16)

kde ( je elektrokineticky neboli zeta potencial majici vyznam elektrického potencialu v roviné
stfihu elektrické dvojvrstvy popsané tzv. Sternovym modelem [17]. Na podkladé
zjednoduseného modelu elektrické dvojvrstvy Ize pro elektrokineticky potencial odvodit vztah
(2.17) [15]:

_lqz
£

¢= (2.17)

v némz q, predstavuje ploSnou hustotu elektrického naboje na povrchu pevné faze a tloustka

dvojvrstvy je vyjadrena tzv. Debyeovou délkou Az Debye-Hickelovy teorie [9]:

/ eRT

kde R je molarni plynova konstanta, T je termodynamicka teplota, F je Faradayova konstanta,

¢; je molarni koncentrace iontu i v celém objemu roztoku elektrolytu a z; je nabojové Cislo iontu /.

Podstatnou vlastnosti elektroosmotického toku v kapilare je témér rovny rychlostni profil

(plug-like profile) vcelém prufezu kapilary, coz ma za nasledek minimaini pfispévek
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elektroosmozy na rozmyti zony analytu, narozdil od hydrodynamického toku o parabolickém

rychlostnim profilu.

Pro kapilarné-elektroforeticky experiment predstavuje elektroosmoza neselektivni jev,
ktery vyznamné ovlivriuje migracéni ¢asy a rozliSeni analytd a tim i uc¢innost separace. Vzhledem
k Sirokému spektru latek analyzovanych kapilarni elektroforézou neexistuje univerzalni
.optimaini* hodnota rychlosti elektroosmézy, nybrz je tieba velikost a smér elektroosmotického

toku upravit v zavislosti na naboji a rozdilu pohyblivosti analyzovanych latek [18-20].

2.3 Disperzni jevy

Rozmyvani a deformace migrujici zony vzorku je z hlediska separace nepfiznivy jev,
ktery snizuje citlivost a separacni Gcinnost metody. Kone¢na Sirka a tvar migrujici zéony je

vyslednici plsobeni mnoha disperznich jevl, které jsou strucné popsany v nasledujicich

2.3.1 Podélna difuze

Podélna difuze je nevyhnutelnym zdrojem rozsifeni migrujici zony analytu v dusledku
koncentraéniho spadu [26]. lonty nachazejici se v nejvyssi koncentraci ve stfedu migrujici zény
maji snahu presunovat se Brownovym pohybem do oblasti o nizsi koncentraci. Stredni
kvadraticka vzdalenost o,’, kterou ion viivem difize urazi za dobu t, popisuje Einsteinova-

Smoluchowskiho rovnice (2.19):
o0’ =2Dt (2.19)

kde D; je difuzni koeficient iontu i. V roztocich o nekonec¢ném ziedéni Ize vztahnout limitni
elektroforetickou pohyblivost my;,,; s difaznim koeficientem D;,; pomoci Nernstova-Einsteinova
vztahu (2.20).

mhml RT
Dy, = —2— (2.20)

' zF

Z rovnic (2.19) a (2.20), pres jejich omezenou platnost v realnych roztocich, vyplyva, ze

podélnou difuzi nelze béhem elektroforetického experimentu potlacit, nebot snaha o omezeni
difuzniho koeficientu, naprfiklad zvySenim viskozity zakladniho elektrolytu, vede zaroven ke
snizeni elektroforetické pohyblivosti iontu a tim i k prodlouzeni migra¢niho ¢asu. V praxi tedy
omezeni difize znamena zkratit dobu analyzy kupfikladu vysSim separa¢nim napétim Ci

rychlejSim elektroosmotickym tokem.

2.3.2 Teplotni spad

Plasobenim elektrického pole se ionty zakladniho elektrolytu a analytu pohybuji vUCi

molekulam rozpoustédla, dochazi k jejich srazkam a uvolrfiuje se energie ve formé tepla.

21



Z makroskopického hlediska mizeme na separacni kapilaru napinénou zakladnim elektrolytem
nahlizet jako na elektricky odpor, kterym po pfipojeni stejnosmérného elektrického pole protéka
elektricky proud a uvolfuje se pfitom tzv. Jouleovo teplo. V dlsledku toho se zvysSuje teplota
zakladniho elektrolytu, coz v8ak z hlediska rozmyvani migrujici zény podélnou difuzi neni
kritické. Mnohem zavaznéjsi je skutecnost, ze v kapilare vznika pficény i podéiny [27, 28] teplotni
spad. Zatimco Jouleovo teplo se uvolriuje pfiblizné rovnomérné v celém prufezu kapilary, odvod
tepla do okoli se uskutecriuje pouze jejimi sténami. Ve stfedu kapilary je tudiz vyssi teplota nez
pii sténach a to vinou klesajici viskozity rozpoustédla zakladniho elektrolytu se
vzrustajici teplotou vede k mistnim rozdilim v pohyblivostech iontu (viz rovnice (2.2)) a tim i

k rozmyti migrujici zény [16].

ZpGsobli, jak omezit tvorbu a zlepsit odvod Jouleova tepla, je nékolik. Uginnym
konstrukénim prvkem pfistroji je zarfazeni nuceného chlazeni kapilary, z experimentalniho
hlediska jsou vyhodné nizkovodivé zakiadni elektrolyty, nizka koncentrace (iontova sila) roztoku
v§ak zaporné ovliviiuji jiné parametry separace (rychlost, u¢innost) a je proto nutné uvazlivé

volit podminky, aby vedly ke splnéni cile separace.

2.3.3 Elektromigracni disperze

Elektromigracni disperze je jev zplUsobujici deformaci migrujici zony analytu v disledku
nelinearni podstaty elektromigracnich déji. K elektromigracni disperzi dochazi tehdy, podili-li se
ionty analytu vyznamné na celkové elektrické vodivosti v misté zény analytu. Pro

elektromigracni disperzi je vystizny trojuhelnikovy tvar pika.

Pro silné elektrolyty plati v jednoduchych zakladnich elektrolytech s jednim koiontem (t;.
iontem zakladniho elektrolytu o shodném znaménku s ionty vzorku) v tzv. bezpecné pH oblasti
(ti. v pH, pfi niz jsou koncentrace H" a OH ionth zanedbatelné oproti koncentracim sloZzek
zakladniho elektrolytu) pravidlo vztahujici tvar piku s vlastnostmi analytu a zakladniho
elektrolytu. Je-li aktualni elektroforeticka pohyblivost analytu vyssi nez efektivni pohyblivost
prislusného koiontu ze zakladniho elektrolytu, je vysledkem pik s rozmytym celem (fronting
peak). Je-li naopak aktualni pohyblivost analytu nizsi nez prislusného koiontu, projevi se
elektromigra¢ni disperze chvostovanim piku (tailing peak). A konec¢né, jsou-li pohyblivosti

analytu a jeho koiontu shodné, elektromigracni disperze se neprojevi [29, 30].

disperze je doporucenihodné vyuzit pocitaCové simulaéni programy jako napriklad Peakmaster

vytvoreny ve skupiné B. Gase [31, 32].

DalSim jevem plynoucim z teorie elektromigracnich déju jsou tzv. systémové zény [33].
Jednd se o poruchy vzakladnim elektrolytu, které se mohou projevit jako piky
v elektroforegramu, avsak které neodpovidaji zadnému analyzovanému iontu. Pri¢inou vzniku
systémovych zén je vneseni nepravidelnosti do sloZeni jinak stejnorodého zakladniho

elektrolytu, obvykle v podobé nadavkovani zény vzorku. Ackoli I1ze vyslovit nékolik empirickych
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pravidel k pfedpovédim poctu a pohyblivosti systémovych zén, je pro jejich podrobné provéreni

nejlepsi, stejné jako v pfipadé elektromigracni disperze, vyuzit programu Peakmaster.

2.3.4 Adsorpce na stény kapilary

Adsorpce analytu na sténu kapilary je v kapilarni elektroforéze pomérné casta a
predstavuje jeden z hlavnich problém( pfi analyze vysokomolekularnich latek [34, 35].
Nespecifické interakce vnaseji do elektroforetického procesu nezadouci disperzni jevy, které se
projevuji podle rovnovaznych a kinetickych poméri adsorpcnich a desorpcnich jevd rGznou
deformaci zény analytu [36, 37]. V krajnim pfipad€, za vysoké afinity analytu ke sténam kapilary
a nizké rychlosti desorpce, muze byt analyzovana latka piné zachycena na sténé kapilary a
nemusi doputovat k detektoru. Obvyklymi pfipady jsou adsorpce kationtd na zaporné nabity
povrch kfemenné kapilary v neutralnim a zasaditém prostfedi ¢i adsorpce proteinu
v kfemennych kapilarach vlivem vodikovych vazeb a elektrostatického pisobeni. Ke zplsobim,
jak omezit vliv adsorpce, patfi pokryti stény kapilary vhodnym, nejcastéji polymernim

materialem, coz Ize ucinit jak chemickym navazanim tak fyzikalni adsorpci [18-20].

2.3.5 Nerovnomeérny elektroosmoticky tok

Nerovnomérny elektroosmoticky tok podél kapilary je dalSim pfidavnym zdrojem
rozsifeni elektroforetickych zon. Vyskytnou-li se podél kapilary Useky s rdznou hodnotou
elektrokinetického potencialu , a tedy s mistné rozdilné rychlym elektroosmotickym tokem (viz
rovnice (2.16)), dochazi na rozhrani takovych Usekd k vifivym tokim, které zplsobuji rozmyti
elektroforetickych zon. Nerovnomérny elektrokineticky potencial vznika bud porusenim pokryti
¢i adsorpci nabitych ¢astic na vnitfni povrch kapilary [38, 39], nejcastéji vSak v dusledku
podélnych rozdili v teploté roztoku uvniti kapilary [27, 28]. V béznych elektroforetickych
pfistrojich nebyva zajistén stejnomérny odvod Jouleova tepla, jelikoz ¢ast kapilary sice byva
chlazena, avSak nezanedbatelna ¢ast kapilary byva ponofena do roztoku zakladniho elektrolytu,
prochazi tésnénimi, upeviovacimi prvky a detektorem. A ponévadz veli¢iny urcujici
elektroosmotickou pohyblivost ve vztahu (2.16), zvliasté pak viskozita, jsou zavislé na teploté,

vznika nerovnomérny elektroosmoticky tok a tim i dodate¢né rozsifeni migrujicich zén.

2.3.6 Rozsireni zén v dusledku davkovani a detekce

Prispévky k rozsifeni zény analytu v disledku nenulového objemu davkované zény a
detekéni cely se Casto nazyvaji mimokapilarnimi po vzoru chromatografického nazvoslovi,
nebot tyto jevy jsou odluditelné od samotné separace. Vyssi davkované objemy a vyssi viastni
objem detekéni komurky vedou k vy$si disperzi zony analytu. U detekce je navic potreba

uvazovat vliv rychlosti odezvy detektoru, ¢etnost sbéru dat a uroven filtrace dat.

Zatimco prispévek detekce krozmyti zon je piné poplatny konstrukci detektoru,
davkovani se v kapilarni elektroforéze obvykle uskutec¢nuje na vstupu separacni kapilary bez

zarazeni zvlastniho davkovaciho zafizeni. Nejbéznéjsim zplsobem davkovani v kapilarni
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zénové elektroforéze je tzv. hydrodynamické davkovani, kdy je roztok analytu vpravovan do
kapilary tlakovym rozdilem na obou koncich kapilary. Davkovana zéna vSak neni pravouhla,
nybrz je ponékud deformovana vinou hydrodynamického toku béhem davkovani. Pravouhlému
profilu davkované zény, jaky se predpoklada napf. u davkovacich ventild v HPLC, se v kapilarni
elektroforéze blizi tzv. elektrokinetické davkovani, pfi némz se vstupni konec kapilary ponori do
roztoku vzorku a po pfipojeni stejnosmérného napéti se ionty dostavaji na vstupni konec

kapilary diky vlastni migraci a elektroosmoze.

V kapilarni elektroforéze ma davkovani spolu s pocatecni fazi elektroforetické separace
vyznamny vliv jak na acinnost, tak na citlivost metody. Podle toho, jaka jsou slozeni vzorku a
zakladniho elektrolytu, Ize docilit zaostfeni analyzovanych iontl do uzsi zény, nez byla plvodné
nadavkovana (tzv. stacking), nebo naopak rozostieni (tzv. destacking), které je z hlediska
vysoké ucinnosti a citlivosti nezadouci. V pribéhu doby bylo vyvinuto nékolik postupu
pouzitelnych pro zakoncentrovani rozli¢nych typa iont ve vzorcich riGzného puvodu, které spolu

s citlivou detekci nabizeji moznosti ke stopové analyze pomoci kapilarni elektroforézy [40-42].

2.3.7 Ostatni zdroje rozmyvani zén

DalSim zdrojem rozmyti elektroforetickych zon muize byt pritomnost dodate¢ného
hydrodynamického toku v kapilafe [43], jenz obvykle vznika pfi rozdilnych vysSkach hladin
roztok( v elektrodovych nadobkach [44] nebo pfi pouziti CE-MS rozhrani [45].

Sifka zony analytu mGze byt rovnéz zvysena, jsou-li konce kapilary roztiepené &i jinak

nepravidelné, cemuz lze predejit pfesnym a ostrym sefezavanim koncl kapilar [46].

V minulosti ¢asto diskutovanym jevem byl pfispévek k rozsifeni zén v disledku ohybu
separacni kapilary. Vyskytuji-li se na kapilafe ohyby ¢i smycky, vznikaji rozdily ve vzdalenosti,
kterou musi analyt urazit, a téz vznikd nerovnomérna intenzita elektrického pole v mistech
ohybu [47, 48]. Tento disperzni jev se vSak vyraznéji uplatiiuje pouze pro velmi malé polomeéry

krivosti kapilary, které se v béznych kapilarné elektroforetickych pfistrojich nevyskytuiji.

2.4 Separacni ucinnost a rozliseni

Uginnost elektroforetické separace Ize popsat jako miru rozsifeni migrujici zony iontu
béhem jejiho putovani k mistu detekce. Obdobné jako v chromatografii se G¢innost déleni pro

latku i popisuje poctem teoretickych pater N;:

N, = e = o (2.21)

kde L¢# je migraéni vzdalenost (tj. efektivni délka kapilary), tmg; je migracni ¢as analyzované
latky i a g;;a a;; jsou smérodatné odchylky koncentraéniho gaussovského profilu v délkovych,
respektive ¢asovych jednotkach. Do poctu teoretickych pater se promitaji vSechny rozmyvaci
vlivy, jak byly popsany v kapitole 2.3. V praxi se pocet teoretickych pater stanovuje kupfikladu
ze vztahu (2.22):
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t

N, = 5,54[ﬂ] (2.22)
W1l2,l

kde w,,, pfedstavuje Sitku piku v jeho polovicni vySce. Vztah (2.22) plati pfesné pouze pro

symetrické gaussovské piky. Pro piky, jez nesplnuji tyto pozadavky, ma rovnice (2.22) pouze

pfibliznou platnost.

Pro zjednoduseny pfipad, kdy se z disperznich vlivl uvazuje pouze podélna difuze a za
podminky nulového elektroosmotického toku, je mozno vyjadrit pocCet teoretickych pater Ny ; na

zakladé Einsteinovy-Smoluchowskiho rovnice (2.19) takto:

N _ meffJULeff (2 23)
dfy, — ZDII_C .
kde U je separacni napéti a L. je celkova délka kapilary. Difazni koeficient D; Ize vyjadrit
z Nernstovy-Einsteinovy rovnice (2.20), ktera vSak ma limitni charakter a je platna pouze
v roztocich o nekoneéném zredéni. Za predpokladu nevysokych nabojovych Cisel a iontové sily

zakladniho elektrolytu Ize odvodit priblizny vztah (2.24):

a zZFUL,,

= 2.24
dif 2RTLC ( )

v némz z; je nabojové Cislo analyzovaného iontu.

Vycislenim konstant v rovnici (2.24) se pro teplotu 25°C ziska priblizny vyraz (2.25):

L
Nd/!,/ = 2OZIULL,’ (225)
Rovnice (2.25) vede k obecnym zavériim, ze vysokych Gc¢innosti se dosahne pouzitim
vysokého napéti, nebot analyza se urychli a omezi se vliv difuze. Dale, pocet teoretickych pater
roste s nabojovym cislem analytu, coz vysvétluje vysokou Ucinnost kapilarni elektroforézy pri

analyzach velkych biomolekul, jako jsou proteiny nebo ¢asti DNA.

Pro uspésné rozdeéleni vice iontl je kromé dostatecné ucinnosti nutna téz selektivita.

Mira rozdéleni dvou iontli / a j se vyjadfuje prostrednictvim rozliSeni R;;:

t —t
R, = —m9s _me_ (2.26)
2(0,, +0,,)

Dvé maxima jsou patrna, pokud je R; > 0,5, a piky o shodné ploSe jsou povazovany za

zcela oddéleneé pfi R; > 1,5. V kapilarni elektroforéze se pro rozliSeni uvadi vztah (2.27):

R = 1AM [ (2.27)

)

4 meff

vnémz Am,, =m, -m, je rozdil efektivnich pohyblivosti iontd i a j, m, a N jsou

aritmetické pruméry efektivnich pohyblivosti a Uc¢innosti pikd iontl i a j. Rovnice (2.27) pravi, ze
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zvyseni Ucinnosti N napf. zvySenim separacniho napéti nema odpovidajici odezvu ve zvyseni

rozliSeni. Naopak, pro vylepseni rozdéleni je vhodnéjsi zaméfit se na optimalizaci selektivitniho

clenu Am,, /(m,, +m,,, | [49].

2.5 Stanovovani fyzikalnéchemickych parametru

Kapilarni zénova elektroforéza mize slouzit kromé kvalitativni a kvantitativni analyzy
ionogennich latek téz jako nastroj pro stanovovani jejich fyzikalnéchemickych parametra.
Zplsoby, jak stanovit fyzikalnéchemické viastnosti jednotlivych latek ¢i déja, jsou v zasadé dva:
budto se stanovované veli¢iny pocitaji z rychlosti pohybu pfi elektroforetickém pokusu (napf.
elektroforetické pohyblivosti, difuzni koeficienty, izoelektrické body, relativni molekulové
hmotnosti, Stokesovy poloméry, asociacni a disociaCni konstanty), nebo se vyhodnocuji

koncentrace analytd (napf. pfi studiu reakcénich kinetik ¢i rovnovanh).

Zakladni velicinou pro posouzeni migracnich vlastnosti latek je elektroforeticka
pohyblivost. Jeji stanovovani, at jiz ve formé limitni i aktudlni iontové pohyblivosti, bylo
provadéno pomoci kapilarni izotachoforézy, prvni elektromigraéni metody provadéné
v kapilarnim formatu. Rozsah praci T. Hirokawy a kol., v nichz publikovali limitni elektroforeticke
pohyblivosti nékolika stovek iontd [50-54], zlstdva dodnes nenapodoben. Presto byla
publikovana fada praci zaméfena na stanovovani elektroforetickych pohyblivosti
z kapilarnéelektroforetickych méfeni at jiz v obvyklém vodném prostiedi [11, 55, 56], v

nevodnych rozpoustédlech [57, 58] ¢i ve smésnych vodno-organickych systémech [59, 60].

Z nejvyznamnéjSich a nejrozsifenéjSich je vyuziti kapilarni elektroforézy ke stanovovani
acidobazickych disociacnich konstant pK, slabych i stfedné silnych kyselin a zasad. Vyuziva
se zavislosti efektivnich pohyblivosti slabych elektrolytd na pH, jak je ukazano na jednoduchém
pfipadé nize.

Méjme slabou jednosytnou kyselinu HA, ktera podléha disociaci podle rovnice (2.28):

HA=H + A (2.28)

Pro zjednodus$eni zapisu nebyla uvazovana tvorba oxoniového kationtu ve vodném

prostfedi ¢i obecné lyoniového iontu.

Disociaci kyseliny HA je mozno popsat disociaéni konstantou (konstantou kyselosti) K,

podle nasledujiciho vztahu:

K, = 2B (2.29)

a
aHA

kde a; jsou aktivity zucastnénych &astic, které Ize nahradit soucinem jejich molarni koncentrace

c; a aktivitniho koeficientu

K =8n:Cala (2.30)

a
CHA }/ HA
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Aktivitni koeficienty iontl  se daji vypocitat z Debye-Hiickelovy teorie [9]. Z praktického
hlediska je vyhodné zavést tzv. smiSenou disocia¢ni konstantu K™ [55]:
K = Bn:Ca- (2.31)
CHA
V rovnici (2.31) vystupujici aktivita vodikovych kationt(, ay. je pfimo mérfitelné pH
zaékladniho elektrolytu (pH =-loga,,) a pomér koncentraci ¢, /c,,lze ziskat

Z elektroforetického méreni.

Efektivni pohyblivost slabého elektrolytu i, mey;, je dana souétem iontovych pohyblivosti,

m;, vSech forem elektrolytu i vazenych jejich molarnim zlomkem x;:

My, =D .M X, (2.32)
]

X = (2.33)

kde ¢; jsou molarni koncentrace ¢astic vystupujicich v disociacnich rovnovahach elektrolytu i.

Pro pfipad jednosytné kyseliny HA je efektivni elektroforeticka pohyblivost meg 4 dana

vyrazem (2.34):

m, C
My = _A-TA- (2.34)
‘ Ch. +Cpp

Sjednocenim rovnic (2.31) a (2.34) dostaneme vyraz (2.35):

pH-pK™
~m, 10

eff HA — H— pK™*
10°77P% 11

(2.35)

ktery pfinasi vztah méfitelnych velicin mesna @ pH a parametrd my. a K™ . V podstaté tedy pro
stanoveni smisené disociacni konstanty K™ staci znalost efektivnich pohyblivosti mgs s pfi
dvou rlznych hodnotach pH, jak bylo pifedvedeno v prikopnické praci Beckerse a kol. [61].
Mnohem vétsi statistickou vahu ma ale postup, kdy se efektivni pohyblivosti méfi v nékolika
ruznych hodnotach pH a smésné disociaéni konstanty a iontové pohyblivosti se ziskaji
z regresni analyzy bud podle dnes jiz zastaralych linearizovanych forem vztahu (2.35) ¢i rovnou
nelinearnino modelu (2.35). SmiSena disociacni konstanta K™ se nakonec prepocte na

termodynamickou disociacni konstantu K, ve smyslu vztaht (2.30) a (2.31).

Pfi volbé experimentalnich podminek je radno pamatovat na nékteré predpoklady a
omezeni plynouci z obecného postupu, jenz byl popsan v rovnicich (2.28) - (2.35). Predné,
koncentrace zkoumaného slabého elektrolytu a sloZzeni a koncentrace zakladniho elektrolytu
musi byt takové, aby nadavkovany vzorek vyznamné neovlivnil pH, iontovou silu a vodivost ve

své elektroforetické zoéné. Z hlediska co nejjednodussiho vypocetniho postupu je vyhodné, aby
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zakladni elektrolyty v celém méreném rozsahu pH mély konstantni iontovou silu. Konec¢né, je
zapotriebi zaijistit, aby elektroforetické experimenty pfi stanovovani pK, byly provadény pri
konstantni a znamé teploté, jelikoz jak pohyblivosti, tak disociacni konstanty slozek zakladniho

elektrolytu i méfené latky jsou na teploté zavislé.

2.6 Déleni stereoizomeru

Stereoizomery prfedstavuji druh izomernich molekul, které se vyznacuji shodnym
molekulovym vzorcem, avsak liSi se prostorovym usporadanim svych atomu. Pro predkladanou
disertacni praci maji vyznam dva druhy stereoizomerl — enantiomery a diastereomery. Pro
soubor latek vyskytujicich se v této praci plati, Zze dvojice stereoizomerll jsou enantiomery,
pokud si jsou jejich molekuly zrcadlovym obrazem, neboli pokud se liSi v konfiguraci na vSech
chirainich centrech. Diastereomery naproti tomu nesplnuji podminku zrcadlového obrazu a jsou
to takové stereoizomery, jez se liSi v prostorovém usporadani alespon na jednom, avsak nikoli

na vsech chiralnich centrech.

Z hlediska kapilarni zénové elektroforézy neni mozné enantiomery rozdélit ve volném
(achiralnim) roztoku, nebot se nelisi v takovych vlastnostech, které by se projevily v rozdilné
elektroforetické pohyblivosti. Diastereomery se naopak mohou liSit ve vlastnostech, jako jsou
hydrodynamicky polomér, disociacni konstanty (pK,), lipofilita apod., a Ize je tedy v zasadé

v achiralnim prostredi rozdélit.

Enantiomery se separuji bud tzv. pfimou metodou, kdy se vyuziva rozdilnych
stereospecifickych interakci v chirdlnim prostredi, které je tvoreno tzv. chirdlnim selektorem.
V kapilarni elektroforéze se jako chiralni selektory nejcastéji uplatriiuji cyklodextriny, dale

chiralni crown ethery, glykopeptidicka makrocyklicka antibiotika a dalsi.

Druhym zplusobem separace enantiomerl je tzv. nepfima metoda, pfi niz se
enantiomery nechaji zreagovat s opticky Cistym cinidlem a utvofené diastereomery se déli
v achirdinim prostfedi.  Pfikladem je tzv. Marfeyho ¢cinidlo (1-fluoro-2,4-dinitrofenyl-5-L-

alaninamid) pouzivané pro chiralni analyzu aminokyselin [62].

Problematika stereoselektivni analyzy elektromigracnimi technikami je podrobné
zpracovana napriklad v knize [63] i pfehlednych ¢lancich [64-68].
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3 Fosfinatové pseudopeptidy

Fosfinatové pseudopeptidy predstavuji tfidu peptidovych isosterd, v nichz je jedna
peptidova vazba nahrazena fosfinatovymi motivy -P(O)OH-CH,- nebo -P(O)OH-, které jsou
odolné vaci enzymatické hydrolyze. Bylo zjisténo, Ze tento druh latek je schopen pusobit jako
inhibitor pfinejmensim dvou tfid proteolytickych enzym( — zinkovych metaloproteinas a
aspartatovych proteinas [69]. Fosfinatové pseudopeptidy byly v minulych letech intenzivné
studovany ve skupiné Dr. Jiracka na UOChB AV CR. Kombinatorialnim pfistupem bylo zji$téno,
Ze fosfinatové pseudotetrapeptidy vzorce Ac-X,,-DL-Ala-y[P(O)OH-CH,]-DL-Leu-X,,'-NH,, v
némz X,, a X,,' jsou zbytky proteinogennich aminokyselin, jsou selektivnimi ligandy enzymu
betain:homocystein S-methyltransferasy (BHMT). Nasledné studium ukazalo, ze nejucinnéjSimi
ligandy jsou knihovny pseudopeptidi, v nichz X,, je zbytek valinu. V dalSim kroku bylo
syntetizovano 20 derivatd o strukture Ac-Val-DL-Ala-y[P(O)OH-CH,]-DL-Leu-X,,-NH,, z nichz
testy oznacily za nejsilngjsi inhibitor pseudopeptid obsahujici v pozici X,,' zbytek histidinu.
Struktura Ac-Val-bL-Ala-y[P(O)OH-CH,]-DL-Leu-His-NH, (VH) pak poslouzila jako vychozi bod
pro racionalni vyvoj inhibitorlt BHMT, jehoz vysledkem byl novy inhibitor o struktufe Val-DL-Phe-
y[P(O)OH-CH,]-bL-Leu-His-NH, (N-VH-A) s ICs, pfiblizné 1 uM [70].
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4 Vyzkumné cile

Obecnym cilem této disertacni prace bylo prozkoumat moznosti vyuziti kapilarni znove

elektroforézy pro analyzu, separaci a fyzikalnéchemickou charakterizaci biologicky aktivnich

sloucenin, zejména peptidovych mimetik. V oblasti fyzikalné chemické charakterizace latek bylo

zamysleno vypracovat ucelenou metodu pro stanoveni pK, slabych elektrolytl s durazem na

rozSifeni intervalu stanovovanych pK, pfedevS§im smérem do kyselé oblasti a tuto metodu

aplikovat na nové syntetizovanou skupinu fosfinatovych pseudopeptidt. Dalsi oblast vyzkumu

byla zaméfena na separace stereoizomer( kapilarni elektroforézou, v jejichz ramci bylo

studovano déleni diastereomerl fosfinatovych pseudopeptidd v achiralnim prostiedi a byla

vypracovana metoda pro kvantitativni stanoveni D-serinu.

Dil€imi cili bylo:

V oblasti analyzy a fyzikalnéchemické charakterizace latek:

Provést prvotni elektroforetickou analyzu a charakterizaci série fosfinatovych

pseudopeptidu (1).

V ramci vyvoje metody pro stanoveni pK, vypracovat postup pro stanoveni
teploty roztoku uvniti separacni kapilary a pro meéfeni elektroforetickych

pohyblivosti za definované teploty (I, 1li)

Nalézt vhodné slozeni =zakladnich elektrolytd pro separace a méreni
elektroforetickych pohyblivosti v kyselém prostiedi o pH < 2 a v pH rozmezi 2 -
12 (I, ).

Ovérit platnost Onsagerova zakona za podminek typickych pro kapilarni
elektroforézu a jeho pouziti pro pfesné prepocty elektroforetickych pohyblivosti

mérenych v zakladnich elektrolytech o rlizné koncentraci (V).

Vyvinutou metodu stanoveni pK, aplikovat na skupinu nové syntetizovanych

fosfinatovych pseudopeptidd (I, VI).

V oblasti separace stereoizomeru:

Provérit moznosti a popfipadé optimalizovat separace diastereomeru
fosfinatovych pseudopeptidi kapilarni elektroforézou v achiralnich zakladnich
elektrolytech (ll, IV, VI).

Porovnat CZE separace diastereomert fosfinatovych pseudopeptidi s HPLC

separacemi na obracené fazi (1V).

Vypracovat metodu pro kvantitativni stanoveni D-serinu vhodnou rychlé pro in-

vitro sledovani aktivity serin racemasy (VII).
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5 Vysledky a diskuse

5.1 Analyza a charakterizace fosfinatovych pseudopeptidu

Prvotni kapilarnéelektroforeticka analyza a charakterizace fosfinatovych pseudopeptidd
byla provedena se skupinou 20 latek obecného vzorce Ac-Val-DL-Ala-y[P(O)OH-CH,]-DL-Leu-
Xaa-NH,, v némz X,,' je aminokyselinovy zbytek (viz Tabulka 1). Pseudopeptidy obsahujici v
poloze X,,' zbytek neutralni ¢i kyselé aminokyseliny byly analyzovatelné jako anionty v pomérné
Sirokém pH rozmezi. Analyzy téchto derivata v tris-tricinovém zakladnim elektrolytu o pH 8,1
poskytly Gdaje o Cistoté preparati cisténych semipreparativni HPLC, ktera se pohybovala
vrozsahu 88,0 - 998 % (viz Obrazek 1 a prace ). Pseudopeptidy s bazickymi
aminokyselinovymi zbytky v poloze X,,' spolu s derivaty VH (viz Obrazek 2) byly potencialné

analyzovatelné jako kationty v kyselé oblasti pfi castecné potlacené disociaci fosfinatové

skupiny.
a) W b) %1 WH
30 4
£ E
(= c
g 8 21
® ® ECF a||a, a,-2
o 201 =) -
K EOF a, a, <
—
10
104
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£
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Obrazek 1. CZE kontrola Cistoty fosfinatovych pseudopeptidt (a) VM, (b) VH, (c) VE
(struktury viz Tabulka 1). EOF — znacka elektroosmotického toku (voda), a; — neidentifikované
pfimési; zakl. elektrolyt — 40 mM tris — 40 mM tricin, pH 8,1, neupravena kfemenna kapilara
50/200 pm vnitfni/vnéjsi pramér, 19,0/30,0 cm efektivni/celkova délka; napéti 10 kV, proud 7,5

pA, UV absorpéni detekce pfi 206 nm, podrobnosti viz. prace I.
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Tabulka 1. Analyzované fosfinatové pseudopeptidy Ac-Val-DL-Ala-y[P(O)OH-CH,]-DL-

Leu-Xaa'-NH,.
0
0. OH
H O\
)kj;rw o
N (R.S)
N J}/
o) o)
Pseudopeptid® -R Pseudopeptid ° -R
H H
N N_(S)
VG - VA ~
CONH, CONH,
H oo H
(S)
W N Vi N
CONH, CONH,
o H
N N_(S)
VL - \‘/\{ VS - \I/\OH
CONH, CONH,
OH
H
VP N5 VT ANE
CONH, CONH,
H H
N R N_(S) S
VvC -~ SH VM - ~
CONH, CONH,
H H
N_(S) N_(S)
CONH, CONH;
N N
H N_(S)
VW PIRC VH - mﬁ
\ CONH NH
CONH, —NH 2
) NH H
N_ (s N NH,
VR ~ N NH, VK
CONH, CONH,
H H
N_(S) N_(S) CONH
VN -~ \T/A\CONHQ vQ - 2
CONH, CONH;
H H
N_(S) N_(S) COOH
VvD -~ \l/\COOH VE -
CONH, CONH,

? Pseudopeptidy jsou oznaceny jednopismennymi kody aminokyselinovych zbytk( na
N- a C- konci molekuly.

Odhadované hodnoty pK, v peptidovém fetézci pomérné neobvyklé fosfinatové skupiny
se pohybovaly kolem 1,8 [71], pfesné hodnoty vS8ak znamy nebyly, coZ zavdalo pficinu k jejich

stanoveni pomoci kapilarni elektroforézy. Dalsi vlastnosti analyzovanych fosfinatovych
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pseudopeptidii bylo, e se jednalo o smés Ctyi diastereomeru, jejichz separace tvofila dalSi

problém feseny v ramci této disertacni prace.

O, ,OH H
P2 N_ .COOH
RS )
o \k
O
NH
N/
VH-O
O\ ,OH H
7 SP: N.__.CONH,
RS 4§"
(@ (e} j\|/\
U
NH
N/
VH-B

N-VH-A

Obrazek 2. Fosfinatové pseudopeptidy odvozené od struktury VH rlznym stupném
chranéni N- a C-koncu a modifikacemi bocnich fetézca.

5.1.1 Stanovovani acidobazickych disociacnich konstant

Postup stanoveni pK, lze rozdélit na experimentalni cast, jez spoCiva v naméreni
spolehlivych hodnot efektivnich elektroforetickych pohyblivosti stanovované slouceniny, a ¢ast
vypocetni, béhem niz se zpracovanim zavislosti efektivnich pohyblivosti na pH ziskaji hodnoty
pK, a aktualni iontové pohyblivosti. Pfedevsim v experimentalni ¢asti je potfeba se vyporadat
s mnohdy protichidnymi experimentalnimi podminkami tak, aby méreni poskytovala efektivni
pohyblivosti splnujici teoretické predpoklady formulované v kapitole 2.5, tj. pohyblivosti mérené

za definované teploty, pH, iontové sily a neovlivnéné pusobenim jinych iontG.
5.1.1.1 Méreni elektroforetickych pohyblivosti

5.1.1.1.1 Kontrola teploty

Ma-li metoda pro pK, stanoveni poskytovat spolehlivé vysledky, je tfeba, aby byly
efektivni pohyblivosti méfeny pfi znamé a konstantni teploté. Jouleovo teplo uvolfiované béhem
kapilarné-elektroforetického pokusu zvySuje teplotu roztoku =zakladniho elektrolytu uvnitf
kapilary. Uvazujice pomérné vyraznou zavislost efektivnich pohyblivosti na teploté, ktera cini

zhruba 2 % na CelsilQv stupen, a k tomu teplotni zavislost pK, jak slozek zakladniho elektrolytu,
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tak analyzovanych latek, ziskame vyznamny faktor, ktery je nutno pfi volbé experimentalnich
podminek zohlednit. V praxi situaci ztézuje nerovnomérny odvod tepla v riznych Usecich
kapilary, ktery je odvisly od konstrukéniho provedeni pristroje. Timto se komplikuje i stanoveni
teploty kapaliny uvniti kapilary, k ¢emuz bylo navrzeno nékolik postupu vyuzivajicich napf.
teplotni zavislost intenzity fluorescence ¢i NMR chemického posunu (vice viz publikace liI).
V predkladané praci byl pouzit postup zalozeny na méfeni elektrické vodivosti roztoku o znamé
teplotni zavislosti, jako je kupfikladu vodny roztok chloridu draselného. Pro specifickou vodivost

x20 mM vodného roztoku KCI plati v teplotnim rozmezi 15 — 35°C linearni vztah:
x=0,14304+5,36-10°T (5.1)

Pro specifickou vodivost plati:

L 1
K=—Cs (5.2)
R~ U
kde L. je celkova délka kapilary, R; je vnitini polomér kapilary a /, je elektricky proud vyvolany
napétim U. V pouzité metodé slouzi kapilara za konduktometrickou celu a méfenym roztokem je
20 mM KCI. Geometrické parametry LC/R2 se stanovi z hodnoty proudu /I, protékajicim

kapilarou pfi nizkém napéti, U, (obvykle 1 kV), kdy se zanedba teplotni nartst roztoku uvnitf
kapilary. Nasledné se v potfebném rozsahu proméri zavislost elektrického proudu /,; na napéti
U a sestroji se kalibracni graf ve formé zavislosti rozdilu teplot uvnitf a vné kapilary na
elektrickém pfikonu vlozeném na kapilaru (viz Obrazek 3, podrobnosti viz ¢lanek 1). Takovy
kalibracni graf je spolecny pro kapilary o shodnych délkach a vnitinich prGmérech, jsou-li

osazeny ve stejném pristroji.

V ramci této prace byly uzivany dva pristroje pro kapilarni elektroforézu. Elektroforetické
pohyblivosti uvedené v pracich | — lll a VI byly méfeny na pristroji domaci konstrukce bez
aktivniho chlazeni kapilary. Pro pokusy byl v zavislosti na vodivosti zakladniho elektrolytu pouzit
takovy elektricky prikon, aby vyvolal zvySeni teploty v kapilafe AT oproti okoli (teplota T,)
obvykle o 4°C, maximalné o 10°C. Jelikoz okolni teplota cinila obvykle 22 — 23°C, byla
pramérna teplota v kapilafe T; vy$Si nez pozadovanych standartnich 25°C a pohyblivosti
nameéfené pfi teploté T, m;r; , byly pfepoéteny na standardni teplotu (pohyblivosti m; ,s) dle

vzorce uvazujiciho narlst pohyblivosti 2 % na Celsitv stuperi:
M, 5 =M, [1-0,02(T, + AT - 25)] (5.3)

V pocéatecnich stadiich této prace (Clanek 1) byl uvazovan teplotni narust
elektroforetickych pohyblivosti 2,5 % na Celsitv stupen. Pozdéji byla na zakladé podrobnéjsiho
prostudovani teplotni zavislosti viskozity vody, ktera se vétSinové podili na teplotni zavislosti
pohyblivosti, brana hodnota 2,0 % na Celsitv stupen. V teplotnich korekcich namérfenych
pohyblivosti nebyl uvaZovan vliv teplotnich zmén pK, slozek zakladnich elektrolytd a

stanovovanych latek. Ve vétsiné pokust cinila odhadovana teplota elektrolytu uvniti kapilary 26
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— 27°C a vyssi teploty se vyskytovaly ojedinéle u vysoce vodivych zakladnich elektrolytl. Tyto

pohyblivosti byly zpracovavany s védomim, Ze mohou byt zatizeny nezanedbatelnou chybou.

104 | —®— Pasivni chlazeni a
—o— Kapalinové chlazeni

AT [°C]
\

2+ /./
a— /.’./0
0 o—_m— o—®
—— T — T T
1E-3 0.01 0.1 1

El. pfikon [W]

Obrazek 3. Kalibracni grafy narastu teploty roztoku uvniti kapilary oproti okoli (AT),
zavislost na elektrickém pfikonu na kapilaru. Srovnani Gc¢innosti aktivniho kapalinového
chlazeni (@) v pfistroji Beckman Coulter MDQ a pasivniho (M) v pfistroji domaci konstrukce.
Kapilary: MDQ - vnitfni/vnéjsi prumér 75/375 um, efektivni/celkova délka 29/39cm; doméaci

konstrukce - vnitfni/vnéjsi pramér 50/200 um, efektivni/celkova délka 19/30cm.

Druhym pouzivanym pfistrojem byl komeréni Beckman Coulter MDQ s kapalinovym
chlazenim kapilary. Pomoci kalibraéniho grafu (viz Obrazek 3) byly zvoleny takové podminky,
které vyvolaly zvyseni primérné teploty uvnitf kapilary AT obvykle o 1°C, maximalné o 2°C. O
tento rozdil teplot byla ze standardnich 25°C snizena teplota chlazeni kapilary. Bylo tedy
prfepokladano, ze priamérna teplota v kapilafe béhem elektroforetického pokusu je 25°C a

nameérené pohyblivosti jiz nebyly dale numericky korigovany.

5.1.1.1.2 SloZeni zakladnich elektrolytu

Zakladni elektrolyt ma pfi zaméru presného méreni elektroforetickych pohyblivosti
splnovat nékolik kritérii. PredevSim je potfeba zarucit definované pH v zoné putujiciho
stanovovaného iontu, coz znamend, ze zakladni elektrolyt musi mit dostateCnou pufracni
kapacitu. Zjednodusené lze fici, ze pH zakladniho elektrolytu by mélo byt vzdaleno maximalné
o jednotku pH od pK, pufrujici slozky. Proti pozadavku na vysokou pufraéni kapacitu, ktera
roste i srostouci koncentraci, stoji protichGdné pozadavky na nizkou vodivost zakladniho

elektrolytu a kolize s horni hranici koncentrac¢ni platnosti Debye-Hlickelovy teorie, podle niz se

pocitaji aktivitni koeficienty pfi pfepoCtu smisenych disociacnich konstant pK™ na
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termodynamické pK, ve smysll vztaht (2.30) a (2.31). Z hlediska co nejlepsi sluéitelnosti s
Debye-Hiickelovou teorii je vhodné wuzivat uni-univalentni zakladni elektrolyty. Slozeni
zakladniho elektrolytu je vhodné volit co nejjednodussi, obvykle z jednoho kationtu a jednoho
aniontu, aby se omezily rusivé vlivy nadbyteénych systémovych z6n. Taktéz pohyblivost slozek
disperzi zon analytd. Je zadouci zamezit interakcim analyzovanych iontd se slozkami
zékladniho elektrolytu jakozto i srlznymi Ccinidly pfidavanymi dodatecné do zakladniho
elektrolytu, napfiklad za uUcelem Uuprav elektroosmotického toku. Jinak muze dojit
k vyznamnému ovlivnéni elektroforetické pohyblivosti studovaného iontu i nasledné
stanovenych pK,. V neposledni fadé je zapotfebi pfi volbé zakladniho elektrolytu zohlednit

pouzivanou detekéni techniku.

5.1.1.1.3 Silné kyselé zakladni elektrolyty

Pro stanoveni pK, pomérné silné fosfinatové skupiny (pK, ~ 2) by bylo zahodno
promerit efektivni pohyblivosti i v oblasti pH, ktera zasahuje pod oekavanou pK, hodnotu.
Presné méreni pohyblivosti je vSak v silné kyselych zakladnich elektrolytech, tj. pod pH 2,
slozité. Srostouci kyselosti zakladniho elektrolytu stoupa i koncentrace vysoce vodivych
vodikovych kationt(, od 10 mM pfi pH 2, pfes 32 mM pfi pH 1,5 az po napfiklad 100 mM pfi pH
1. Méreni efektivnich pohyblivosti pro stanoveni pK, se obvykle provadi v fadé zakladnich
elektrolytd o iontové sile v rozmezi 10 — 25 mM. Pfi snizovani pracovniho pH tedy maze nastat
situace, kdy vlastni iontova sila dana pH zakladniho elektrolytu pfekroci iontovou silu pracovni
fady zakladnich elektrolyti. S rostoucim podilem vodikovych iontll prudce roste vodivost
zakladniho elektrolytu, coz znaci potize s udrzenim konstantni teploty roztoku v kapilare.
Vysoce pohyblivé vodikové ionty svou pfitomnosti navic ovliviuji pohyblivost analyzovanych

iontd, jak plyne z Onsager-Fuossovy teorie (viz kap. 2.1.1.3).

Studii zamérenou na slozeni zakladnich elektrolytd v nizké pH oblasti pfinasi prace Ill.
Za pufrujici slozky byly zvoleny kyseliny fosforecna, fosforna, dichloroctova a stavelova, jejichz

pK, se pohybuje v rozmezi 1,23 — 2,15 (viz Tabulka 2).

Zakladni elektrolyty o iontové sile 25 mM byly pfipraveny smisenim pfislusné kyseliny a
baze trisu. Pokud jiz roztok samotné kyseliny prekrocil tuto iontovou silu (pH < 1.6), tris
pfidavan nebyl. Efektivni pohyblivosti byly méfeny pfi iontové sile daného zakladniho elektrolytu

a poté prepocteny na iontovou silu 25 mM pomoci postupu popsaného v kap. 5.1.1.1.8.

Srovnani separace diastereomert fosfinatového pseudopeptidu VH-B v raznych
zakladnich elektrolytech o pH 1,55 — 1,6 pfinasi Obrazek 4. Jak vidno, oxalatovy (Stavelanovy)
zakladni elektrolyt poskytuje o néco SirSi piky nez zbylé zakladni elektrolyty, rozdéleni
diastereomert je nicméné témér totozné. Z pohledu uzité UV absorbéni detekce pfi 206 nm se
zakladni elektrolyty zalozené na kyselinach stavelové a dichloroctové nejevi byt pfilis vhodné
kvuli vyssi absorbanci oproti fosfatovym a fosfinatovym zakladnim elektrolytiim.
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Tabulka 2. Disociac¢ni konstanty (pK;,) a limitni pohyblivosti (m;;;) slozek silné kyselych

zakladnich elektrolytu.

pK,? My [10° m?V's™ ®
Kyselina fosfore¢na © 2,15 35,1
Kyselina fosforna 1,23 45,2
Kyselina dichloroctova 1,26 39,7
Kyselina $tavelova © 1,27 424

? pK, hodnoty ve vodé pii 25°C z ref. [72]; ® limitni pohyblivosti z ref. [51]; © uvaZzovana

pouze pK, ; a m;, iontové formy s nabojem (-1)

20 4
g 15 4
©
o
N
®
=) 10 ) )
<é Dichloracetat
1234
5 1 .
Fosfinat
123 4
Fosfat
0
. T . ) . T v ) y T y
0 10 20 30 40 50 60

Migracni ¢as [min]

Obrazek 4. Separace diastereomeru fosfinatového pseudopeptidu VH-B v riznych
zakladnich elektrolytech o pH 1,55 (fosfatovy zakl. el.) a 1,6 (ostatni zakl. el.); kapilara —
neupraveny kfemen, vnitfni/vnéjsi pramér — 50/200 um, efektivni/celkova délka — 19,0/30,0 cm;
separacni napéti 3,3 kV, proud 23 — 32 pA; detekce UV absorpéni pfi 206 nm. Podrobnosti viz

prace lll.

Na Obrazku 5 je vyobrazena pH zavislost efektivnich pohyblivosti diastereomeru VH-B
1 v zakladnich elektrolytech o rizném zakladu. V oblasti pH < 1,6 jsou jasné patrné rozdily
v efektivnich pohyblivostech tohoto izomeru v jednotlivych zakladnich elektrolytech. Zatimco
pohyblivosti VH-B 1 v elektrolytech zaloZzenych na kyseliné fosforné a kyseliné dichloroctové
jsou prakticky shodné, pohyblivosti ve Stavelanovych elektrolytech jsou ponékud nizsi a
pohyblivosti VH-B 1 ve fosfatovych zakladnich elektrolytech jsou jiz vyrazné odliSné.

Pozorované rozdily v efektivnich pohyblivostech jsou patrné zplUsobeny rozdilnym stupném

37



interakci mezi celkové kladné nabitymi fosfinatovymi pseudopeptidy a anionty pufrujicich

kyselin.

VH-B 1 m  Fosfat
104 ® Fosfinat
4 Dichloracetat
Oxalat
8 4
"0
< 64
IS
(o)
o
3 4
g
2
0 T T d T T T T T T T T T
0,8 1.2 1,6 2,0 24 2,8 3,2

pH

Obrazek 5. Zavislost efektivnich pohyblivosti diastereomeru VH-B 1 na pH v riznych
zakladnich elektrolytech. Pohyblivosti v pH 2,8 a 3,2 jsou spole¢né pro vSechny elektrolyty a
pochazeji z fosfatovych zakladnich elektrolytl.

Tabulka 3. Disociacni konstanta (pK,) fosfindtové skupiny a aktualni iontova
pohyblivost iontové formy (+1) (m,.) diastereomeru VH-B 1 stanovené v riznych zakladnich
elektrolytech pfi 25°C.

Slozka zakl. elektrolytu pK, Maee [10° M?V's™]
Kyselina fosfore¢na 1,7610,04 9,2+0,4
Kyselina fosforna 1,35+0,09 15,9+1,4
Kyselina dichloroctova 1,44+0,05 14,6+0,8
Kyselina Stavelova 1,56+0,04 11,9+0,5

V Tabulce 3 jsou shrnuty pK, a iontové pohyblivosti diastereomeru VH-B 1 stanovené
v ruznych zakladnich elektrolytech. Trebaze nelze ve svétle pozdéjSich vysledk( (viz kap.
5.1.1.1.9 a prace V) povazovat tyto hodnoty za zcela spolehlivé, je mozno z hodnot v Tabulce 3
vysledovat, Ze slozeni zakladniho elektrolytu mGze vyznamné ovlivnit stanovované hodnoty pK,

a iontovych pohyblivosti.
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Na zakladé vysledk( zjisténych ve studii lll byly v pozdéjsi praci pouzivany pro méfeni

pohyblivosti v pH 1,8 a niz§im zakladni elektrolyty zalozené na kyseliné fosforné.

5.1.1.1.4 Zakladni elektrolyty pro stanoveni pK,

Na podkladu studii lll a VI a dalSich pfedbéznych pokusu byly navrzeny zakladni
elektrolyty pokryvajici rozmezi pH 1,5 — 12, jejichz sloZeni pfinasi Tabulka 4. Tyto elektrolyty
byly vybrany s ohledem na sluditelnost s UV absorpéni detekci. V kyselém prostiedi byla
pouzita pro svou nizkou pohyblivost baze tris (pK, = 8,08), ktera byla pocinaje pH 4,25
nahrazena hydroxidem sodnym. Z divodi maximalniho zjednoduseni elektrolytového slozeni a
pro predejiti moznym nesouladidm v naméfenych pohyblivostech se zda byt vhodné pouzit i
v kyselém prostredi iont sodny, pfipadné méné pohyblivy iont lithny. Elektrolyty v pH pod 1,8

obsahuji kvlli dosazeni patficného pH pouze pufrujici kyselinu fosfornou bez pfidavku trisu.

Tabulka 4. Zakladni elektrolyty pro méfeni pohyblivosti pfi stanovovani pK, navrzené
na zakladé praci lll a VI.

Rozmezi pH Pufrujici slozka Nepufrujici slozka
<1,80 Kyselina fosforna (pK, = 1,23)

1,80-2,75 Kyselina fosfore¢na (pK, = 2,15) Tris

2,75 -3,25 Kyselina chloroctova (pK, = 2,87) Tris

3,25-4,25 Kyselina mravenéi (pK, = 3,75) Tris

4,25 -5,50 Kyselina octova (pK, = 4,76) NaOH

5,50 - 6,50 MES (pK, = 6,15; 20°C) NaOH

6,50 — 7,50 MOPS (pK, = 7,20; 20°C) NaOH

7,50 - 8,75 Tricin (pK, = 8,15; 20°C) NaOH
8,75-9,75 CHES (pK, = 9,55; 20°C) NaOH

9,75 -11,25 CAPS (pK, = 10,40; 20°C) NaOH
11,25-12,00 Piperidin (pK, = 11,12) Kyselina octova

2 pK, hodnoty jsou z ref. [72] pro 25°C, neni-li uvedeno jinak.

5.1.1.1.5 Elektroosmadza a volba kapilar

Separacni kapilaru Ize charakterizovat jak geometrickymi parametry, tak z hlediska
vlastnosti vnitfniho povrchu. Pro méfeni pohyblivosti maji geometrické parametry spise
druhotny vyznam. Hodnota vnitiniho priméru kapilary je podstatnd pro kontrolu teploty
zakladniho elektrolytu a citlivost optickych detekci. Délka kapilary ma byt takova, aby dovolila

pokud mozno upiné rozdéleni analytl v kratkém c¢ase. Pro presna méfeni pohyblivosti vSak
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nejsou vhodné prilis kratké kapilary, nebot jejich pouzitim dochazi ke zvySovani relativni chyby

pfi méfeni efektivni a celkové délky.

Druhou rovinou pfi posuzovani separacnich kapilar jsou vlastnosti jejich vnitfnich
povrchl. Zhusta pfitomny povrchovy naboj spolu s polarnim povrchem u nejcastéji pouzivanych
kfemennych kapilar jsou puvodci dvou podstatnych jevl, a to elektroosmoézy a adsorpce analytl
(viz kapitoly 2.2 a 2.3.4). Zatimco druhy z uvedenych jevl je v méfeni pohyblivosti vyslovené
nezadouci a je nutno jej v maximalni mife potlacit, elektroosmoticky tok se vyznamné
spolupodili na rozliSeni analytd a na case analyzy. Velikost a smér elektroosmotického toku
predstavuji dalezité parametry pfi planovani experimentl. Pro pfesna méreni elektroforetickych

pohyblivosti iontl je navic klicova stabilita elektroosmotického toku v case.

5.1.1.1.6 Separacni  kapilary @ pro analyzu fosfinatovych
pseudopeptidu

Analyzované pseudopeptidy obsahovaly kromé kyselych fosfinatovych skupin jesté
karboxylové skupiny na C-koncich a bocnich fetézcich aminokyselinovych zbytkd, amino
skupiny na N-koncich a dalSi skupiny pochazejici z boc¢nich fetézcl bazickych aminokyselin.
Pseudopeptidy s bazickymi aminokyselinovymi zbytky (viz Tabulka 1 a Obrazek 2) byly
v kyselém prostredi kladné nabity a postupné se zvySujicim se pH prechazely na neutralni az
zaporné nabité formy. Pro analyzy vétsiny téchto pseudopeptidd byly pouzity neupravené
kfemenné kapilary, v nichz byla diky potlatenému elektroosmotickému toku umoznéna analyza
kationtd v kyselych zakladnich elektrolytech. Rychly katodicky elektroosmoticky tok
v kfemennych kapilarach byl pak vyuzit pro analyzu vSech fosfinatovych pseudopeptidu, které

se vyskytovaly v aniontové formé v pH vyssSim nez 5.

Fosfinatové pseudopeptidy, jez obsahovaly neutralni a kyselé aminokyselinové zbytky
v pozici X,,' (viz Tabulka 1), se vyskytovaly i v kyselé pH oblasti v aniontové formé. Takové
latky byly analyzovany v kapilarach s obracenym anodickym elektroosmotickym tokem, kterého
bylo docileno dynamickym pokrytim vnitfniho povrchu kapilary bazickym polymerem
Polybrenem. Elektroosmoticky tok vykazoval za podminek popsanych v praci VI primérnou
pohyblivost kolem -30 - 10° m?V"'s™ a dobrou stabilitu i v pH nizsich nez 2. Naopak od pH 4,5
vySe se zacala elektroosmoticka pohyblivost i stalost snizovat zfejmé v disledku pocinajici

disociace volnych silanolovych skupin na povrchu kapilary.

5.1.1.1.7 Méreni pohyblivosti elektroosmotického toku

Elektroforetickad pohyblivost iontu se pocitda jako rozdil zdanlivé (pozorované)

pohyblivosti iontu m,,,; a elektroosmotické pohyblivosti mer.

ml = mapp./ - meof (54)

Pohyblivost m,.s se obvykle ziskava z migracniho ¢asu elektroneutralni latky t.., ktera

byva davkovana spolecné s analyty:
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LL
meol = L;t ot (55)

eof

Pro pfesna méreni elektroforetickych pohyblivosti potfebujeme rovnéz presné stanovit
elektroosmotickou pohyblivost, a to i v kapilarach ,bez elektroosmotického toku®, nebot i
v kapilarach upravenych neutralnim pokrytim casto pozorujeme zbytkovou elektroosmozu,

kterou nelze v rovnici (5.4) zanedbat (viz prace V).

Je-li elektroosmoticky tok pomaly, je stanoveni jeho pohyblivosti ¢asové narocné.
V meznich pfipadech muze trvat i 2 hodiny, nez neutraini latka dosahne detektoru. Kupfikladu
vpraci Il byla provadéna méfeni vpH 1,6 vkfemenné kapilafe svelmi pomalym
elektroosmotickym tokem a navic nizkym separaé¢nim napétim viozenym kvlli zamezeni
pfiliSného ohfevu zakladniho elektrolytu uvnitf kapilary. V podobnych pfipadech je vyhodné
pouzit tzv. tlakem urychlené stanoveni elektroosmotické pohyblivosti, které bylo zavedeno

v pracich [73, 74] a jehoz upravena verze byla pouzita v této praci.

Prvni krok uvedené techniky, jez je popsana na Obrazku 6, se neli§i od obvyklého
elektroforetického pokusu, v némz se stanovuje elektroosmoticka pohyblivost ve smyslu vzorce
(5.5). Rozdil spociva vtom, ze se neceka, az zéna neutraini znacky N1 dosahne detektoru,
nybrz se separac¢ni napéti prerusi v case t, poté, co je zéona posledniho analytu zaznamenana
detektorem. Nadavkuje se druha zéna neutraini latky N2 a spolu se zénou N1 je tlakem hnana

k detektoru. Pohyblivost elektroosmotického toku se vypocéte podle vztahu:

Mo = Ebor [4_fm (5.6)
Ut tes

u

kde tys @ tyy jsou Casy pikd neutralnich zon N1 a N2. Popsana metoda znamenala vyraznou
¢asovou Usporu pfi experimentech ve velmi kyselém prostredi (prace lll) pfi zachovani t¢innosti

elektroforetické separace.

Provedeni Ukon( popsanych na Obrazku 6 trva nékolik minut, coZz naopak u kratkych analyz
mulze znamenat vyznamné prodlouzeni. Rovnéz, je-li zbytkovy elektroosmoticky tok pfili§
pomaly, je potfeba dostatecny cas f, k tomu, aby zéna N1 urazila jistou nezanedbatelnou
vzdalenost od zacatku kapilary a aby tak byly piky zén N1 a N2 v kroku d) na Obrazku 6

rozliSeny.

V praci V bylo provadéno mérfeni pohyblivosti aniontli organickych kyselin v zakladnich
elektrolytech o ruzné koncentraci vpH 8. Pro tyto experimenty byly pouzity kapilary
s potlacenym elektroosmotickym tokem, c¢ehoz bylo dosazeno kovalentnim pokrytim
kfemenného povrchu neutrainim polyakrylamidem. Tyto kapilary vykazovaly zbytkovy
elektroosmoticky tok podle koncentrace zakladniho elektrolytu v rozmezi 0,3 - 0,7 - 10° m?v's
' jehoz méfeni byt i tlakem urychlenou metodou by vyzadovalo plsobeni napéti (Cas t,) po
dobu pfiblizné 30 minut. To by znamenalo zna¢né prodlouzeni experimentli, nebot’ obvyklé
migracni ¢asy nejpomalejsich iontl se pohybovaly v rozmezi 3 — 12 minut. Vzhledem k tomu,

e zbytkovy elektroosmoticky tok byl velmi staly (obvykly posun 0,1 —0,2 - 10° m*V's” béhem
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10 pokusll) bylo stanoveni elektroosmotické pohyblivosti provadéno pouze pfed prvnim a po
poslednim mérfeni v sériich 10 pokusl v jednotlivych zakladnich elektrolytech. Pohyblivost
elektroosmotického toku byla dopocitavana pro kazdy pokus vsérii pomoci funkce

predpokladajici linearni zavislost elektroosmotické pohyblivosti bEhem mérené série pokusu.

Det. A
Ap }
a) —>I
N1+C1+C2 , - t
A
w o T—me | ||
N1 c2c1 - . tctht
A
A
SN —
N2 N1 c2cC1 - P t
A

9 2 o |1l

N2 N1 Pt
0 tN1 tNZ

Obrazek 6. Schématické znazornéni tlakem urychleného méreni elektroosmotické
pohyblivosti. Po hydrodynamickém nadavkovani analytd C1, C2 a neutralni znacky N1 (a) je
pfipojeno separacni napéti. Kratce poté, co analyty dosahnou detektoru (b), je separace
napétim ukoncena (v Case t,) a je davkovana druha zéna neutrainiho markeru N2 (c). Obé zény
N1 a N2 jsou tlakem dopraveny k detektoru (d) a zcasl fy;, tvy @ t, je pocitana

elektroosmoticka pohyblivost, mer.

5.1.1.1.8 Koncentracni zavislost pohyblivosti

Aby byl potlacen vliv koncentrace zakladniho elektrolytu na pK, a pohyblivosti analytu,
provadéji se méfeni pohyblivosti pfi stanoveni pK, v sadach zakladnich elektrolytd o stejné
iontové sile. lontova sila je dana vztahem (2.8) a slouzi za obecny parametr zakladniho
elektrolytu. Pracujeme-li vSak v hodnotach pH, v nichZ iontova sila prekracuje zvolenou
konstantni iontovou silu zakladnich elektrolytd v tzv. ,pH bezpecné" oblasti, nabizi se jako
feSeni prepocet pohyblivosti namérfenych pfi vyssi iontové sile na iontovou silu této fady

zakladnich elektrolytl.

Takovy pfepocet je zvlasté pro neluplné disociované analyty pomérné obtizny a jeho
spravné provedeni vyzaduje iterativni dopocitavani pK,, které udava rozdéleni iontovych forem

analytu v zavislosti na pH, a téz dopocitavani aktualnich iontovych pohyblivosti analyzovanych
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iontt. V pracich | — lll bylo pro korekci pohyblivosti pouzito vztahu (5.7), ktery byl pouZit v praci
[13] pro odhad limitnich pohyblivosti peptid(.

(0,229m,,, +3,12:10°)I

(5.7)
1+3,28av/

acty — "'hmyg

Jedna se o vycislenou formu Onsagerova vztahu (2.9) pro teplotu 25°C a uni-
univalentni elektrolyt ve vodném prostfedi. Koncentracni korekce uzité v 1 — lll nezahrnovaly
v souladu s omezenimi Onsagerovy teorie vSechny pfitomné ionty v migrujici zéné analytu a
zvlasté pak vodikové ionty. Taktéz pouzity prepocitavaci postup obsahoval zjednodusSené
zpracovani efektivnich naboju analytd, coz vSak nevedlo kvyraznému narGstu chyby

stanovenych pK, hodnot.

5.1.1.1.9 Ovéreni platnosti Onsagerova modelu

Kli¢ovym faktorem koncentracnich korekci je spolehlivost model( uvedenych v kapitole
2.1.1. Z pomérné mala praci, které se zabyvaly studiem koncentracnich zavislosti pohyblivosti
ziskanych experimentalné kapilarni elektroforézou, si bohuzel nejde vytvorit pfesny obrazek o
shodé teoretickych predpokladl s praxi, pokud jde o koncentracni rozsah platnosti, vliv

nébojového cisla iontl ¢i vliv slozeni zakladniho elektrolytu.

Zodpovédét alespon Cast téchto otazek méla studie V, v jejimz ramci byly méfeny
aktualni pohyblivosti dobfe definovanych iontll v uni-univalentnich zakladnich elektrolytech v
.pH bezpecné“ oblasti. Za analyty byly zvoleny organické kyseliny (viz Obrazek 7), které
poskytuji v mirné alkalickém prostfedi Uplnou disociaci anionty o nabojovych ¢&islech -1 —-3.
Vzhledem k velkému rozpéti pohyblivosti téchto iontd byly na zakladé prizkumovych studii (viz
Obrazek 8) zvoleny elektrolyty sestavajici z baze trisu a kyseliny octové v molarnim poméru
2:1, vrozmezi iontové sily 3—100 mM a pH rozmezi 8,1-8,2. Vtéchto zakladnich
elektrolytech byla vyvazena elektromigracni disperze analytl, jez se projevovala frontujicim
charakterem pikd rychlych iontl a chvostovanim pomalych. Pomérné znacny pocet analytu byl
volen proto, aby se mohly zkoumat individualni rozdily v chovani iontl, které vSak nakonec

nebyly pozorovany.

Po proméreni aktualnich pohyblivosti bylo nejprve potfeba stanovit limitni pohyblivosti
iontd analytd, coby vstupni daje v modelech Onsagerova typu (viz kap. 2.1.1). Tradi¢ni postup
spociva ve vyneseni nameérenych aktualnich pohyblivosti proti JI nebo \/7/(1 + Ba\ﬁ) s vhodné
zvolenym hydratovanym iontovym primérem a a v nasledné grafické extrapolaci na nulovou

iontovou silu. V soucasnosti Ize tento postup nahradit regresni analyzou ve vhodném

pocitacovém programu. Tradi¢ni grafické metodé odpovida regresni model (5.8):

Ji
m =m

PR L 5.8
act, im.i 11+Ba\/7 ( )
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a) Jednosytné kyseliny
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c) Trojsytné kyseliny
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sulfoisoftalova trisulfonova
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Obrazek 7. Organické kyseliny pouzité pro studium koncentraénich zavislosti
elektroforetickych pohyblivosti.

v némz mymy,; spolu s a; jsou parametry. Analyza se provadi pfi pevné zvoleném soucinu Ba,
ktery je v zdsadé charakteristicky pro dany iont v daném zakladnim elektrolytu, obvykle se v§ak
pouziva obecna hodnota Ba = 1,5 (tzv. Mclnnesova aproximace), Ba = 1,65 (pro casto

uzivanou hodnotu a = 0,5 nm) nebo Ba = 2,4 (odvozeno z experimentalnich dat [11]). Obrazek
9 pfinasi zavislost aktualnich pohyblivosti vybranych aniontli na \/7/(1+Ba\/7). Je-li Ba =0, ma
vztah (5.8) formu limitniho Onsagerova vztahu a Obrazek 9 potvrzuje nelinearni zavislost

aktualnich pohyblivosti na \/7 ktera se prohlubuje se zvySovanim nabojového Cisla iontu. Pro

vSechny ionty se naproti tomu dosahne dobré linearity pro obé pouzité hodnoty Ba = 1,65 a Ba
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= 2,4 stejné jako tehdy, necha-li se Ba jako nastavitelny parametr. Vysledky regresni analyzy
dat z Obrazku 9 podle vztahu (5.8) pfinasi Tabulky 5 a 6.

a) Formiat b) Acetat
20
12
40 4 1
5
4
154 3
£ 3
g% § 104
® ® 7
2 2 9
e € s 6
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O-J\‘Jb g
-5 T T T T T
0 1 2 3 4 5 6
Migra¢ni €as [min] Migracni ¢as [min]
c) Isobutyrat
204 5
g 154 12 3
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2 7 9
S 6
5
8
0 J
0 1 2 3 4 5 6
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Obrazek 8. Vliv koiontu zakladniho elektrolytu na tvar pikd aniontl v CZE separaci.
Popis pika: 1 — 5-sulfoisoftalat, 2 — sulfosalicylat, 3 — ftalat, 4 - naftalen-2,3-dikarboxylat, 5 —
salicylat, 6 — nikotinat, 7 — pikrat, 8 — sorbat, 9 — N-acetyltryptofanat. Exp. podminky: zakladni
elektrolyty — 50 mM Tris + 25 mM odpovidajici kyseliny — a) mravenci, b) octova, c) izomaselna,
pH 8,1; kapilara ID/OD 50/375 um s polyakrylamidovym pokrytim, celkova/efektivni délka
400/298 mm; UV absorpéni detekce pfi 206 nm; teplota chladici kapaliny 23°C; separacni
napéti: -22 kV; proud 21 — 25 pA, koncentrace anionta: 0,5 mM; hydrodynamické davkovani — 1
kPa po dobu 5 s.

Logickym postupem, jak stanovit limitni pohyblivost, je pfimé prolozeni namérenych
aktualnich pohyblivosti Onsagerovym modelem (2.9) s pevné danym parametrem a. Tento
postup vSak neved| ke zdarnému cili, nebot’ nebyla nalezena uspokojiva korelace. O néco lépe
se ukazala varianta prolozeni dat, pfi niz se v Onsagerové modelu (2.9) necha kromé m,;,, jako
dalSi nastavitelny parametr i Ba. Timto postupem se da ziskat i jinak obtizné dostupny parametr
a, jak je ukazano pro sérii oligopeptidu v praci [75). Z vysledku této analyzy v Tabulce 6 je

patrny hors$i koeficient determinace R? hlavné véak stanovené hodnoty Ba nabyvaji misty az
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nesmyslinych hodnot. Tyto udaje vedou k domnénce, Ze pobyblivost aniontl organickych kyselin

nesleduje zavislost pfedpokladanou Onsagerovym modelem.

Tabulka 5. Vysledky regresni analyzy koncentracni zavislosti aktualnich pohyblivosti
organickych aniontu v tris-acetatovych zakladnich elektrolytech pfi 25°C podle vztahu (5.8).

lont Naboj Ba=1,65 Ba=24

M. a R? Mijm . a, kz
salicylat -1 39,3+0,2 |68,5%+1,5 0,995 {40,1+0,2 |82,6+1,6 0,997
sorbat -1 33,9+0,2 |62,2%+1,3 0,996 [34,6+0,2 (74,913 0,997
citrakonat -2 |62,3+0,3 143,423 0,998 (63,9+0,2 |172,9%+1,8 0,999

4,5-dichlorftalat -2 |55,2%0,3 |129,0+2,2 |0,997 |56,6+0,2 |155,56%1,7 0,999

5-sulfoisoftalat -3 |76,3x0,9 |179,5¢6,2 |0,989 |78,3%0,7 216,755 0,994

trimesat -3 |72,7+0,8 [177,0+5,3 0,992 |74,7+0,6 |213,6%4,5 0,996

Tabulka 6. Vysledky regresni analyzy koncentracni zavislosti aktualnich pohyblivosti
organickych aniontu v tris-acetatovych zakladnich elektrolytech pfi 25°C podle vztahu (5.8) a

Onsagerova modelu (2.9)

lont Ba nastavitelné Onsageruv model
M. a Ba R? Myjm . Ba R?
salicylat 40,3+0,6 |86,8+11,6 |2,6+0,6 |0,997 |37,4+0,3|0,01£0,12 | 0,981
sorbat 34,8+0,5 [77,849,4 2,620,5 |0,997 |32,4+0,2|0,19+0,11 |0,985
citrakonat 64,4+0,7 |183,8+12,6 |2,7+0,3 0,999 |58,7+0,5|0,20£0,11 {0,986

4,5-dichlorftalat |57,2+0,6 |167,0+11,9 (2,7+0,3 0,999 |52,4+0,4|0,38+0,10 {0,988

5-sulfoisoftalat |84,4+1,3 [352,1+32,1 |4,8£0,5 0,999 |73,8+0,7|0,94+0,14 0,982

trimesét 79,5¢1,0 [317,9+23,1 |4,3+0,4 |0,999 |70,2+0,7|0,91+0,13 |0,984

Z vysledkl v Tabulkach 5 a 6 je patrné, ze odhad limitni pohyblivosti iontu je silné
zavisly na pouzité metodé vyhodnoceni. Spolehlivé stanoveni limitni pohyblivosti se neobejde
bez platnosti Onsagerova modelu v daném elektrolytovém systému a znalosti hydratovaného

iontového priméru iontu a.
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Obrazek 9. Zavislost aktualnich iontovych pohyblivosti vybranych aniontd na (a)
odmocniné z iontové sily (\/7), (b) \/7/(1+1,65\/7) a (c) \ﬁ/(1+2,4x/7). Analyty: B — 5-

sulfoisoftalat (naboj -3); ® — trimesat (-3); A — citrakonat (-2); ¥ — 4,5-dichloroftalat (-2); € —
salicylat (-1); € — sorbat (-1). Kfivky odpovidaji proloZzeni polynomem 2. stupné (graf a) a
linearni funkci (grafy b, ¢). Experimentalni podminky: zakladni elektrolyty — acetat — tris, iontovéa
sila 3 - 100 mM, pH 8,1 — 8,2; teplota v kapilare — 25°C; separacni napéti — -11,3 - -22,8 kV;

koncentrace iontll — 0,25 mM; ostatni podminky stejné jako u Obrazku 8.

Za Ucelem prozkoumani nesouladu koncentracni zavislosti namérenych dat
s Onsagerovym modelem bylo provedeno porovnani s daty uvedenymi v praci [11]. Obrazek 10
ukazuje, Ze prubéh koncentracnich zavislosti aktualnich pohyblivosti benzoatu a ftalatu
méfenych v draselno-fosfatovych a sodno-boratovych zakladnich elektrolytech je v souladu
s Onsagerovym modelem. Vzhledem ktomu, Ze experimentalni podminky pro méfeni
pohyblivosti v tris-acetatovych elektrolytech byly navrzeny peclivé, je nepravdépodobné, Ze jsou
ziskana data zatizena systematickou chybou, ktera by se projevila v tak velkych rozdilech, jaké
ukazuje Obrazek 10. Jejich pfic¢inu je nejspiS potfeba hledat v interakcich analytd se slozkami
zékladnich elektrolyt(. BlizSi prozkoumani by vyZzadovalo dalSi rozsahlou sérii méreni, kterd jiz

bohuzel prekracuje moznosti této disertaéni prace.
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Obrazek 10. Zavislost aktualni iontové pohyblivosti (a) benzoatu a (b) ftalatu na iontové
sile. Zakladni elektrolyty: © - draselno-fosfatovy, pH 7,2; _. - sodno-boratovy, pH 10 (udaje
pochazeji z prace [11]); A - tris-acetatovy, pH 8,1 — 8,2 (prace V). PIné ¢ary jsou prolozenim
bodl podle rovnice (5.8); carkované — prubéh limitniho Onsagerova zakona, teckované —
OnsagerGv model s Ba = 1,65 a cerchované — Onsageriv model s 2,4, vychozi limitni
pohyblivosti pfevzaty z prace [11]: benzoat, -33,6 - 10° m?V's™; ftalat, -54,6 - 10° m?v's™.
Podminky experiment( v draselno-fosfatovych a sodno-boratovych zakladnich elektrolytech viz
[11], ostatni podrobnosti viz prace V.

5.1.1.2 Vyhodnocovaci a vypocetni postupy

V CZE metodach se hodnoty pK, v souCasnosti témér vyhradné ziskavaji nelinearni
regresi namérené zavislosti efektivnich pohyblivosti na pH. V raném stadiu této prace (¢lanky |

— 1ll) byla za regresni model brana tzv. Boltzmanova sigmoida prevzata z publikace [76]:

m m

_ act1 — "act.2
meﬂ - pH-pK™ +macl.2 (59)

1+e *H

kde m,ys @ My, jsou odhady aktualnich pohyblivosti iontd Ucastnych v acidobazické
rovnovaze, dpH popisuje strmost sigmoidy. Pozdéji (prace VI) byl tento model nahrazen vztahy
odvozenymi pfimo z disociacnich rovnovah studovaného elektrolytu postupem popsanym
v kapitole 2.5. Tento zplsob ma blize k fyzikalnéchemické podstaté acidobazickych rovnovah a

je oproti vztahu (5.9) snaze upravitelny pro latky s vice disociovatelnymi skupinami.

Regrese byly provadény programem Origin, verze 6, vyuzivajici metodu nejmensich
étvercl pocitanou obvyklym Levenberg-Marquardtovym algoritmem. Vystupem regrese jsou
odhady aktualnich pohyblivosti a smisenych disociacnich konstant, které byly v poslednim
kroku pfepocteny (viz kap. 2.5) na termodynamické pK, pomoci aktivitnich koeficientd

pocitanych Debye-Hickelovym vztahem [9]:

~-0,5085z2V]

- (5.10)
1+3,281aV/

1
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v némz bylo za parametr a, ktery je stejny jako v Onsagerové modelu (2.9), dosazeno jednotné
hodnoty 0,5 nm. Na zakladé zavér( kapitoly 5.1.1.1.9 se vSak da predpokladat, ze tato

aproximace nebude zcela presna.

5.1.2 Stanoveni pK, fosfinatovych pseudopeptidti

Vrcholem usili o vytvofeni ucelené metody pro stanoveni pK, je prace VI, ktera
pojednava o stanoveni pK, fosfinatovych pseudopeptidi s vice disociovatelnymi skupinami.
Byly analyzovany syntetizované smési Ctyi diastereomert a bylo mozné stanovit jejich pK,
paralelné. Pokud byly pK, jednotlivych diastereomerd rozdilné v ramci rozliSovaci schopnosti
CZE metody, bylo je mozno i rozdélit. Disociacni konstanty nerozdélenych diastereomert byly

povazovany za totozné.

Ve skupiné deseti vicesytnych fosfinatovych pseudopeptidd nabyvaly stanovené pK,
téchto hodnot: fosfinatova skupina 1,5 — 2,25; C-koncova karboxylova skupina 2,94 — 3,50;
karboxylova skupina bocénich rfetézc( glutamatu a aspartatu 4,68 — 4,97; imidazolylovy zbytek
histidinu 6,55 — 8,32; N-koncova amino skupina 7,65 — 8,28; e-aminoskupina bo¢niho fetézce

lysinu 10,46 — 10,61. Podrobné vysledky jsou shrnuty v Tabulka 7.

Efektivni pohyblivosti byly proméfovany v rozsahu pH 1,8 — 12,0. AC by si pomérné
nizké pK, fosfinatové skupiny zadaly zarazeni pohyblivosti i z nizsiho pH, nebylo tak ucinéno
v dlsledku rozporuplinych zavér kapitoly 5.1.1.1.9. Chybéjici data v okoli pK, fosfinatu vedla u
vétsiny pseudopeptidi ke zvySené nejistoté stanoveni. Vyjimkou jsou pseudopeptidy VD a VE,
u nichz pohyblivost maximalné protonizované formy smérfuje k nule a bylo mozno v regresni
analyze tuto hodnotu povazovat za fixni. Stejnym pfipadem je stanoveni pK, imidazolylu a N-

koncové amino skupiny pseudopeptidu NVHA (viz Tabulka 7 a Obrazek 11).

Chyba stanoveni pK, je vyjadifena smérodatnou odchylkou. Z vysledk( v Tabulce 7 je
vidét, Ze nejvysSi dosazena presnost je az +0.01. Je vSak nutno mit na zfeteli, ze uvedené
smérodatné odchylky zahrnuji pouze chybu nelinearni regrese, kdezto dalSi zdroje nejistot
plynouci z variability namérenych efektivnich pohyblivosti a pH zakladniho elektrolytu nejsou

zohlednény.

V ¢lanku VI byl téz zkouman odstup dvou naslednych pK,, kdy jesté lze stanovit dvé
samostatné pK, hodnoty. Jsou-li nasledné pK, hodnoty dostatecné vzdalené (viz Obrazek 11a,
b), je jejich stanoveni snadné. Je-li naopak rozdil ApK, ~ 1, je stanoveni pK, ur¢enim poloh
inflexnich bodl na sigmoidni kfivce zavislé na spolehlivosti namérenych efektivnich
pohyblivosti. Napriklad pseudopeptid N-VH-O se vyznacuje blizkosti pK, imidazolylové a amino
skupiny a pro diastereomer ¢.3 byly stanovené hodnoty 7,21+0,67 a 8,17£0,08. Velky nepomér
smérodatnych odchylek spolu s nepomérem odhadnutych aktualnich pohyblivosti pfislusnych
iontovych forem (viz Tabulka 4 v praci VI) ukazuje, Zze nelinearni regrese nameérenych dat

neposkytla v tomto pfipadé spolehlivé pKj,.
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Tabulka7. Stanovené termodynamické pK, diastereomeru
pseudopeptidl pfi 25°C.
Izomer pK,
fosfinat karboxylat | imidazol amino
vD 1+2 2,02+0,03 4,68+0,04
3 2,15+0,03 4,72+0,04
4 2,19+40,03 4,73+0,04
VE 142 2,0640,02 4,94+0,03
3+4 2,25+0,02 4,97+0,03
VK 142 1,89+0,14 10,46+0,05
3+4 1,71+0,20 10,61+0,04
VH 142 1,68+0,12 6,80+0,01
3+4 1,59+0,15 7,1540,01
VH-A 1 1,62+0,18 6,76+0,02
2 1,61+0,20 6,76+0,02
3 1,6140,20 7,1240,02
4 1,52+0,26 7,1240,02
VH-B 1 1,66+0,11 6,88+0,01
2 1,66+0,12 6,88+0,01
3 1,5740,15 7,14+0,01
4 1,5040,19 7,0540,01
N-VH 1 1,78+0,17 6,55+0,02 | 7,96+0,02
2 1,90+0,16 6,85+0,03 | 7,87+0,03
3 1,86+0,22 6,52+0,02 | 8,11+0,02
4 2,10+0,18 6,80+0,02 | 8,04+0,02
N-VH-A 1 1,62+0,34 6,62+0,03 | 7,63+0,03
2 1,8740,31 6,97+0,04 | 7,65+0,04
3 1,82+0,50 6,53+0,02 | 8,28+0,02
4 1,42+0,73 6,7940,02 | 8,24+0,03
VH-O 1 1,6340,15 3,49+0,02 | 7,64+0,03
2 1,62+0,15 3,5040,02 | 7,74+0,03
3+4 1,4540,3 3,1540,02 | 8,32+0,03
N-VH-O 1 0,87+2,3 3,21+0,05 | 7,04+0,17 | 8,13+0,08
2 0,93+3.6 3,01+0,08 | 7,29+0,06 | 8,81+0,08
3 0,89+4 4 2,.95+0,08 | 7,21+0,67 | 8,17+0,08
4 1,253 .4 2,94+0,10 | 7,62+0,16 | 8,56+0,16
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Obrazek 11. Zavislost efektivnich pohyblivosti diastereomert vybranych fosfinatovych
pseudopeptidl lisicich se v poétu a druhu disociovatelnych funkénich skupin na pH. Efektivni
pohyblivosti odpovidaji iontové sile 25 mM a teploté 25°C. Podrobnosti viz prace VI.
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5.2 Separace diastereomeru fosfinatovych pseudopeptidu

Kromé stanovovani pK, byly vanalyze fosfinatovych pseudopeptidii zkoumany
schopnosti kapilarni elektroforézy pro separaci jejich diastereomerd. Pouzity zpusob syntézy
poskytl smés Ctyr diastereomer(, které bylo v principu mozné rozdélit v achiralnim prostredi.
Diastereomery se diky riznému prostorovému usporadani atomd na chiralnich centrech obecné
lisi v pK, hodnotach a proto prfedstavuje pH velmi dulezitou proménnou pfi hiedani optimalnich
separacnich podminek. Druhou podobou rozdild mezi jednotlivymi diastereomery, kterou lze
vyuzit v separacich kapilarni zénovou elektroforézou, je rizny tvar molekul, potazmo
hydrodynamicky pramér diastereomerd. Casto v$ak nebyvaji tyto rozdily dostateéné pro
UspéSnou separaci a proto byva snaha o zvyraznéni téchto rozdili selektivni

komplexaci obvykle s chiralnimi ligandy. Hledani vhodného ligandu vSak muze byt zdlouhavé.

V této praci byl studovan vliv pH na separaci diastereomerl jako druhotny vystup
zavislosti efektivnich pohyblivosti na pH méfenych za ucelem stanoveni pK,. Vyhodnocenim
téchto pokust ve formé rozliSeni vs. pH (viz Obrazek 12) bylo zjiSténo optimalni pH zakladniho
elektrolytu a separace byla pfi tomto pH dale vylepSovana upravami separacniho napéti,
koncentraci Ci slozenim zakladniho elektrolytu. Bylo pozorovano, ze k separacim diastereomeru
dochazi vyhradné v oblastech pH, které se pfimykaji k pK, analytd (viz Obrazek 11), coz

podtrhuje vyznam znalosti pK, pro optimalizaci separacnich podminek v kapilarni elektroforéze.
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Obrazek 12. Zavislost rozliSeni CZE separace diastereomerd vybranych fosfinatovych
pseudopeptidd na pH. Separa¢ni podminky: neupravena kfemenna kapilara 50/200 pm
vnitini/vnéjsi pramér, 19,0/30,0 cm celkové/efektivni délka; UV absorpéni detekce pii 206 nm;

zakladni elektrolyty: kyselina fosforeéna — tris; podrobnosti viz prace IV.

Vétsina analyzovanych fosfinatovych pseudopeptidi poskytla separaci alespori na dvé
dvojice diastereomeru (napf. VE na Obrazku 11a) a rozdéleni vSech ¢ty izomer( bylo docileno
pro struktury odvozené od VH (prace IV a VI). Obrazek 13 ukazuje pfiklad separaci
diastereomerd pseudopeptidi VH-B v tris-fosfatovém zakladnim elektrolytu o pH 2,0 a N-VH,

jejichz nejvyssiho rozliSeni bylo dosazeno az ve velmi nizkém pH 1,25. To je pomérné
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prekvapivé, uvazime-li extrémni vodivost takového zakladniho elektrolytu, diku némuz mohio
byt pouzito separacéni napéti pouhych 5 kV. Svédéi to o tom, Ze zvySeni selektivity v nizkém pH
prevazilo ubytek ucinnosti zplsobeny vysokou vodivosti zakladniho elektrolytu (viz rovnice

(2.27)).
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Obrazek 13. Separace diastereomert fosfinatovych pseudopeptidi CZE a HPLC.
Diastereomery jsou Cislovany podle migracniho pofadi v CZE. Separac¢ni podminky: CZE -
a)VH-B, zakl. elektrolyt — 14 mM tris — 55 mM kys. fosforeéna, pH 2,0, napéti 10 kV, b) N-VH,
zakl. elektrolyt — 500 mM kys. fosfore¢na, pH 1,25, napéti 5 kV; neupravena kiemenna kapilara
50/200 pm vnitfni/vnéjsi primér, 19,0/30,0 cm efektivni/celkova délka; UV absorpéni detekce
pfi 206 nm; HPLC - kolona C;s Vydac 218TP510 (250x10 mm, 5um), mobilni faze kys.
trifluoroctova (0,1 obj. %)/voda/acetonitril (8 — 80 obj. %), UV absorpcéni detekce pfi 218 nm;

podrobnosti viz prace IV.

Po proméfeni efektivnich pohyblivosti v Sirokém pH rozsahu lze fici, Zze nejlepSich
vysledkl v separacich diastereomert bylo dosazeno v kyselém prostfedi okolo pH 2 v oblasti
pK, centralni fosfinatové skupiny pseudopeptidl. Jisté Uspéchy vSak byly zaznamenany i mimo
nizké pH (prace VI). Na Obrazku 14 je ukazano déleni diastereomer( pseudopeptidu N-VH-O
vmirné alkalické pH oblasti 7,75 — 8,75. Zajimavosti je ménici se migraéni poradi
diastereomerl s pH, které Ize pficist rozdilné distribuci hodnot pK, imidazolylové a aminové

skupiny mezi jednotlivymi diastereomery (viz Tabulka 7. Stanovené termodynamické pKa
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diastereomeru fosfinatovych pseudopeptidl pfi 25°C.). Tento pfiklad dokresluje vyznacénou roli

pH v separaci diastereomeru kapilarni elektroforézou.

N-VH-O
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Obrazek 14. CZE separace diastereomerl fosfindtového pseudopeptidu NVHO
v aniontovém rezimu. Ménici se migracni pofadi diastereomer(i je zpusobeno rozdilnou
distribuci hodnot pK, imidazolylovych a aminovych skupin mezi jednotlivymi diastereomery
(viz Tabulka 7). Separacni podminky: zakl. elektrolyty — 25 mM NaOH upraveny tricinem na pH
7,75 — 8,75; kapilara — vnitfni primér 50 um, 19,0/30,0 cm efektivni/celkova délka s neutralnim

EPDMA pokrytim; napéti — -10 kV, UV absorpc¢ni detekce pfi 206 nm; podrobnosti viz prace VI.

CZE separace fosfinatovych pseudopeptidi v kyselych zakladnich elektrolytech byly
porovnany se semipreparativnimi separacemi v HPLC na obracenych fazich (prace IV).
Gradientova eluce mobilni fazi slozené =z trifluoroctové kyseliny, vody a acetonitrilu
z oktadecylsiloxanové kolony poskytla v priméru vyssi hodnoty rozliSeni diastereomertd, na
druhou stranu bylo v nékterych pfipadech docileno kapilarni elektroforézou rozdéleni pika, které
v HPLC rozliSeny nebyly (viz Obrazek 13). Migrac¢ni poradi diastereomer( v obou metodach
bylo obecné rGzné, coz spoludoklada komplementaritu kapilarni elektroforézy a HPLC na

reverzni fazi zalozenych na vyuzivani riznych separac¢nich mechanismu.
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5.3 Stanoveni D-serinu kapilarni elektroforézou

Samostatnou kapitolu této disertac¢ni prace tvofi vyvoj metody na stanoveni D-serinu.
Podnét k zahajeni této &innosti vzesel ze skupiny J. Konvalinky na UOChB, ktera se zabyva
studiem enzymu serin racemasy zajistujici pfeménu L-serinu na D-serin. D-Serin je pfitomen
v mozku savcu v pomérné vysoké koncentraci a soucasné hypotézy mu pfisuzuji schopnost
podilet se na aktivaci N-methyl-D-aspartatového (NMDA) receptoru pfes tzv. ,glycinove®
vazebné misto. To by umoznilo regulaci aktivity NMDA receptoru, ktery je spojovan s dilezitymi
Zivotnimi funkcemi jako pamét, schopnost uéeni, vnimani bolesti a téz s chorobami jako napf.
mozkova mrtvice, alkoholismus ¢i epilepsie. V procesu hledani inhibitoru serin racemasy coby
nového farmaceutického cile ma rychia, citliva, snadno proveditelna a nenakladna metoda pro

stanoveni jeji aktivity kli¢ovy vyznam.
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[e) \/\
| 0 S O
i——OH
OH =
+ HO/\gkOH . HS/\/ —_— @M
=
| NH, OH
O

OPA D,L-Ser 2-ME

Obrazek 15. Schéma derivatizace serinovych enantiomerd reakci s o-ftaldialdehydem
(OPA) a 2-merkaptoethanolem (2-ME).

Ackoli jsou aminokyseliny velmi oblibenymi analyty v kapilarni elektroforéze [67, 77],
nebylo do poloviny roku 2003 publikovano mnoho Uspésnych separaci enantiomerd serinu.
Kratce po zahajeni praci se vSak objevila publikace [78], v niz bylo popsano vysokeé rozliSeni D-
a L-serinu derivatizovanych o-ftaldialdehydem a 2-merkaptoethanolem (viz Obrazek 15)
v alkalickém zakladnim elektrolytu za pfitomnosti 2-hydroxypropyl-y-cyklodextrinu coby
chiralniho selektoru. Tato prace byla vzata jako zaklad pro vlastni vyvijenou metodu. Jiz
v predbéznych pokusech vSak vysla najevo nizka stabilita produktl derivatizace, ktera
neumoznila klasickou ruéni derivatizaci sady vzork( a pak jejich postupnou analyzu. Vzhledem
k vysokému predpokladanému poctu analyz nepfichazelo v Uvahu derivatizovat zvlast kazdy
vzorek bezprostfedné pied davkovanim. Jelikoz je rychlost reakce aminokyselin s OPA a 2-ME
pomérné vysoka, nabizelo se feSit problém nizké stability derivati provedenim derivatizace
pfimo v separac¢ni kapilafe béhem pocatecni faze elektroforetického experimentu [79-81].
Nazorné zobrazeni pouzitého usporadani piinasi Obrazek 16. Nejprve se hydrodynamicky
nadavkuje vzorek nasledovany roztokem derivatiza¢nich ¢inidel. Po pfipojeni vysokého napéti
dojde ke vputovani zaporné nabitych molekul serinu do zény cinidel a k jejich derivatizaci.
Nasledné vstupuje derivat do zakladniho elektrolytu obsahujiciho chiralni selektor, kde dochazi

k déleni enantiomeru.
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Obrazek 16. Schéma derivatizace serinu uvnitf neupravované kfemenné kapilary. 1 —
hydrodynamické davkovani vzorku a derivatizacnich cinidel, 2 — pfilozené napéti vyvola
michani zén, 3 — 4 — pokracovani michani zén diky rozdilnym efektivnim pohyblivostem slozek
vzorku a derivatizacnich cinidel a soucasny prubéh derivatizacni reakce, 5 — separace
derivatizovanych slozek vzorku; vyznamy symboll: mes — elektroforetickd pohyblivost slozek
vzorku (enantiomery serinu a jejich derivaty) smérfujici k anodé, m.s — pohyblivost
elektroosmotického toku smérem ke katodé. Jelikoz je mey v absolutni hodnoté vysSi nez mey,

je vysledny smér pohybu analytd ke katodé, t.j. smérem k detektoru.

Derivatizace v separacni kapilare je pomérné slozity proces, ktery vyzaduje dikladnou
optimalizaci. Doba, po niz je vzorek v kontaktu s derivatizacnimi Cinidly, je priliS kratka na
dosazeni Uplné reakéni pfemény na produkt. Reakce tedy probiha za nestacionarnich
podminek a je potfeba nastavit koncentrace Cinidel, délky davkovanych zé6n ¢&i pH roztoku
vzorku a ¢inidel tak, aby se ziskalo dostatecné rozliSeni derivatizovanych analyt( pfi vyhovuijici
citlivosti. V konecné podobé vypracované metody byl vzorek z in-vitro enzymatickych reakci
obsahujici 0 — 500 uM D-serinu spolu s 1 — 100 mM L-serinu fedén v poméru 1:1 roztokem 50
mM tetraboritanu disodného o pH 9,7, ¢imz se dosahlo ¢aste¢ného anionického charakteru
aminokyselin. Derivatizacni smés obsahovala 30 mM OPA a 60 mM 2-ME rozpusténé
v methanolu smichaném v poméru 1:1 s 50 mM tetraboritanem disodnym. Davkovaci parametry
byly pro pouzitou neupravenou kiemennou kapilaru vnitfniho priméru 75 pm, efektivni/celkové
délky 30/40 cm 10 mBar po 5 s pro vzorek a 10 mBar po 10 s pro derivatizacni €inidla. Reakéni

doba byla prodlouzena zarazenim polovicniho separaéniho napéti (tj. 6 kV) v prvni minuté
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analyzy, poté bylo napéti zvySeno na 12 kV. Zakladni elektrolyt byl slozen z50 mM

tetraboritanu disodného a 40 mM 2-hydroxypropyl-y-cyklodextrinu.

Popsanou metodou bylo docileno Upiného rozdéleni enantiomer( serinu a téz jejich
oddéleni od zbytk( &inidel, vedlejich produktu derivatizace a vnitfniho standardu glycinu za 8
minut (viz Obrazek 17). Citlivost pro UV absorpéni detekci pfi 230 nm ¢inila 3 puM ve formé LOD
a 5 uM coby LOQ. Spravnost metody studovana jako vytéznost na tfech koncentracnich
urovnich D-serinu byla v rozmezi 98,2 — 114,3 %. Kalibra¢ni kfivky byly sestrojovany z podilu
¢asem korigovanych ploch piku D-serinu a vnitfniho standardu glycinu. Kalibracni krivky mérené
v koncentraénim rozsahu 5 — 500 uM D-serinu vykazovaly mirné nelinearni prabéh, ktery lze
pfi¢ist na vrub nestacionarniho pribéhu reakce a rozdilnych reakénich rychlostech D-serinu a

glycinu.
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Obrazek 17. Chiralni separace enantiomer( serinu derivatizovanych o-ftaldialdehydem
(OPA) a 2-merkaptoethanolem (2-ME). Popis pikd: 1 — OPA, 2 — 2-ME, 3 - glycin (vnitini
standard, 0,1 mM), 4 — D-serin (0,16 mM), 5 — L-serin (1 mM). Experimentalni podminky:
derivatizace uvnitf kapilary (podrobnosti viz VII), neupravena kfemenna kapilara 75/375 um
vnitfni/vnéjsi pramér, 30/40 cm efektivni/celkova délka, zakl. elektrolyt — 50 mM tetraboritan
disodny (pH 9,7) + 40 mM 2-hydroxypropyl-y-cyklodextrin, separac¢ni napéti — 12 kV, proud —
100 pA, detekce — UV absorpcni pfi 230 nm.

Vyvinutd metoda byla s uspéchem pouzita pro testovani ucinnosti souboru 80
potencialnich inhibitord serin racemasy a pfinesla jednodussi pfipravu vzorki a zhruba

tfetinovou dobu analyzy v porovnani se zavedenou HPLC metodou (podrobnosti viz prace VII).
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6 Zavery

Vysledky uvedené v této disertaCni praci ukazuji, ze kapilarni zénova elektroforéza je
vhodna metoda pro analyzu i fyzikalnéchemickou charakterizaci biomolekul, coz bylo dolozeno
na prikladech stanoveni pK, ionogennich skupin v fadé nové syntetizovanych fosfinatovych
pseudopeptidd a dale na separaci diastereocizomeru fosfinatovych pseudopeptidd a

enantiomeru serinu.

V rdmci vypracovani ucelené kapilarné-elektroforetické metody pro stanoveni pK, byly
prozkoumany vlastnosti zakladnich elektrolytii o rizném slozeni v kyselé oblasti pod pH 2. Byla
sestavena a odzkouSena rfada zakladnich elektrolytl umoznujici méfeni spolehlivych
elektroforetickych pohyblivosti latek v rozmezi pH ~ 1,5 — 12. Byl vypracovan postup dovolujici
snadné stanoveni pramérné teploty roztoku v separacni kapilare, a tim i zpfesnéni mérenych
elektroforetickych pohyblivosti. Dale byl také navrzen postup pfinasejici snizeni ¢asovych
naroku na stanoveni pK,, ktery zachovava separaéni Ucinnost metody a pfesnost mérfenych
elektroforetickych pohyblivosti a ktery je zalozen na vhodném zkombinovani rychlosti
elektroosmotického toku modifikacemi vnitfniho povrchu kapilar a efektivniho, tlakem

urychleného, stanovovani elektroosmotické pohyblivosti.

Studie zamérena na zkoumani platnosti teoretického Onsagerova modelu, jenz popisuje
koncentracéni zavislost elektroforetickych pohyblivosti, pro pohyblivostni data experimentalné
stanovena v CZE upozornila na vliv sloZzeni zakladniho elektrolytu na namérené elektroforetické
pohyblivosti. Dale bylo shledano, ze pfesné prepocty elektroforetickych pohyblivosti mezi
zakladnimi elektrolyty o rGznych koncentracich jakoz i stanoveni spolehlivych limitnich

pohyblivosti iontli se neobejdou bez zapocteni individuainich parametri analyzovanych iontu.

Z vyzkumu separovatelnosti diastereomert fosfinatovych pseudopeptidi kapilarni
zonovou elektroforézou v achiralnim prostredi I1ze vyvodit zavér, ze k déleni dochazi vylucné
v pH oblasti, jez se pfimyka k hodnotdm pK, ionizovatelnych skupin analytu, pfic¢emz nejvyssi
vliv na separaci méla disociace centralni fosfinatové skupiny. VSechny fosfinatové
pseudopeptidy bylo mozno rozdélit na dvé dvojice diastereomer(, u nékterych bylo dosazeno
Uplné separace vsSech cCtyf diastereomerd. Ze srovnani CZE a HPLC separaci vyplyva
doplrikovy charakter obou metod, nebot v priméru vysSich rozliSeni diastereomer( bylo sice

docileno v HPLC, avsak v CZE byly rozdéleny i diastereomery v HPLC nerozliSené.

Byla vypracovana kapilarné-elektroforetickd metoda pro stanoveni D-serinu vyuzivajici
derivatizaci analytl v prostoru separacni kapilary, ktera je pouzitelnd obzvliasté pro analyzy
vysokého poctu vzorku v komercnich analyzatorech. Metoda byla pouZita pro testovani aktivity

fady potencialnich inhibitor( serin racemasy.
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Analysis and characterization of phosphinic
pseudopeptides by capillary zone electrophoresis

Capillary zone electrophoresis (CZE) was applied to analysis and characterization
of phosphinic pseudopeptides with the general structure N-Ac-Val-Alay(PO; -CHy)
Leu-Xaa-NH,, where Xaa represents one of 20 proteinogenic amino acid residues.
Pseudopeptides containing neutral or acidic amino acid residues in position Xaa were
analyzed as anions in weakly alkaline (pH 8.1) Tris-Tricine background electrolyte
(BGE), pseudopeptides with basic amino acid residues in position Xaa were analyzed
as cations in acid BGEs (Tris-phosphate buffers). Acidity of phosphinic acid moiety in
peptides with basic amino acid residues was determined from the dependence of
effective mobility of these peptides on pH in the acid pH region (pH 1.4-2.8). Addition-
ally, separation of diastereomers of some peptides was achieved.

Keywords: Phosphinic pseudopeptides / Phosphinate / Capillary zone electrophoresis / Disso-
ciation constant determination / pK, determination EL 4757

1 Introduction

Phosphinic pseudopeptides represent a class of peptide
isosteres where one peptide bond is substituted by enzy-
matically nonhydrolysable phosphinic acid moieties
—PO; — CH; — or —PO; — [1]. These compounds are
intensively studied because of their promising biological
activities based on their mimicking of the substrate transi-
tion state for at least two classes of hydrolytic enzymes -
Zn-metalloproteinases and aspartic acid proteinases
[1, 2]. Capillary zone electrophoresis (CZE) is currently
widely used for high-performance separations of various
peptides [3] including phosphopeptides, i.e. peptides
containing phosphate esterified to the hydroxyl group of
amino acids serine, tyrosine and threonine. Analyses of
synthetic phosphopeptides [4, 5] and of phosphopep-
tides often originating from hydrolysis of casein [6-9]
have been reported. However, CZE analyses of peptides
with phosphorus within the peptide chain have not been
reported as yet to our knowledge. Two papers dealing
with structures partially similar to pseudopeptides ap-
peared when chiral analyses of various phosphonic and
phosphinic acid analogues of phenylalanine and phenyl-
glycine were performed [10, 11].

The aim of this study is to extend the applicability of CZE
for the analysis of phosphinic pseudopeptides of the gen-
eral structure N-Ac-Val-Alay(PO; -CH,)Leu-Xaa-NH,,
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Republic

E-mail: kasicka@uochb.cas.cz
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= WILEY-VCH Verlag GmbH, 69451 Weinheim, 2002

where Xaa represents one of 20 proteinogenic amino
acid residues (see Table 1) and for the determination of
the dissociation constant of the phosphinic acid group in
the peptide chain. CZE is a suitable method for dissocia-
tion constant determination [12-18] since this technique
offers several advantages over commonly used methods
such as potentiometric titration and ultraviolet spectro-
scopy. CZE is capable to overcome drawbacks, such as
low solubility in water or purity of compounds, which one
can meet by the above-mentioned techniques. Moreover,
CZE demands expressively lower amounts of analyte.

2 Materials and methods

2.1 Reagents and chemicals

All chemicals were of analytical reagent grade. Phospho-
ric acid, potassium chloride and dimethyl sulfoxide
(DMSO) were obtained from Lachema (Brno, Czech
Republic), Tris and N-[tris(hydroxymethyl)methyl]glycine
Tricine were from Serva (Heidelberg, Germany), isopho-
rone (3,5,5-trimethyl-2-cyclohexen-1-one) was from Fluka
(Buchs, Switzerland). Phosphinic pseudopeptides were
synthesized on a Rink Amide AM resin (Calbiochem-
Novabiochem, Laufelfingen, Switzerland) following the
procedure of Yiotakis et al. [19]. The protected phosphinic
pseudopeptides precursor Fmoc-Alay[PO(OAd)-CH,]Leu-
OH was a kind gift of Dr. Vincent Dive from Départment
d’Ingénierie et d’Etudes des Protéines, CEA-Saclay, (Gif
sur Yvette, France). Prior to CZE analyses, the pseudo-
peptides were purified by HPLC using a Vydac C18
218TP510 column and characterized by mass spectro-
metry and amino acid analysis.
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Table 1. Analyzed pseudopeptides

General sequence:  N-Ac-Val-Alay(PO; -CH,)Leu-Xaa-NH,

Structural formula:

(o}
RS)
)j\N 7S) {{ RS
H

Pseudopeptide? -R

Pseudopeptide? -R

i S,
N N_iS)
VG - VA
CONH, CONH,
oo H
VvV N VI N S
CONH, CONH;
H s H
NS N>
VL - Y\( VS - \l/\on
CONH, CONH,
OH
i H
, NS
VP N/, VT -
CONH, CONH,
H H
N NS S
vC - SH VM e SN
CONH, CONH,
H H
N_S) N_S
VF - Y@ 2% e YOOH
CONH, CONH,
4 B N
H N_S)
VW N ~ VH - mﬁ
g CONHp “—NH
CONH,
u NH "
NS/ NH
N » 2
VR AN N7 N, VK -
CONH, H CONH,
H H
NS NS/ CONH.
VN - CONH, vQ ! 2
CONH, CONH;
H H
NS NS COOH
VD - COOH VE -
CONH, CONH,

a) Pseudopeptides are indicated by a single letter code of
their N- and C-terminal amino acid residues.

2.2 Electrophoretic conditions

CZE experiments were carried out in a home made appa-
ratus equipped with a UV detector monitoring absor-
bance at 206 nm. Data acquisition and handling were per-
formed using the CSW Chromatography Station (DataA-
pex, Prague, Czech Republic). Untreated fused silica
capillaries (50 pm ID, 200 um OD, 300 mm total length,
190 mm effective length) were supplied by the Institute of
Glass and Ceramics Materials, Czech Academy of
Sciences (Prague, Czech Republic). Separations were
performed at ambient temperature (22-24°C). Pseudo-
peptides were dissolved in deionised water in a concen-
tration range of 0.9-1.6 mm and were introduced into the
capillary hydrodynamically (pressure 700 Pa for 10 s). In
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order to equilibrate the capillary, the following wash cycle
was performed. The new capillary was flushed sequen-
tially with water for 5 min, 0.1 M NaOH for 5 min, and water
again for 2 min, followed by the background electrolyte
(BGE) for 2 min. Then, the BGE was left in the capillary
overnight to stabilize the electroosmosis. After rinsing
the capillary with BGE for 0.5 min, it was conditioned by
applying for 20 min the same high voltage as used in the
respective runs. Between runs at the same pH, the capil-
lary was rinsed with the BGE for 0.5 min. Before any
change of the BGE, the capillary was reactivated by
washing with 0.1 M NaOH for 5 min and then stabilized
using the above procedure. BGE solutions were prepared
from deionised water and filtered through a 0.45 um filter
(Millipore, Bedford, MA, USA) before use. A BGE com-
posed of 40 mm Tris and 40 mm Tricine, pH 8.1, was
selected for analyses and purity degree determination of
peptides with neutral or acid amino acid residues in posi-
tion R. BGEs for pK, determination were prepared from
Tris and phosphoric acid as shown in Table 2. lonic
strength of the BGEs was 25 mm except those composed
of pure phosphoric acid. The higher ionic strength of
phosphoric acid BGEs was unavoidable in order to reach
pH values below 1.7.

2.3 Effective electrophoretic mobility
determination

The effective electrophoretic mobility, meq, was deter-
mined from measurement of migration times of analyte
tmig and of neutral marker to. In all experiments, either
DMSO or isophorone were used as electroosmotic flow
markers and mey was calculated from Eq. (1)

Lk (1 1 )
me = —-— — e — 1
" U (tm»g teof ( )

where L, and L4 are the total and effective capillary length,
respectively, and U is the applied separation voltage.

Table 2. pH, composition and ionic strength of the BGEs,
separation voltage and input power used for
phosphinate pK, determination

pH Phosphoric  Tris lonic Voltage Input
acid (mm)  (mm) strength  (kV) power
(mm) (Wm)
1.42 250 0 46 3.50 0.55
1.55 150 0 34 3.30 0.35
1.65 100 0 27 3.30 0.26
1.80 74 7 25 3.90 0.25
2.00 55 14 25 475 0.26
2.20 45 18 25 5.55 0.26
2.40 37 20 25 6.48 0.26
2.80 30 24 25 7.80 0.26
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2.4 Theoretical

The dissociation constant of the phosphinate group was
determined in the pseudopeptides containing in position
R residues of basic amino acids of lysine, arginine and
histidine (see Table 1). In these peptides, the negative
charge originates from the phosphinate group and the
positive charge from the side chain of basic amino acid.
The dissociation equilibrium of the phosphinic acid group
in a pseudopeptide (VH taken as example) can be pre-
sented as follows:

e S

H
0

j\\oﬁi

/
<OH + H,O H3O® +
“z(%\y HN \/ (2)

The thermodynamic dissociation constant K, can be

expressed as

_84,0¢8a Bu _ 8ngor [ATBH v, gy
papH+ [HABH" |vagn+

©)

where ap,0+ is the activity of hydroxonium ions, a,-gy-
and ayapq+ are activities of the zwitterionic and cationic
form of the pseudopeptide, respectively. Activities of spe-
cies A"BH* and HABH* can be expressed as a product of
their concentrations [A-BH*], [HABH*] and corresponding
activity coefficients y,-gn- and y,agn+ - The activity coeffi-
cient of zwitterionic and generally uncharged species
A"BH" is assumed to be equal to 1. The value of the activ-
ity coefficient of charged species for aqueous solutions at
25°C can be evaluated according to Debye-Huickel:

0.508522v/]

4
1+3.281ay] “

_|og-{ =
where z is the charge, a the effective hydrated diameter
(nm) and / the ionic strength of the solution (moldm-3)
defined as:

/= %Zc-zﬁ (5)

where c; is molarity (moldm™3) and z; is the charge of ith ion
in the solution. As hydrated diameters of ions are seldom
exactly known, the approximative value of a = 0.5 nm was
used for calculations of activity coefficients in this paper.

It is favorable to define the apparent acidity constant K'a
as:
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; _ aH30+ [A_ BH*] (6)

[HABH*]
The substitution of Eq. (6) in Eq. (3) with respect to unity
value of y,-gy+ gives:

PKa = PK;, + 109 Yiagr+ @

The effective electrophoretic mobility of analyzed pseu-
dopeptides containing a basic amino acid residue, Mgy,
at low pH where the basic group is fully protonated can
be expressed as:

Mett = AMypgp+ + (1 — A)Ma-gy- ®8)
where my g+ and m,-g,+ are the electrophoretic mobili-
ties of respective species, a is the degree of dissociation
defined as:

[HABH]

~ [HABH-] + [A-BH"] ©

As the electrophoretic mobility of the zwitterion A-BH* is
equal to 0, Egs. (8) and (9) can be combined to

[A"BH"] _ Myage+ — Mt

= 1
[HABH-] Met (10)

Substitution of this ratio in Eq. (6) by that in Eq. (10) gives:

__ Mypgn+
14+ 10(H-K) "

Equation (11) is a particular case of the Boltzman sigmoi-
dal decay function of the general form

Az
(12
Y= 1+e3 )

where x is the independent variable, and y the dependent
variable. The constants A; and A, are the initial (y(-oc))
and final (y(+oc)) values of the dependent variable,
respectively; xq is center and dx is the width of the sigmoi-
dal curve.

When Eq.(12) is modified for dependence of effective
electrophoretic mobility me, on pH, the following equation
is obtained:

Moty = ———1— + Mg (13)

where my and m, are the electrophoretic mobilities of the
deprotonated and protonated form of compound taking
part in the dissociation equilibrium, respectively. Equation
(13) represents a general mathematical model for deter-
mination of pK, values by the fitting of experimental data.
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3 Results and discussion

3.1 Analysis and mobility determination

The suitable CZE separation conditions for analysis of
pseudopeptides were selected taking into account their
specific structure, i.e. the presence of an anionogenic phos-
phinate group in all peptides and other sources of electric
charge originating fromionogenic groups of the amino acids
residues in position R, as can be seen from the structures
givenin Table 1. Most of the pseudopeptides were success-
fully analyzed at weakly alkaline conditions in a BGE con-
sisting of 40 mm Tris and 40 mm Tricine, pH 8.1. The separa-
tion voltage was 10 kV and the current 7.5 pA. The purity
degree based on the relative peak area and the effective
mobilities of pseudopeptides are given in Table 3.

Pseudopeptides with positively charged basic amino acid
residues of lysine (VK) and arginine (VR) in position R
could not be analyzed at this pH due to compensation of
their positive charge by negative charge of the phosphi-
nate group resulting in zero effective charge. The pseudo-
peptide with the basic amino acid residue histidine (VH) in
position R migrated with an effective mobility slightly
lower than did the whole group of peptides containing
neutral amino acid residues in position R. This indicates
a high degree of deprotonation of the imidazole group of
histidine at this pH, which is in agreement with the aver-
age pK, value of histidine in a polypeptide chain (pK, ~ 6).
On the other hand, pseudopeptides containing the nega-
tively charged acid amino acid residues of aspartate (VD)
and glutamate (VE) exhibited a distinctly higher effective
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mobility. This is in accordance with anticipation, since
these peptides are double-negatively charged. Typical
electropherograms of all three subgroups of the whole
set of the pseudopeptides with neutral, basic and acid
amino acid residues in position R are given in Fig. 1.

The pseudopeptides were synthesized as mixtures of four
diastereomers, the structures of which are presented in
Table 1. Diastereomers, which have different physicochem-
ical properties, are in general separable in achiral conditions.
However, separation of all four diastereomers was not
achieved for any of the pseudopeptides and only a few (VG,
VC and VH) were separated into two diastereomeric pairs in
the alkaline BGE. Analyses with acid BGEs led to separation
to diastereomeric pairs for all analyzed pseudopeptides (VK,
VR, VH); an example of such separationis presented in Fig. 2.

3.2 Dissociation constant determination

Three pseudopeptides with the basic amino acid residues
lysine (VK), arginine (VR) and histidine (VH) in the molecule
were selected for dissociation constant determination of
their phosphinate group. It is possible to analyze the
selected pseudopeptides as cations at pH around the
phosphinate pK, value, which is estimated to be 1.8 in
related compounds [2]. Although the pH range for obtain-
ing mobility data for pKa determination should cover
about 2 pH units both above and below the expected
pKa, it was not possible to follow this recommendation in
our case due to the relatively low pKj, value of the phos-
phinate group. CZE experiments in untreated fused-silica

Table 3. Purity degrees based on relative peak area and effective electrophoretic

mobilities of analyzed pseudopeptides

Pseudo- Mgy Purity Pseudo- Mg Purity

peptide?  (10°m?V-'s™')  degree peptide?  (10°m?V-'s™")  degree

VG -14.3; 94.0% VF -12.9 95.1%
-21.5b

VA -141 98.5% VY -13.1 94.9%

wW -13.7 98.5% VW -12.7 99.1%

VI -13.1 99.8% VH -11.9; 98.2%

-12.69

V0L -13.3 97.4% VR -0 -

VS -13.6 98.7% VK -9 -

VP -13.5 89.9% VN -13.8 99.2%

VT -13.5 94.8% vQ -13.4 96.5%

VC -13.9; 99.6% vD -24.5 88.1%
-17.09

VM -13.6 98.8% VE -24.2 98.9%

a) Pseudopeptides are indicated by single letter code of their N- and C- terminal amino

acid residues

b) Effective mobilities of two separated diastereomeric pairs

c) Mobility close to zero
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Figure 1. Electropherograms of pseudopeptides (a) VM,
(b) VH, (c) VE. EOF, electroosmotic flow marker (water);
a, unidentified admixtures; BGE, Tris-Tricine, pH 8.1;
voltage, 10 kV; current, 7.5 pA. For other experimental
conditions see text.

capillaries at strongly acid conditions are hampered by
the large electric conductivity of the BGE leading to high
Joule heat of applied electric field. Thus, lower voltage
must be applied in order to keep input power and tem-
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Figure 2. Electropherogram of the separated diastereo-
meric pairs VH 1 and VH 2. EOF, electroosmotic flow mar-
ker (isophorone); BGE, Tris-phosphate, pH 2.0; voltage,
4.75 kV; current, 16 pA.

perature inside the capillary at the same level as that
of low-conductivity BGEs. The necessity of low voltage
application along with small electroosmotic flow rate at
low pH may lead to long migration time. Owing to the
facts mentioned, 250 mm phosphoric acid (pH 1.42) was
the most acid BGE used in this study. The upper pH value
of BGE used was at pH 2.8, where peaks of analytes were
still separated from the EOF marker peak. At this pH the
effective charge of the whole molecule of pseudopeptides
became close to zero due to compensation of the positive
charge from basic amino acid residues by the negative
charge from the almost fully dissociated phosphinate.

BGEs of constant ionic strength (25 mm) were used in the pH
range of 1.8-2.8. BGEs of pH below 1.8 exceeded the
selected ionic strength; hence effective mobilities obtained
in these BGEs were recalculated to 25 mm ionic strength
according to a procedure given further in the text. Phospho-
ric acid and Tris were employed as buffer components
because they produce in the given pH range univalent ions,
which are consistent with the Debye-Huckel theory utilized
for calculation of activity coefficient and mobility correction
for ionic strength. Tris was preferred to sodium ion because
of lower mobility and then lower conductivity of BGE. In
order to keep the temperature inside the capillary constant,
experiments were carried out at constant input power of
0.26 Wm-' except for BGEs of pH 1.55 and 1.42 when
higher input power was applied because the migration
time tended to be unacceptably long.

3.2.1 Correction of mobilities for dissipated
power

All experiments were carried out in a home made device,
which was not equipped with any kind of active cooling
of the capillary. Therefore, mobilities were determined at
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ambient temperature generally different from the standard
temperature of 25°C. This fact required the knowledge of
the actual buffer temperature inside the capillary during
the experiments and the employment of some correcting
procedure on experimental mobilities. In order to com-
pensate for the mobility shift due to the increased tem-
perature inside the capillary, the following procedure, a
modification of those reported in [20, 21], was used. The
electric current was measured in a wide range of voltages
at the same setup as used for CZE experiments, only with
the exception that the capillary was filled with a 0.02 m
potassium chloride aqueous solution. The specific elec-
tric conductivity x of the electrolyte solution was calcu-
lated from Eq. (14)
L i

" TaRU 9

where R; is the inner radius of the capillary (m) and i is the
electric current through the capillary (A).

At the lowest applied voltage, when thermal effects can
be neglected, the conductivity of KCI solution at ambient
temperature was obtained. When performing linear
regression of tabulated conductivity data of standard a
0.02 M KCI solution in the temperature range from 15°C
to 35°C [22], a linear relation is obtained with a regression
coefficient R = 0.99992.

x = 0.14304 + 5.36 x 107°T (19)

where « is specific conductivity (Sm™") and T is the tem-
perature (°C).

The change of the electric conductivity at a given power
applied was recalculated to the temperature increment,
AT, occurring at the corresponding power.
_ _ _KIi — Ko

AT =T =To=536% 107 (16)
where T, is the average temperature inside the capillary
(°C), T, is ambient temperature during calibration (°C), kr;
is the conductivity of the electrolyte at given power
applied and «y, is the conductivity at the lowest power
applied when the temperature increase inside the capil-
lary is taken as negligible. A calibration plot was obtained
for the temperature increments of the solution inside the
capillary on the power applied (Fig. 3).

The measured effective mobilities were subsequently
recaiculated to a temperature of 25°C assuming the
mean increase of mobility to be 2.5% per °C

Metr25 = Meni[1 + 0.025(Tam + AT — 25)] 17)

where Mg o5 and My 1; are effective mobilities at 25°C and
at actual experimental conditions, respectively, T, is the
ambient temperature during actual CZE experiment.
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Figure 3. Calibration plot of temperature increase versus
input power.

3.2.2 Correction of mobilities for ionic strength

Due to the dependence of electrophoretic mobilities on
the ionic strength of the BGE all experiments for determi-
nation of dissociation constants should be carried out in
BGEs of constant ionic strength. Some of the used BGEs
of pH below 1.80 exceeded the selected value of 25 mm
ionic strength, hence mobilities obtained in these BGEs
and already corrected for temperature growth were recal-
culated to the values corresponding to the ionic strength
of 25 mm. The approach describing deviations of mobili-
ties from ideality was reported in [23]
o (0.229m° 4+ 3.12 x 10°8)V]

m=m" - 18
1 +3.28av]1 (18)

where m® (m2V-'s™") is the limiting mobility, / the ionic
strength (moldm=3) and a is the diameter of the counterion
(nm). Equation (18) was experimentally verified to be valid
for uni-univalent aqueous solutions of electrolytes over an
ionic strength interval up to 75 mm [23]. Thus, Eq.(18)
allows recalculation of the mobility values obtained in the
BGEs of different ionic strength to the same ionic strength
within the validity range.

3.2.3 Calculation procedure

The calculation of pKj, values from effective mobility data
may be accomplished in several ways such as linear
regression or weighted linear regression of linear model,
which describes the relationship between mobilities and
pH [15, 17]. Another possibility is nonlinear regression of
an exponential model [12, 15, 16, 18] or point-to-point
calculation utilizing the Henderson-Hasselbalch equation
[12]. It was experimentally verified that nonlinear regres-
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Figure 4. pH dependence of the effective mobility of dia-
stereomeric pairs of pseudopeptides (a) VK 1 and VK 2,
(b) VR1and VR 2, (c) VH 1 and VH 2.

sion gives the least biased determination [12, 15], there-
fore this approach was used in the present study. For all
pseudopeptides with basic amino acid residues in posi-
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Table 4. Values of pK, of the phosphinate group in dia-
stereomeric pairs of selected pseudopeptides

Pseudopeptide pKa (1) = SD pKa (2) = SD
VK 2.01 £0.03 1.89 = 0.04
VR 2.01 £ 0.03 1.89 = 0.03
VH 1.80 = 0.03 1.73 = 0.04

pK. (1), pK, of faster diastereomeric pair; pK; (2), pK, of
slower diastereomeric pair

tion R baseline separation of two diastereomeric pairs
was achieved in all acid BGEs, hence the dependence of
effective electrophoretic mobilities on pH can be plotted
for both separated diastereomeric pairs as it is shown in
Fig. 4. Calculations of apparent dissociation constant K;
values were performed by nonlinear fitting of experimen-
tal data to Eq. (13) using the computer program Origin 6.1
(OriginLab, Northampton, MA, USA). Thermodynamic
dissociation constants, pK,, of separated diastereomeric
pairs were consecutively obtained using Eq.(7) and the
values are presented in Table 4. The determined pK,
values of phosphinate group, which were found to be in
the interval 1.73-2.01, are close to the published value of
1.8 for related phosphinates [2].

In conclusion this work outlines suitability of CZE to rapid
and high-performance analysis of phosphinic pseudo-
peptides along with a procedure for determination of dis-
sociation constant of the phosphinate group in selected
pseudopeptides. Additionally, due to achieved separation
of diastereomeric pairs, direct determination of their dis-
sociation constants was possible, which demonstrates
one of the benefits of CZE for obtaining such physico-
chemical characteristics.

The work was supported by the Grant Agency of the
Academy of Sciences of the Czech Republic, grant No.
B4055 003 and Research Project Z4 055 905, and by Min-
istry of Education of the Czech Republic, grant No. OK
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Abstract

Capillary zone clectrophoresis (CZE) was used for determination of dissociation constant of phosphinate group in
phosphinic pscudopeptides, i.e. peptides where one peptide bond is substituted by phosphinic acid moiety —PO, ~CH,—. The
dissociation constants were determined for a set of newly synthesized pseudopeptides derived from a structure N—Ac—Val-
Alay(PO, -CH,)Leu—His—NH, by nonlincar regression of experimentally measured pH dependence of their eftective
electrophoretic mobilities. CZE experiments were carried out in Tris—phosphate background electrolytes in the pH range
1.4-3.2. The pscudopeptides were synthesized as a mixture of four diastereomers, the separation of which was achieved in
most cases. Morcover, differences of the effective mobilities of the pseudopeptide diastereomers enabled simultancous
determination of the dissociation constant of their phosphinate group without necessity of previous isolation of individual

isomers.  © 2002 Elsevier Science BV. All rights reserved.

Kevwords: Dissociation constant; Phosphinic pseudopeptides; Phosphinate

1. Introduction

Phosphinic pseudopeptides represent a class of
peptide isosteres where one peptide bond is substi-
tuted by enzymatically nonhydrolysable phosphinic
acid moieties -PO, CH, or -PO, [l]. These
compounds are intensively studied because of their
promising biological activity - mimicking of the
substrate transition state for at least two classes of
proteolytic enzymes Zn-metalloproteinases and as-
partic acid proteinases [1,2].

Capillary zone electrophoresis (CZE) is currently

*Corresponding author. Tel.: +420-2-2018-3239; fax: +420-2-
3332-3956.
E-mail address: kasicka@uochb.cas.cz (V. Kasicka).

widely used for high-performance separations of
various peptides [3-5] including phosphopeptides,
i.e. peptides containing phosphate esterified to the
hydroxyl group of amino acids serine, tyrosine and
threonine. Analyses of synthetic phosphopeptides
[6,7] and of phosphopeptides originating from hy-
drolysis of phosphoproteins, e.g. casein [8,9] have
been reported. However, to our knowledge CZE
analyses of peptides with phosphorus within the
peptide chain have not been yet reported. Two
papers dealing with CZE separation of compounds
partially similar to phosphinic pseudopeptides ap-
peared when chiral analyses of various phosphonic
and phosphinic acid analogues of phenylalanine and
phenylglycine were performed [10,11].

CZE has emerged as a convenient and precise

1570-0232/02/% — see front matter  © 2002 Elsevier Science BV. All rights reserved.

PII: S1570-0232(01)00595-5
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method for determination of acid dissociation con-
stants (pK,) of ionogenic groups of various types of
compounds [12 23] including amino acids [24] and
peptides [25,26]. The pK, values were mostly de-
termined in aqueous media, but recently the de-
termination of pK, in nonaqueous and mixed aque-
ous organic solvents was reported [27 -30]. CZE,
unlike commonly used methods for pK, determi-
nation such as potentiometric titration and ultraviolet
spectroscopy, is capable of overcoming some draw-
backs connected with these methods. CZE demands
expressively lower amounts of analyte at lower
concentration; therefore also pK, of poorly soluble
compounds can be determined. In the CZE method
only migration time is measured, without the neces-
sity of solute quantification or high purity degree of
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Fig. 1. Structures of analyzed phosphinic pseudopeptides (includ-
ing stereochemical configurations) and their structural relation-
ships.

analyzed compound since impurities can be sepa-
rated from the solutes of interest.

The aim of this study is to extend the applicability
of CZE for determination of the dissociation constant
of the phosphinic acid group in the set of pseudo-
peptide diastereomers derived from a structure N
Ac Val-Alay(PO, CIl,)Leu His NH, indicated
by its N- and C-terminal amino acid residues as VII.
Derivatives with side chain modifications of VII are
indicated as VI A and VII B, respectively, and
derivatives with deprotected N- and/or C-terminus
are indicated as N VH, VI O and N-VH O,
respectively (see Fig. 1).

2. Materials and methods
2.1. Reagents and chemicals

All chemicals were of analytical reagent grade.
Phosphoric acid, potassium chloride and di-
methylsulfoxide (DMSO) were obtained from La-
chema (Brno, Czech Republic), Tris (tris(hydroxy-
methyl)aminomethane) was from Serva (Heidel-
berg, Germany). Phosphinic pseudopeptides were
synthesized as a mixture of four diastereomers on a
Rink Amide AM resin or 2-chlorotrityl resin (Cal-
biochem Novabiochem, Laufelfingen, Switzerland)
following the procedure of Yiotakis [31]. The
protected phosphinic  pseudopeptides  precursors
Fmoc Alay{PO(OAd) CH,]Leu OH, Fmoc Phel-
[PO(OAd) CH,]Leu OH and Fmoc- Pheys-
[PO(OAd) CH,]Ala Ol were a kind gift of Dr
Vincent Dive from Départment d’Ingénierie et d'E-
tudes des Protéines, CEA-Saclay, Gif sur Yvette,
France. Prior to CZE analyses, the pseudopeptides
were purified by HPLC (Waters, Milford, MA, USA)
using a Vydac C,, 218TP510 column (Grace Vydac,
Hesperia, CA, USA) and characterized by mass
spectrometry and amino acid analysis.

2.2. CZE separation conditions

CZE experiments were carried out in a home made
apparatus equipped with a UV detector monitoring
absorbance at 206 nm. Data acquisition and handling
were performed using the CSW Chromatography
Station (DataApex, Prague, Czech Republic). Un-
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treated fused-silica capillaries (1.D. 50 wm, O.D. 200
pm, total length 300 mm, effective length 190 mm)
were supplied by the Institute of Glass and Ceramics
Materials, Czech Academy of Sciences (Prague,
Czech Republic). Separations were performed at
ambient temperature (22 26 °C). Pseudopeptides
were dissolved in deionised water in a concentration
range of 0.7 2.5 mM and were introduced into the
capillary hydrodynamically (pressure 700 Pa for 10
S).

In order to equilibrate the capillary, the following
wash cycle was performed. The new capillary was
flushed sequentially with water for 5 min, 0.1 M
NaOH for 5 min, and water again for 2 min,
followed by background electrolyte (BGE) for 2
min. Then, the BGE was left in the capillary
overnight to equilibrate the inner fused-silica capil-
lary surface and to stabilize the electroosmosis
during the subsequent CZE runs. After rinsing the
capillary with BGE for 0.5 min, it was conditioned
by a 20-min application of the same high voltage as
used in the respective runs. Between runs at the same
pll, the capillary was rinsed with the BGE for 0.5
min. Before any change of the BGE, the capillary
was rinsed with 0.1 M NaOH for 5 min and then
stabilized using the above procedure.

BGE solutions were prepared by mixing the
appropriate amounts of Tris and phosphoric acid in
deionised water in the concentrations given in Table
1. BGEs were filtered through a 0.45-um syringe
filter (Millipore, Bedford, MA, USA) before use.
lonic strength of the BGEs was 25 mM except those
composed of pure phosphoric acid. The higher ionic

Table |

strength of phosphoric acid BGEs was unavoidable
in order to reach pll values below 1.7.

2.3. Effective electrophoretic mobility
determination

The effective electrophoretic mobility, m ., was
determined from measurement of migration times of
analyte, ..., and of neutral marker, / In all
experiments DMSO was used as electroosmotic flow
marker and m,, was calculated from Eq. (1):

cof*

eft

LL,/ 1 1
Mett =0 \ 1o Ty (h

mig eof

where L, and L, are total and effective capillary
length, respectively; U is the applied separation
voltage.

3. Theoretical

Dissociation constant of phosphinate group was
determined in the pseudopeptides containing
anionogenic phosphinic acid group and cationogenic
histidine residue. The pseudopeptides without
blocked C- and/or N-termini by a nonionic sub-
stituent have additional source of the charge in the
carboxylic group (VH1-O and N-VH O) and in the
amino group (N--VH and N- VH O). The pseudo-
peptides with blocked N-terminus can be considered
as monovalent bases whereas the pseudopeptides
with unblocked N-terminus are in fact divalent bases.

pH. composition and ionic strength of the BGEs, scparation voltage and input power used for phosphinate pK, determination

pH Phosphoric acid Tris lonic strength Voltage Input power
(mM) (mAM) (mM) (kV) (W/m)
1.42 250 0 46 3.50 0.55
1.55 150 0 34 3.30 0.35
1.65 100 0 27 3.30 0.26
1.80 74 7 25 3.90 0.26
2.00 55 14 25 4.75 0.26
2.20 45 18 25 5.55 0.26
2.40 37 20 25 6.48 0.26
2.80 30 24 25 7.80 0.26
3.20 27 25 25 8.50 0.26
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Owing to this difference a modified calculation
procedure has to be employed for both groups of the
pseudopeptides. Since the CZE analyses of pseudo-
peptides were performed at strong acid pH region,
the dissociation of unprotected carboxylic group was
not considered in the theoretical models of acid -base
equilibrium.

3.1. Pseudopeptides with blocked N-terminus

The dissociation equilibrium of the phosphinic
acid group in a pseudopeptide with protected N-
terminus (VH taken as example) can be presented as
follows:

>:0 0
HN : HN
022 e}
NH NH
_—< P Ka @ —< A
PO + Hy0 HO  + PR

/:(‘QONHZ
HN N
N

(2)

The thermodynamic dissociation constant K, can be
expressed as:

- +
Ay.0-95 BH* ”on'[A BH ]7/\ BH '

. = [HABH ] %4y -

(3)

Ayapn

where a;, (,. is activity of hydroxonium ions. a, -
and a; .y, are activities of zwitterionic and cationic
form of the pseudopeptide, respectively. Activities of
species A" BH ™ and HABH " can be expressed as a
product of their concentrations [A”"BH "], [HABH "]
and corresponding activity coefficients v, -, and
Yuanu-- The activity coefficient of zwitterionic and
generally uncharged species A" BH ™ is assumed to
be equal to 1. The value of activity coefficient of
charged species for aqueous solutions at 25 °C can
be evaluated according to Debye Hiickel:

0.5085z> V1

2 (4)
1 +3.28lavVi

where z is the charge and « is the eftective hydrated
diameter (nm) of the ion and / the ionic strength of
the solution (mol/dm}) defined as:

l 2
1:52 ¢ (5)

where ¢, is molarity (mol/dm") and z, is the charge
of ith ion in the solution. As hydrated diameters of
ions are seldom exactly known, the approximative
value of ¢=0.5 nm was used for calculations of
activity coefficients in this paper.

It is favorable to define the apparent acidity
constant K| as:

, ”n‘()’[A_B“Jr]

K =—F——F 6
[HABH ] ©

The substitution of Eq. (6) in Eq. (3) with respect to
unity value of vy, ,,+ gives:

pK, = pK:- + 108 Kianu- (7)

The effective electrophoretic mobility of analyzed
pseudopeptides behaving like monovalent bases,
m ., at low pH where the basic group is fully
protonated can be expressed as:

My = aMyapy e T —a)ymy (8)

where my,,,,-and m, ,, -are the electrophoretic
mobilities of respective species, a is the degree of
dissociation defined as:

(HABH "]
a= — — 9)
[HABH' ] +[A™BH "]

As the electrophoretic mobility of the zwitterion
ATBIH " s equal to 0, Eq. (8) and Eq. (9) can be
combined to:

[/\_Bll*] _ Pyasn T Moy (10)
[HABH ] Mer

Substitution of this ratio in Eq. (6) by that in Eq.
(10) gives:
My

My = 1 + 10" PR (1)
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Eq. (11) is a particular case of the Boltzman
sigmoidal decay function of the general form:

A, A,
Y=yt 4, (12)
l+e¢

where x is the independent variable, v the dependent
variable. Constants A and A, are the initial (y(—x))
and final (y( + =)) values of the dependent variable,
respectively; x, is center and dx is width of the
sigmoidal curve.

When Eq. (12) is modified for dependence of
effective electrophoretic mobility m,, on pll, the
following equation is obtained:

m, —m,

M = +m, (13)

pH K,

] +¢ doH

where m, and m, are the electrophoretic mobilities
of the deprotonated and protonated form of com-
pound taking part in the dissociation equilibrium,
respectively.

Eq. (13) represents a general mathematical model
for determination of pK, values by the fitting of
experimental data.

3.2. Pseudopeptides with free N-terminus

The pseudopeptides with free amino group in the
N-terminus which exist as doubly charged cations at
highly acidic conditions become singly charged
during deprotonation of the phosphinic acid group.
The dissociation equilibrium of pseudopeptides N
VH is described as follows:

® ®
H3N HaN
e <

= CONH,
HoN N
‘\7 @\7

(14)

The thermodynamic dissociation constant K, is then:

4,0+ 49A BH3

dyaBui®

_an‘()’[A_B“?]Y\ BHI (15)
[“AB“?] Yasnit

Relation analogous to Eq. (7) can be derived follow-
ing the same procedure as that described in the above
section:

pKﬂ=pK; + 3 log v, BH3" (16)

The apparent acidity constant pK, of this type of
pseudopeptides can be calculated utilizing the same
model represented by Eq. (13) as used for the
pseudopeptides behaving like monovalent bases.

4. Results and discussion
4.1. Selection of experimental conditions

The studied pseudopeptides carry positive net
charge in the pH region close to the phosphinate pK
due to positively charged residues of histidine and
N-terminal amino group and due to mostly only
partial dissociation of phosphinic acid group and
almost negligible dissociation of carboxylic group.
The CZE experiments leading to pK, determination
can be then carried out in the bare fused-silica
capillaries in the cationic CZE mode. Because pK, of
phosphinate group is estimated to be 1.8 in related
compounds [2], it is not possible to measure the
mobility data in optimal pll interval with regard to
reach very low plH region (plI<I) of fully proton-
ated phosphinate group. CZE experiments in un-
treated fused-silica capillaries at strongly acid con-
ditions are hampered by the large electric conduc-
tivity of the BGE leading to high Joule heat of
applied electric field. Thus, lower voltage must be
applied in order to keep input power and temperature
inside the capillary at the same level as that of the
low conductivity BGEs. The necessity of low voltage
application along with small electroosmotic flow rate
at low pH lengthen migration times, namely of EOF
marker. Owing to these facts, 250 mM phosphoric
acid (pH 1.42) was the most acid BGE used in this
study.
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BGEs of constant ionic strength (25 mM) were
used in the pll interval 1.8--3.2. BGEs of pH below
1.8 exceeded the selected ionic strength; hence
effective mobilities obtained in these BGEs were
recalculated to 25 mM ionic strength according to a
procedure given further in the text. Phosphoric acid
and Tris were employed as buffer components
because they produce in the given pHl range unival-
ent ions, which are consistent with Debye - Hiickel
theory utilized for calculation of activity coefficient
and mobility correction for ionic strength.

In order to keep the temperature increase inside
the capillary constant, experiments were carried out
at constant input power of 0.26 W/m except for
BGEs of pH 1.55 and 1.42 for which the higher input
power was applied in order to avoid unacceptably
long CZE experiments with low input power.

The upper pll value ot BGE used for CZE of the
pseudopeptides without free C-terminal carboxylic
group was 3.2. At this pH the effective charge of the
whole molecule of pseudopeptides became close to
zero (peptides VH, VII A and VI -B) or close to
unity value (peptide N- VH) due to compensation of
the positive charge from basic residues by the
negative charge from almost fully dissociated phos-
phinate. Mobility data of the pseudopeptides with
free carboxylic group were used up to pll 2.8. The
eftective charge of pseudopeptides VH -O became
negative due to the dissociation of the carboxylic
group causing impossibility to measure mobilities of
VII O above pll 2.8 by the used set-up. Mobilities
of N- VHI O exhibited further decrease owing to the
same reason above pH 2.8 and were not included
into the calculation of phosphinate pK,.

4.2. Correction of mobilities for dissipated power

All experiments were carried out in a home made
device, which was not equipped with active cooling
of the capillary. Therefore mobilities were deter-
mined at ambient temperature generally different
from the standard temperature of 25°C. This fact
required the knowledge of the actual buffer tempera-
ture inside the capillary during the experiments and
the employment of some correcting procedure for
experimental mobilities. In order to compensate for
the mobility shift due to the increased temperature

inside the capillary, the following procedure, a
modification of those reported in [32,33], was used.
The electric current was measured in a wide range of
voltages at the same set-up as that used for CZE
experiments, only the capillary was filled with 0.02
M potassium chloride aqueous solution. The specific
electric conductivity « of the electrolyte solution was
calculated from Eq. (17):

Lo (17)
K= > =
@R U

i

where R, is the inner radius of the capillary (m) and i
is the electric current through the capillary (A).

At the lowest applied voltage, when thermal
effects can be neglected, the conductivity of KCl
solution at ambient temperature was obtained. When
performing linear regression of tabulated conduc-
tivity data of standard a 0.02 M KCI solution in the
temperature range from 15 to 35°C [34], a linear
relation is obtained with a regression coefficient
R=0.99992:

3

k=0.14304 +536 X 10 " T (18)
where « is specific conductivity (S/m) and 7 is the
temperature (°C).

The change of the electric conductivity at given
power was recalculated to the temperature increment,
AT, occurring at the corresponding power:

K; — Ky
AT=T,-T,=——"—= (19)
536X 10

where T, is average temperature inside the capillary
(°C), T, is ambient temperature during calibration
(°C), k; 1s the conductivity of the electrolyte at
given power applied and «, is the conductivity at
the lowest power applied ‘When the temperature
increase inside the capillary is taken as negligible. A
calibration plot relating the temperature increments
of the solution inside the capillary to the applied
power was constructed with the following estimation
of the temperature increment: 4 °C at power 0.26
W/m; 6 °C at 0.35 W/m and 10 °C at 0.55 W/m. The
measured effective mobilities were subsequently
recalculated to a temperature of 25 °C assuming the
mean increase of mobility to be 2.0% per Celsius
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degree. This correction procedure is in more details
described elsewhere [35].

4.3. Correction of mobilities for ionic strength

Due to the dependence of electrophoretic mo-
bilities on ionic strength of BGE all experiments for
determination of dissociation constants should be
carried out in BGEs of constant ionic strength. BGEs
of pll below 1.80 exceeded the selected value of 25
mM ionic strength; hence mobilities obtained in
these BGEs and already corrected for temperature
growth inside the capillary were recalculated to the
values corresponding to the ionic strength of 25 mM.
The approach describing deviations of mobilities
from ideality was reported in Ref. [36]:

(0.229m" +3.12 X 107%) \7
14 3.28a\71

0
m=m —

(20)

where m’ (m*/V/s) is the limiting mobility, / the
ionic strength (mol/dm") and « is the diameter of the
counterion (nm). Eq. (20) was experimentally ver-
ified to be valid for uni-univalent aqueous solutions
of electrolytes over an ionic strength interval up to
75 mM [36]. Thus, Eq. (20) allows recalculation of
the mobility values obtained in the BGEs of different
ionic strength to the same ionic strength within the
validity range.

4.4. Electrophoretic behavior of phosphinic
pseudopeptides

Dependencies of effective mobilities of diastereo-
mers of analyzed pseudopeptides were obtained in
the pll interval 1.4 3.2. As can be seen in Fig. 2,
lower pll led to bigger mobility difference and better
resolution among diastereomers of majority of the
pseudopeptides, only in the case of the pseudo-
peptide N VH O this tendency was opposite (see
Fig. 2d). Insight into the effective mobilities brings
the following conclusions:

e The close values of effective mobilities of VHI O
and VH indicate that free carboxylic group of
VH -O remains almost tully protonated below pll
2 (see Fig. 2c and a).

e The pseudopeptides with free N-terminus (N VII
and N VH O) exhibit distinctly higher mobilities
comparing to VH due to higher effective charge
(see Fig. 2b, d and a).

e Effective mobilities of the pseudopeptides VI,
VH A and VH B decrease with increasing size
of the molecules, i.e. in order VII>VH B>VII
A (see Fig. 2a, f and e).

4.5. Dissociation constants calculation

The calculation of apparent dissociation constant
pK. values were accomplished by non-linear fitting
of experimental data to Eq. (13) using the computer
program Origin 6.1 (OriginLab, Northampton, MA,
USA) because this approach was verified to give the
least biased determination [21] in comparison with
other approaches such as linear regression of linear-
ised exponential model, which describes relationship
between mobilities and pll [12,14], or point-to-point
calculation utilizing the IHenderson Illaselbalch
equation [21]. Thermodynamic dissociation con-
stants, pK,, of separated diastercomers were con-
secutively obtained from apparent dissociation con-
stants pK, using either Eq. (7) for the pseudo-
peptides with blocked N-terminal amino group or
Eq. (16) for the pseudopeptides with free N-ter-
minus. The obtained pK, values are presented in
Table 2. Dissociation constants of comigrating dia-
stereomers of pseudopeptides VI | and VI 2, VI
3 and VH-4,VH-A 2 and VIl A 3 were assumed
to be equal. The determined pK, values of phosphi-
nate group in the analyzed phosphinic pseudo-
peptides are generally in a good agreement with the
published value of 1.8 for related phosphinates [2].

5. Conclusions

This work outlines suitability of CZE for de-
termination of dissociation constants of phosphinate
group in the phosphinic pseudopeptides. Additional-
ly, due to the achieved separation of diastereomers,
simultaneous determination of their dissociation con-
stants was possible without their previous preparative
separation, which demonstrates the usefulness of
CZE as a separation technique for obtaining im-
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Fig. 2. Dependencies of effective mobilities, m ., of separated pseudopeptide diastereomers on pH with example of electropherogram at the
best achieved resolution of diastereomers in Tris—phosphate BGEs at indicated pHl. The pscudopeptides are indicated by abbreviations given
in Fig. 1; peaks of the individual diastereomers are numbered in the order of decreasing electrophoretic mobility: (a) VH, electropherogram
at pH 2.40, (b) N-VH, electropherogram at pH 1.42, (c) VH-O, electropherogram at pH 1.55, (d) N-VH-O, electropherogram at pH 2.80.
(¢) VH=-A, clectropherogram at pH 2.00, () VH-B, electropherogram at pH 1.55. Capillary 50 um 1.D./7200 pm O.D., total/effective length
300/190 mm, UV detection at 206 nm, injection 700 Pa for 10 s, sample concentration 0.7-2.5 mM, voltage—see Table 1.
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Fig. 2. (continued)
g

Table 2
Determined values of pK, of phosphinate group in separated diastercomers of the pseudopeptides
Pscudopeptide pK, (1) pK, (2) pK, (3) pK, (4)
VH 1.80*0.03 1.80%+0.03 1.73%0.04 1.73+0.04
N-VH 1.75+0.02 1.73+0.02 1.71+0.03 1.74+0.03
VH-0 1.8420.03 1.82+0.04 1.73+0.04 1.52+0.20
N-VH-0O 1.93+0.05 2.03%0.08 2.03x0.10 221023
VH-A 1.76 +0.05 1.73+0.06 1.7320.06 1.67+0.07
VH-B 1.73%0.07 1.74+0.08 1.63%0.09 1.58%0.11
portant physicochemical characteristics of biomole- 905, and by Ministry of Education of the Czech
cules. Republic, grant no. OK 382.
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Physicochemical characterization of phosphinic
pseudopeptides by capillary zone electrophoresis
in highly acidic background electrolytes

Phosphinic pseudopeptides (i.e., peptide isosteres with one peptide bond replaced
by a phosphinic acid moiety) were analyzed and physicochemically characterized by
capillary zone electrophoresis in the pH range of 1.1-3.2, employing phosphoric,
phosphinic, oxalic and dichloroacetic acids as background electrolyte (BGE) con-
stituents. The acid dissociation constant (pK,) of phosphinate group in phosphinic
pseudopeptides and ionic mobilities of these analytes were determined from the
pH dependence of their effective electrophoretic mobilities corrected to standard
temperature and constant ionic strength of the BGEs. It was shown that these correc-
tions are necessary whenever precise mobility data at very low pH are to be deter-
mined. Additionally, it was found that the ionic mobilities of the phosphinic pseudo-
peptides and pK, of their phosphinate group are affected by the BGE constituent
used. The variability of migration behavior of the pseudopeptides can be attributed
to their ion-pairing formation with the BGE components.

Keywords: Capillary zone electrophoresis / Dissociation constant / lon-pairing / Phosphinic

pseudopeptides

1 Introduction

Selection of the pH of a background electrolyte (BGE) is of
key importance in selectivity optimization in capillary zone
electrophoresis (CZE) of weak and moderately strong
electrolytes. CZE of these types of analytes, including
peptides [1], has been performed in a broad pH range
but rather rarely has it been used for separations below a
pH of 2. Nevertheless, utilization of such a low pH is use-
ful, and sometimes necessary, for the analysis and physi-
cochemical characterization of analytes possessing iono-
genic groups with low pKj, values in order to enhance the
selectivity of their separation and to determine their pK,
values and ionic mobilities. McCormick [2] separated six
dipeptides using 150 mm phosphoric acid of pH 1.5 as the
BGE and Lin et al. 3] reported separation of sulfonamides
in citrate BGEs with pH values as low as 1.6. Another uti-
lization of very acid BGEs was reported by Gluck et al. [4]
and Bartak et al. [5] who used phosphoric acid-based
BGEs in their measurement of the pH dependence of
effective mobilities and for the CZE determination of pK,
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of analytes, a convenient method for the determination of
these important characteristics (see, e.g., [5-10]). Phos-
phinic pseudopeptides represent a class of peptide iso-
steres with one peptide bond substituted by phosphinic
acid moiety — PO, — CH, -. These compounds are cur-
rently the subject of intensive research concerning their
biological activity due to their capability to mimic the sub-
strate transition state of Zn-metalloproteinases [11, 12].

The present study deals with CZE analysis of the following
phosphinic pseudopeptides: N-Ac-Val-Alay(PO3-CH,)
Leu-His-NH,, indicated by its N- and C-terminal amino
acid residues as VH, N-Ac-Val-Phe{y(PO3-CH,)Leu-His-
NH, (indicated as VH-A), and N-Ac-Val-Phey(PO3-CH,)
Ala-His-NH, (indicated as VH-B); for the structure of the
pseudopeptides see Fig. 1. Analyses were carried out in
the pH range 1.1-3.2 by using phosphoric, phosphinic,
oxalic and dichloroacetic acids as BGE constituents. The
pH dependence of the effective mobilities of these ana-
lytes was used to estimate their ionic mobilities and pK,
of phosphinate group in order to investigate the influence
of the BGE constituents on these analyte characteristics.

2 Materials and methods

2.1 Reagents and chemicals

All chemicals were of analytical reagent grade. Phosphor-
ic acid, oxalic acid, potassium chloride, phenol and di-
methyl sulfoxide (DMSQO) were obtained from Lachema
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Figure 1. Structures of the analyzed phosphinic pseudo-
peptides including their stereochemical configuration.

(Brno, Czech Repubilic), phosphinic acid and isophorone
(3,5,5-trimethyl-2-cyclohexen-1-one) were from Fluka
(Buchs, Switzerland), Tris was from Serva (Heidelberg,
Germany), dichloroacetic acid was from Aldrich (Milwau-
kee, WI, USA). Phosphinic pseudopeptides were synthe-
sized as a mixture of four diastereomers by a procedure
described elsewhere [13]. Prior to CZE analyses, the
pseudopeptides were purified by reverse-phase HPLC
and characterized by mass spectrometry and amino acid
analysis.

2.2 CZE separation conditions

CZE experiments were carried out in a home-made appa-
ratus equipped with a UV detector monitoring absorb-
ance at 206 nm. Data acquisition and handling were
performed using the CSW 32 Chromatography Station
(DataApex, Prague, Czech Republic). Untreated fused-
silica capillaries (ID 50 um; OD 200 pm; total length,
300 mm,; effective length, 190 mm) with outer polyimide
coating were supplied by the Institute of Glass and Ce-
ramics Materials, Czech Academy of Sciences (Prague,
Czech Republic). Separations were performed at ambient
temperature of 22-26°C with no active capillary cooling.
Pseudopeptides were dissolved in deionized water in a
concentration range of 0.7-2.5 mm and were introduced
into the capillary hydrodynamically (1.5 kPa pressure for
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5-10 s). Phenol, DMSO and isophorone were alternatively
used as markers of electroosmotic flow (EOF). The new
capillaries were flushed sequentially with water, 0.1 m
NaOH, water, followed by the background electrolyte
(BGE), each for 5 min. Then, the capillary was conditioned
by a 20 min application of the high voltage used in the
respective runs in order to equilibrate the inner fused-
silica capillary surface and to stabilize the EOF during
the subsequent CZE runs. Between runs at the same pH,
the capillary was rinsed with the BGE for 1 min. Prior to
any change of the BGE, the capillary was rinsed with
0.1 M NaOH for 2 min and then stabilized using the above
procedure. CZE separations were performed in the pH
range 1.1-3.2 using phosphoric, phosphinic, oxalic and
dichloroacetic acids as BGE constituents. The pK, values
of these acids and the limiting mobilities of respective
anions are given in Table 1. The BGE solutions were pre-
pared by mixing the appropriate amounts of the acid con-
stituents and Tris in deionized water at the concentrations
given in Tables 2 and 3. The BGEs were filtered through a
0.45 um syringe filter (Millipore, Bedford, MA, USA) before

Table 1. Dissociation constants (pK,) and limiting mobili-
ties (m°) of the acidic BGEs constituents

pKaa) mO b)
Phosphoric acid®© 2.15 35.1
Phosphinic acid 1.23 45.2
Dichloroacetic acid 1.26 39.7
Oxalic acid? 1.27 42.4

a) pK, values in water at 25°C taken from [14]
b) Mobilities taken from [15]
c) Only pK,; was taken into account.

Table 2. pH, composition and ionic strength of phos-
phate BGEs, separation voltage and input power
used for the CZE separation and characterization
of diastereomers of phosphinic pseudopeptides

pH Phosphoric Tris  lonic Voltage Input
acid (mm)  (mm)  strength (kV) power

(mn) W-m~)
1.1 1050 0 110 2.10 0.58
1.25 500 0 71 2.70 0.55
1.42 250 0 46 3.50 0.55
1.55 150 0 34 3.30 0.35
1.65 100 0 27 3.30 0.26
1.80 74 7 25 3.90 0.26
2.00 55 14 25 4.75 0.26
2.20 45 18 25 5.55 0.26
2.40 37 20 25 6.48 0.26
2.80 30 24 25 7.80 0.26
3.20 27 25 25 8.50 0.26
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Table 3. Composition of phosphinate, dichloroacetate
and oxalate BGEs used for the CZE separations
of pseudopeptides

Phosphinate BGEs  Dichloroacetate BGEs Oxalate BGES

pH Phosphinic Tris Dichloro-  Tris Oxalic ~ Tris
acid (mm) (mm) acetic acid (mm) acid (mm) (mm)
(mm)
1.1 250 0 250 0 250 0
1.2 150 0 130 0 150 0
14 75 0 75 0 80 0
16 40 0 40 0 40 0
1.8 3 6.5 31 6.5 31 6.5
2.0 285 135 29 13.5 285 13
2.2 275 175 275 175 27 17.5
2.4 265 205 265 205 26 20

The other characteristics of the BGEs were close to those
given in Table 2.

use. The ionic strength of the BGEs was 25 mm, except for
those composed of pure acids. The higher ionic strength
of these pure acid-based BGEs was unavoidable below
pH 1.7.

3 Results and discussion

3.1 Acid-base equilibria of phosphinic
pseudopeptides

The dissociation constant of the phosphinate group was
determined in the pseudopeptides containing not only the
negatively chargeable phosphinic acid group but also the
cationogenic imidazole group. The dissociation equili-
brium of the phosphinic acid group in model pseudo-
peptide VH can be expressed as follows:

e

32:» e "
’d‘&onm 'J—_{—gomz
AN H A

The thermodynamic dissociation constant K, can be then
written as

K. — 30 A 'BH- _auo: ‘A"BH"]ya-8H-
@ aHABH- [HABH~ ¥y ap1-

@
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where ay,o- is the activity of hydroxonium ions, and
aa g+ and aa nasw: are the activities of the zwitterionic
and cationic form of the pseudopeptide, respectively.
Activities of species A'BH® and HABH' can be ex-
pressed as a product of their concentrations [A"BH"],
[HABH*] and the corresponding activity coefficients
Ya-gH- @nd Yyagu-- The activity coefficients of zwitterionic
and generally uncharged species A"BH* are considered
unity, whereas the activity coefficients of charged species
for aqueous solutions at 25°C can be evaluated according
to the Debye-Huckel formula:
0.50852%V/I

—logy = s 3
9 = 3 281avi ©

where z is the charge of the ion, / is the ionic strength of
the solution / = 1/22C.Z|2 given in mol-dm~3, and a is
the effective hydratéd diameter (nm) taken as 0.5 nm
for all ions in this study. If we define the apparent acidity
constant K, as:

,  ap,o0-|A"BH7]
K, == 4

a =~ [HABH"] @
it is possible to express the thermodynamic dissociation
constant pK, from Egs. (2) and (4) as:

PKa = pKj, + 109 Yragh- 6)

The effective electrophoretic mobility of the analyzed
pseudopeptides, mey, at low pH where the basic group is
fully ionized can be expressed by the ionic electrophoretic
mobility of the respective species muagn+- and the degree
of dissociation of the phosphinic acid group and Eq. (4)
as:

MHABH*
Meyt = ——1 T 10PH-pK,) (6)
Equation (6) describes the dependence of the effective
electrophoretic mobility on pH, with the ionic mobility
muasn- and the apparent acidity constant K, as parame-
ters. For the determination of the K, values by nonlinear
fitting of the experimental mobility data, a modification of
Eq. (6) was used:
my — Mg
Mett =~

1+e™%

+mg (7)

where m, and m, are the electrophoretic mobilities of
the deprotonated and protonated forms of the compound
taking part in the dissociation equilibrium, respectively.
Once the apparent acidity constant K, is obtained
from the regression procedure, the thermodynamic dis-
sociation constant pK, can be calculated according to

Eaq. (5).
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3.2 Selection of the BGEs

Phosphinic pseudopeptides containing one acidic phos-
phinate group (pK, ~ 1.8) and one basic residue of histi-
dine (pK, ~ 6) can be analyzed by CZE as cations at a pH
below 3. In order to determine the pK, value of the phos-
phinate group in the pseudopeptide chain and the ionic
mobility of the fully charged analytes, CZE experiments
should be carried out at pH values even below 1. CZE
experiments and precise mobility measurements at such
low pH are hampered by several factors such as exces-
sive electric conductivity of the BGEs, which leads to sub-
stantial temperature increase inside the capillary, high
ionic strength of highly acid BGEs that influences the
actual mobilities, and the very slow EOF in the uncoated
fused-silica capillaries due to the suppressed ionization of
the silanol groups that elongates migration time of the
neutral EOF marker. These obstacles can be overcome
by application of low input power along with correction
of mobilities to standard temperature and constant ionic
strength. Additionally, analysis time can be reduced by
pressure-accelerated measurement of electroosmotic
mobility.

BGE constituents used for pK, determinations by CZE
should meet several criteria. First, the pH of the BGEs
should be within the pK, = 1 range of the BGE constitu-
ent so as to assure sufficient buffering capacity of the
BGE. Second, interactions between the analyte and
the BGE constituents should be as low as possible.
Third, low conductivity of the BGE is beneficial in order
to limit Joule heating. BGEs consisting of phosphoric,
phosphinic, dichloroacetic and oxalic acids as anionic
BGE constituents were tested; dissociation constants
and mobilities of these components are given in Table 1.
The migration behavior of phosphinic pseudopeptides
(see Fig. 1) was investigated in the 1.1-2.4 pH region in
phosphinate, dichloroacetate and oxalate BGEs and in
the 1.1-3.2 pH interval in phosphate BGEs. Compo-
sitions of these BGEs are given in Tables 2 and 3.
BGEs differ in electric conductivity only a little below
pH 2, because conductivity of such acidic BGEs is
mostly controlled by the highly conductive hydroxonium
ions. At pH values above 2, only the phosphate BGEs
exhibit slightly lower conductivities than the other BGEs
due to the lowest ionic mobility of the dihydrogenphos-
phate anions. Electropherograms were recorded by UV-
absorption detector at 206 nm and various baseline
courses were observed for the different BGEs. Whilst
the almost transparent phosphate and phosphinate
BGEs provided fairly straight baselines, BGEs com-
posed of somewhat absorbing dichloroacetic and oxalic
acids gave some disturbances in the absorbance pro-
files (see Fig. 2).
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Figure 2. Electropherograms of the diastereomers of
the phosphinic pseudopeptides (a) VH, (b) VH-A and
(c) VH-B using different BGE constituents at pH 1.55
(phosphate BGE) and at pH 1.6 (phosphinate, dichloro-
acetate and oxalate BGEs); voltage, 3.3 kV; current,
23-32 pA. For other experimental conditions see the
text. Peaks of the diastereomers are indicated by num-
bers. The diverse peak heights are due to different in-
jected sample amounts.
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The phosphinic pseudopeptides were synthesized as a
mixture of four diastereomers and they have been applied
for CZE analyses in this form. It was shown that the dia-
stereomers of these pseudopeptides were mostly separ-
able by CZE in achiral, acidic BGEs [13, 16]. However,
complete baseline separation of all diastereomers was
not achieved for all pseudopeptides due to the lower effi-
ciency of CZE at the relatively low electric field strengths
used. Low electric field strength was used to minimize the
temperature increase of the BGE that was caused by
Joule heating. As can be seen in Fig. 2, the nature of the
BGEs constituents virtually does not affect the resolution
of the diastereomers. Separation efficiency in the oxalate
BGEs was, on the other hand, lower than in the other
BGEs. The identical migration order of the diastereomers
of the given pseudopeptide in the different BGEs has
been confirmed by the addition of the diastereomer
standards to the given pseudopeptide sample. The dia-
stereomer standards were available from the preparative
HPLC separations of the pseudopeptide diastereomers
mixtures [16).

3.3 Determination of the effective
electrophoretic mobilities

The effective electrophoretic mobility of pseudopeptides,
My, in phosphate BGEs in the 1.4-3.2 pH interval was
determined from the measurement of migration times of
these analytes, tng and of the neutral EOF marker, teor,
using Eq. (8):

Ly (1 1)
Mett = U (tm)g o (8)

where L, and L4 are the total and effective capillary length,
respectively; U is the applied separation voltage.

Due to the suppression of the EOF in low pH BGEs, long
migration times of the EOF marker hampered the experi-
ments. Therefore, pressure-accelerated determination of
electroosmotic mobility was employed in order to shorten
the analysis time. This approach introduced by Williams
and Vigh [17] and by Sandoval and Chen [18] can be de-
scribed as follows. Firstly, the sample solution is injected
along with neutral marker (band A) into the capillary filled
with BGE. Next, CZE analysis is started by the application
of separation voltage, the analytes are separated and
the neutral marker zone moves with the velocity of EOF.
Then, analysis is terminated at a specific time (t,) just after
zones of the separated compounds pass the detector.
Then, after the separation voltage is turned off, a second
band of the neutral marker (band B) is injected. Finally,
upon application of the injection pressure onto the pure
BGE electrolyte vessel, both zones of the neutral marker
A and B reach the detector at mobilization times t, and tg,
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which are recorded in the usual manner. If the injection
times are negligible compared to the mobilization times
ta and tg, electroosmotic mobility, me.y, can be expressed
as follows:

LiLg ta
_cted g A 9
Meot Uty (1 rB) ©)

Then the effective mobility of the analytes can be calcu-
lated from their migration times according to Eq. (10):

Lilg /1 1 ta
_ A 10
Mait =~ (tmlg » + tutg> (10)

This approach was used for all experiments in phos-
phinate, dichloroacetate and oxalate BGEs as well as for
experiments in phosphate BGEs at pH 1.1 and 1.2.

In this procedure of effective mobility determination we
did not take into account that using water solution of the
peptide samples for their CZE separations in the BGEs
of different composition and pH may result in different
sample stacking effects in the initial phase of the CZE
experiment. However, this initial phase, during which the
peptides move with higher velocity due to the higher elec-
tric field strength in the water sample zone, is very shortin
comparison with the time of their migration in the homo-
geneous medium of the BGE. Consequently, the effective
electrophoretic mobilities, determined from the average
migration velocities, are not significantly influenced by
these effects.

3.4 Correction of mobilities to standard
temperature

Temperature dependence of the electrophoretic mobili-
ties is one of the most important effects influencing the
precision of CZE determination of pK, values because
Joule heating produced during the CZE experiments
causes an elevation of the average temperature of the
BGE inside the capillary which, in turn, affects the actual
electrophoretic mobilities of the present ions. The tem-
perature increase can be minimized by using BGEs with
low conductivities, low input power, capillaries of small
inner diameter and also active cooling of the capillary.
However, extremely acidic BGEs exhibit relatively high
conductivity due to the high concentration of hydroxo-
nium ions. Moreover, experiments were carried out in a
home-made device, which was not equipped with active
cooling of the capillary. Under these circumstances,
knowledge of the actual temperature inside the capillary
during the CZE runs and subsequent recalculation of the
mobilities to the standard temperature of 25°C is neces-
sary. Temperature increase can be determined by several
approaches, such as from the temperature variation of
the electroosmotic mobility [19, 20], from the tempera-
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ture-dependent absorption of a thermochromic solution
[21] or by Raman [22] or NMR [23] thermometry. The
buffer temperature can also be estimated from changes
in the electrical conductivity of the solution [19, 24, 25].
This approach was chosen for estimation of the tempera-
ture increase because it provides an average temperature
increase and the conductivity can be simply measured
without any special equipment.

The electric current was measured in a wide range of volt-
ages with the capillary filled with an aqueous solution of
0.02 m potassium chloride and the specific electric con-
ductivity k of the electrolyte solution was calculated from
Eqg. (11)
Ly i

K = - Rf' U (11)
where R, is the inner radius of the capillary (m) and i is the
electric current through the capillary (A). The virtually lin-
ear variation of the specific electric conductivity of the
standard 0.02 m KCl solution in the 15°C to 35°C tempera-
ture range allows expression of the temperature increase,
AT, at the corresponding power as:

AT =T, =T, = 1.86 x 10%(kr, — K10) (12)

where T, is the average temperature inside the capillary
(°C), T, is the ambient temperature during calibration (°C),
KT, is the conductivity of the electrolyte at a given applied
power and 1, is the conductivity at the lowest calibration
voltage when the temperature increase inside the capil-
lary was taken as negligible. A calibration plot relating
the temperature increments of the solution inside the cap-
illary to the applied power leads to the following estima-
tion of the temperature increments: 4°C at a power of
0.26 W-m~";6°C at 0.35 W-m~'and 10°C at 0.55 W-m™".
The measured effective mobilities were subsequently
recalculated to the standard temperature of 25°C assum-
ing that the mean increase of mobility was 2.0%/°C. This
is a lower value than 2.5%/°C value used in our previous
paper [26] where the procedure for temperature correc-
tion of mobilities is described in more detail. We have
preferred this lower value from a generally acceptable
2-2.5%/°C range of this coefficient since using 2.5%/°C
value resulted in overestimated temperature corrections
of the mobilities at relatively high input power used in the
most acidic BGEs.

3.5 Correction of mobilities to constant ionic
strength

Due to the dependence of the electrophoretic mobilities
on the ionic strength of the BGE, it is recommended to
carry out all experiments for dissociation constant de-
termination in BGEs of constant ionic strength. Therefore,
an ionic strength of 25 mm was selected for most of our
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experiments. However, some of the BGEs used exceeded
this ionic strength value because their pH was very low.
Hence, mobilities obtained in these BGEs and already
corrected for temperature increase were recalculated to
the values corresponding to the ionic strength of 25 mm
by combining a formula reported in [27]:

o (0229m° +3.12 x 10 8)VJ

m=m"— 13
1+ 3.28a/] 13

where m°® (m2V~'s™") is the limiting mobility, / is the ionic
strength (mol-dm~3) and a is the diameter of the counter-
ion (nm). Equation (13) was experimentally verified to be
valid for uni-univalent aqueous solutions of electrolytes
over an ionic strength interval of up to 75 mm. Never-
theless, mobilities of the compounds analyzed at pH 1.1
were also handled using Eq. (13) despite the fact that
the ionic strength of these BGEs exceeded the limit of
75 mM. However, it is reasonable to assume, that validity
of Eq. (13) does not stop strictly at 75 mm ionic strength
and the error in the mobility correction caused by its
application at 110 mm ionic strength will not be dramati-
cally large. Note that the square root of the ionic strength
is used in Eq. (13), which means that the effective exceed-
ing of its validity range is even smaller than the apparent
one. In addition, due to the low pK, of phosphinate group
to be determined from the pH dependence of the effective
mobilities, it is advantageous to have the values of effec-
tive mobilities at pH as low as possible. Also for the ionic
mobility determination it is better to have at the lowest
value of pH 1.1 the approximate value of the effective
mobility than no value.

3.6 Determination of the ionic mobilities and
dissociation constants

The effective mobilities of the phosphinic pseudopeptides
were measured in 1.1-3.2 pH interval in phosphate BGEs
and in the 1.1-2.4 pH interval in the case of phosphinate,
dichloroacetate and oxalate BGEs. In order to keep suffi-
cient buffering capacity, pH 2.4 was the highest pH value
for these BGEs. The phosphinic pseudopeptides con-
tained the ionizable anionic group of phosphinate (pK,
~ 1.8) and basic residue of histidine (pK, ~ 6). Effective
mobilities of the pseudopeptides were then close to zero
at pH 3.2 and turned into positive values at lower pH due
to protonation of the phosphinate group. The effective
mobilities obtained at ambient temperature were first
recalculated to the standard temperature of 25°C and
then standardized to the ionic strength of 25 mm using
procedures described above. As can be seen in Fig. 3,
the effects of the elevated temperature and variable
jonic strength of the BGEs on the effective mobilities
are enormous at the lowest pH values.
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Figure 3. pH dependencies of (M) uncorrected effective
mobilities, (®) mobilities corrected to standard tempe-
rature of 25°C and (A) mobilities corrected to standard
temperature and constant ionic strength of the BGEs for
the diastereomer VH-A 4 in dichloroacetic acid BGEs.

Effective mobilities (mean values from two CZE measure-
ments differing less than 1-2%) of selected single pseudo-
peptide diastereomers previously corrected to the stan-
dard temperature of 25°C, and the constant ionic strength
of 25 mm of the BGEs were used for the determination of
their phosphinate group pK, and ionic mobilities. These
characteristics were determined by nonlinear regression
of the mobility data to Eq. (7) and the results for selected
pseudopeptide diastereomers, VH 1, VH-A 4 and VH-B,
are presented in Table 4. The pK, values and ionic mobi-
lities have been calculated for all four diastereomers of
three pseudopeptides analyzed, but only the characteris-
tics of single representative diastereomer of each pseu-
dopeptide obtained in four different BGEs are presented
in Table 4 since the differences of pK, values of individual
diastereomers of the given pseudopeptide determined
in phosphate BGEs have been already published in our
previous paper [13]. Note that regression of mobilities
obtained in all kinds of BGEs was performed in 1.1-
3.2 pH interval by using mobilities gained in the phos-
phate BGEs at pH 2.8 and 3.2. This approximation is sub-
stantiated by close values of the effective mobilities at pH
values above 2 in all four BGEs used (see Fig. 4) and by
their approaching zero value with increasing pH. The
phosphinate and dichloroacetate BGEs provided fairly
close effective mobilities in the whole pH range, whereas
the effective mobilities in the oxalate BGEs were slightly
lower in the more acidic part of the pH range (see Fig. 4).
On the other hand, mobilities in the phosphate BGEs
differ significantly from mobilities obtained in the other
BGEs in the most acidic pH region. This fact is reflected
both in the estimated ionic mobilities and in the deter-

Electrophoresis 2003, 24, 774-781

a) 12
VH 1 e Phosphinate
10 -
8 4
"0
% 6
k)
R
% 4
E
24
Y T T T T T T
08 12 16 20 24 28 32
pH
b) 10
8-
e
£
2 49
%
E
24
0 T T v T T v
08 12 16 20 24 28 32
pH
c)
10
8 4
)
£
L)
o
=
% 44
3
24
Y T T T T T T
08 12 16 20 24 28 32

pH
Figure 4. Dependencies of the effective mobilities of

selected diastereomers (a) VH 1, (b) VH-A 4 and (c) VH-B
1 on the pH of BGEs composed of different constituents.

mined pKj, values of the phosphinate group (see Table 4).
Phosphinate pK, values obtained from phosphate BGEs
in 1.1-3.2 pH range are in good agreement with the pK,
values obtained in phosphate BGEs in 1.4-3.2 pH interval
reported earlier [13], which suggests suitability of the cor-
rection procedures used. Nevertheless, pK, values from
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Table 4. Phosphinate group pK, values and ionic mobilities (m) of selected diastereomers of the
phosphinic pseudopeptides determined using different BGE constituents

Pseudopeptide diastereomer

BGE VH 1 VH-A 4 VH-B 1
constituent pKa m pK, m pPKa m
Phosphate 1.79+003 97+04 162+003 85*03 1.76x0.04 9.2+0.4
Phosphinate 150+0.06 149*+09 1.19*0.11 15720 1.35*x0.09 159*14
Dichloroacetate 1.53+0.07 14710 132*x0.06 13.6*09 1.44=*x0.05 146=*038
Oxalate 158+0.04 128*+0.6 1.33x0.05 12.7+0.8 1.56*0.04 11.9*05

the phosphate BGEs differ significantly from the pK,
values obtained with other BGEs. Such differences in
ionic mobilities and pK, values are likely due to differ-
ences in solvation or ion-pair formation between the
phosphinate pseudopeptides and the different BGE con-
stituents.

4 Concluding remarks

It was shown that CZE in highly acidic BGEs is a suitable
method for analysis and physicochemical characteriza-
tion of phosphinic pseudopeptides. Obstacles arising
from the fundamental features of the highly acidic BGEs,
i.e., high ionic strength and high electric conductivity, can
be overcome by application of low electric field strengths
and appropriate correction procedures. Additionally, the
results suggest that attention should be paid to the selec-
tion of the BGE constituents, since ion pairing of the ana-
lytes with the BGE components may have substantial
effects on the ionic mobility and dissociation constant
values calculated from the experiments.
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Agency of the Academy of Sciences of the Czech Re-
public, grant No. B4055 003 and the Research Project
AVOZ4 055905 of the Academy of Sciences of the
Czech Republic.
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Separation of diastereomers of phosphinic
pseudopeptides by capillary zone electrophoresis
and reverse phase high-performance liquid
chromatography

Capillary zone electrophoresis (CZE) and reverse phase high-performance liquid
chromatography (RP-HPLC) were used for separation of diastereomers of phosphinic
pseudopeptides in achiral separation media. A set of phosphinic pseudopeptides, i.e.
peptides with one peptide bond substituted by phosphinic acid moiety -PO;z-CH.-
derived from the structure N-Ac-Val-AlaB(-CH,)Leu-His-NH; synthesized as a mixture
of four diastereomers was used. Separations of diastereomers by CZE were carried
out in Tris-phosphate background electrolytes in the pH range 1.1-3.2 and at least
partial separation of the four diastereomers of each pseudopeptide was achieved. A
routinely used RP-HPLC method (Cg-silica column and water/acetonitrile/trifluoro-
acetic acid mobile phase) was also capable of resolving the diastereomers. In addi-
tion, since individual diastereomers of majority of the pseudopeptides were isolated
by RP-HPLC it was possible to check the purity of these RP-HPLC separated diaste-
reomers and to compare the migration order of the diastereomers in CZE with their
elution order in RP-HPLC. The results obtained by CZE and RP-HPLC demonstrate a
complementarity of both methods in analysis and separation of phosphinic pseudo-
peptides including their diastereomers.
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1 Introduction

Capillary zone electrophoresis (CZE) has developed
within the last decade into a powerful analytical tool for the
separation of biomolecules such as peptides [1-4],
including separation of their stereoisomers. Despite the
fact that the most important stereoisomer separations are
separations of enantiomers, utilisation of CZE for separa-
tions of diastereomers is also challenging, especially in
achiral separation media. Molecular shape differences of
diastereomers expressed as minor changes of hydrody-
namic radii and dissociation constants of ionisable groups
are the principal reason for variations of the electrophore-
tic mobilities of diastereomers. However, such mobility dif-
ferences might be insufficient to enable successful CZE
diastereomer separation in a free achiral solution. There-
fore, addition of chiral selectors or polymers to the back-
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ground electrolyte (BGE) is often used as a means of
achieving satisfactory diastereomer separation [5].

Nevertheless, separations of peptidic diastereomers by
CZE play an important role in indirect separations of enan-
tiomers. This approach of chiral analysis without the pre-
sence of a chiral selector in the BGE involves derivatiza-
tion of the enantiomers with an optically pure agent and
subsequent separation of the resulting diastereomers in
achiral separation systems [6]. One of the earliest applica-
tion of this approach was the conversion of four stereo-
isomers of dipeptide L,D-Ala-L,D-Ala into diastereomers
via derivatization with L-Marfey’s reagent and their
separation by MEKC employing sodium borate-SDS
achiral medium [7]. Another CZE diastereomer separation
of peptides occurs as a step preceding chiral analysis. At
first, separation of stereoisomers is optimised in terms of
BGE composition, pH, or ionic strength and separation of
the diastereomers is often achieved. Then a chiral selec-
tor is added to the BGE and chiral analysis is performed.
This strategy was applied for CZE separation of oligopep-
tide stereoisomers [8—11]in acid phosphate or citrate [12]
BGEs and for MEKC separation of derivatized dipeptides
stereoisomers in borate-SDS system [13].
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Figure 1. Structures of analyzed phosphinic pseudopeptides including stereochemical configurations.

As an example of diastereomer separation of peptides in
achiral conditions, a paper of Zhang et al. [14] dealing with
13 pairs of diastereomers of synthetic L-Ala and D-Ala ana-
logs of a tridecapeptidic pheromone by CZE in phosphate
BGEs can be cited. Gilges et al. [15] reported a separation
of diastereomers of a bradykinin B, antagonist by MEKC
with non-ionic surfactants and Hansen et al. [16] sepa-
rated dipeptide diastereomers by nonaqueous capillary
electrophoresis.

HPLC is a well-established technique for peptide analy-
sis [17, 18] and it is currently also used, mostly in reverse
phase mode (RP-HPLC), for routine separations of
stereoisomers in crude synthetic products[19,20]. A
separation of diastereomers of synthetic analogues of del-
torphin C and enkephalin by Péter et al. [21], a study on a
series of D-isomer substitutions of 36-peptide neuropep-
tide Y by Kirby et al. [22], an ion-pair RP-HPLC separation
of diastereomers of tripeptide thymotrinan and tetrapep-
tide thymocartin by Gazdag et al. [23], or a separation of
tryptophan peptide diastereomers by Griehl et al. [24] may
serve as relevant examples of successful RP-HPLC
separations of peptide diastereomers.

Phosphinic pseudopeptides represent a class of peptide
isosteres with one peptide bond substituted by enzymati-

cally nonhydrolysable phosphinic acid moieties -PO;-
CH,- or -PO;- [25]. These compounds are intensively
studied because of their promising biological activity —
mimicking of the substrate transition state for at least two
classes of proteolytic enzymes — Zn-metalloproteinases
and aspartic acid proteinases (25, 26).

The aim of this study is to demonstrate the applicability of
CZE and RP-HPLC for the separation of diastereomers in
achiral conditions for the set of phosphinic pseudopep-
tides derived from the structure N-Ac-Val-Ala y(PO:;-
CH,)Leu-His-NH, indicated by its N- and C-terminal amino
acid residues as VH. Derivatives with side chain modifica-
tions of VH are indicated as VH-A and VH-B, respectively,
and derivatives with deprotected N- and/or C-terminus are
indicated as N-VH, N-VH-A, VH-O, and N-VH-O, respec-
tively (see Figure 1).

2 Materials and methods

2.1 Reagents and chemicals

All chemicals were of analytical reagent grade. Phospho-
ric acid was obtained from Lachema (Brno, Czech Repub-
lic), Tris (tris(hydroxymethyl)aminomethane) was from
Serva (Heidelberg, FRG), acetonitrile was from Merck



J. Sep. Sci. 2003, 26,653-660 Separation of phosphinic pseudopeptide diastereomers by CZE and RP-HPLC 655

Table 1. pH, composition, and ionic strength of the BGEs, separation voltage, and input power used as starting conditions for
determination of pH dependence of resolution of pseudopeptide diastereomers by CZE.

pH Phosphoric acid Tris lonic strength Voltage Input power
(mM] (mM] [mM] (kV] W-m]
1.10 1050 0 110 2.10 0.58
1.25 500 0 71 2.70 0.55
1.42 250 0 46 3.50 0.55
1.55 150 0 34 3.30 0.35
1.65 100 0 27 3.30 0.26
1.80 74 7 25 3.90 0.26
2.00 55 14 25 4.75 0.26
2.20 45 18 25 5.55 0.26
2.40 37 20 25 6.48 0.26
2.80 30 24 25 7.80 0.26
3.20 27 25 25 8.50 0.26

(Darmstadt, FRG), and trifluoroacetic acid from Fluka
(Buchs, Switzerland). Phosphinic pseudopeptides were
synthesized as a mixture of four diastereomers on a Rink
Amide AM resin or 2-chlorotrityl resin (Calbiochem-Nova-
biochem, Laufelfingen, Switzerland) following the proce-
dure of Yiotakis [27]. The protected phosphinic pseudo-
peptides precursors Fmoc-Alay[PO(OAd)—CH,]
Leu—OH, Fmoc-Phey[PO(OAd)—CH.]Leu—OH, and
Fmoc-Phey[PO(OAd)-CH,]Ala—OH were a kind gift from
Dr. Vincent Dive of the Départment d'ingénierie et
d'Etudes des Protéines, CEA-Saclay, Gif sur Yvette,
France. Prior to CZE analyses, the pseudopeptides were
purified by RP-HPLC (see below) and characterized by
mass spectrometry and amino acid analysis.

2.2 CZE separation conditions

CZE experiments were carried out in a home made appa-
ratus equipped with a UV detector monitoring absorbance
at 206 nm. Data acquisition and handling were performed
using the CSW 32 Chromatography Station (DataApex,
Prague, Czech Republic). Untreated fused silica capil-
laries (ID 50 um, OD 200 um, total length 300 mm, effec-
tive length 190 mm) were supplied by the Institute of
Glass and Ceramics Materials, Czech Academy of
Sciences (Prague, Czech Republic). Separations were
performed at ambient temperature of 23—-26 C. Pseudo-
peptides were dissolved in deionised water in a concen-
tration range of 0.7—-2.5 mM and were introduced into the
capillary hydrodynamically (pressure 700 Pa for 5 s).

The new capillaries were flushed sequentially with water,
0.1 M NaOH, and water again, followed by background
electrolyte (BGE) for 5 min each. Then, the BGE was con-
ditioned by 20 min application of the same high voltage as
that used in the respective runs in order to equilibrate the
inner fused silica capillary surface and to stabilize the

electroosmosis during the subsequent CZE runs.
Between runs at the same pH, the capillary was rinsed
with the BGE for 1 min. Prior to any change of BGE, the
capillary was rinsed with 0.1 M NaOH for 5 min and then
stabilized using the above procedure.

BGE solutions were prepared by mixing the appropriate
amounts of Tris and phosphoric acid in deionised water in
the concentrations given in Table 1. BGEs were filtered
through a 0.45 um syringe filter (Millipore, Bedford, MA,
USA) before use.

2.3 RP-HPLC separation conditions

RP-HPLC experiments were performed on a Waters liquid
chromatograph with a Waters 625 LC gradient pump and
a Waters 486 UV/VIS detector operating at 218 nm
(Waters Corporation, Milford, MA, USA). Data were
acquired and handled with a CSW 1.7 Chromatography
Station (DataApex, Prague, Czech Republic). A semipre-
parative Vydac 218TP510 column of parameters 250 x
10 mm, 5um (Grace Vydac, Hesperia, CA, USA) was
used with flow rate 3 mL min~"' of mobile phase of compo-
sition described in Table 2. Pseudopeptide samples in the
form of crude synthetic product were dissolved in 8% (v/v)
acetonitrile/water mixture in approximate concentration
10 mg mL-" and injected in volume 10—200 pL.

3 Results and discussion

3.1 Selection of CZE experimental conditions

The whole set of studied pseudopeptides contains basic
residue of histidine and anionogenic phosphinic acid
group. Additional ionogenic N-terminal amino and C-term-
inal carboxylic groups appear if N-acetyl and/or amide
protecting groups are removed from the pseudopeptide
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Table 2. Composition of mobile phase and linear gradient programs used for separation of pseudopeptide diastereomers by

Composition of mobile phase
A - 0.1% (v) trifluoroacetic acid (TFA) in water
B - 80% (v/v) acetonitrile + 0.1% (v/V) TFA in water

Linear gradient program

40 min — 35% B
40 min - 18% B
40 min — 25% B
40 min — 18% B
40 min — 35% B

16 min — 20% B

55 min — 20% B

45 min — 100% B
61 min — 100% B
45 min — 100% B
45 min - 100% B
45 min — 100% B

RP-HPLC.

Compound

VH 0Omin - 10% B
N-VH 0Omin - 10%B
VH-O 0 min - 10% B
N-VH-O Omin -8%B
VH-A 0Omin - 10% B
VH-B O min - 10% B
N-VH-A 0Omin - 10% B

56 min — 100% B

40 min — 30% B 60 min — 100% B

termini. Since the phosphinate dissociation constant (pKy)
in these pseudopeptides is in the range 1.5-2.0 [28] and
the dissociation constant of terminal carboxylic group may
be estimated to be 3-4, all of the pseudopeptides carry
positive net charge in the strong acid region close to phos-
phinate pK, and can be then analyzed in the bare fused
silica capillaries in the cationic CZE mode. When pH
increases and the phosphinate group becomes negatively
charged, pseudopeptides N-VH and N-VH-A with two
cationogenic groups in the molecules originating from the
free amino group and histidine are still positively charged
whereas those with only one basic residue of histidine
(VH, VH-A, and VH-B) become uncharged. Mobilities of
pseudopeptides VH-O and N-VH-O are influenced by dis-
sociation of the free carboxylic group at the C-terminus
resulting in negative mobility of VH-O at pH above
2.4 [28]. Due to the very low electroosmotic flow in acid
BGEs this compound cannot be analyzed in the cationic
CZE mode at pH above 2.4. On the other hand, N-VH-O
still remains as a cation in this pH region owing to one
extra positive charge from the free N-terminal amino
group in comparison to VH-O.

3.2 Optimisation of diastereomer separation
by CZE

It was reported in our recent studies [28, 29] that separa-
tion of diastereomers of phosphinic pseudopeptides
occurs at pH values close to phosphinate pK, values. At
first, the dependence of resolution of diastereomers in the
pH interval 1.1-3.2 was investigated using phosphoric
acid or Tris-phosphate buffers as BGEs. Composition and
other characteristics of BGEs along with applied voltages
used as starting conditions for diastereomer separations
are given in Table 1. Resolution R;; between ith and jth
diastereomer was calculated from their migration times

(tmg.w tmg.;) @and peak widths at the baseline (w,, w)) deter-
mined from peak widths at 50% height:

2(tm|g.| - tmlg, i)

R, =
! W+ W

(1
In the case of pseudopeptides with blocked N-terminus,
i.e. VH, VH-O, VH-A, and VH-B, the optimal pH for separa-
tion of their diastereomers proved to be in the pH region
1.5-2.0, as can be seen from the pH dependence of reso-
lution of diastereomers of pseudopeptide VH-B in Fig-
ure 2.a, which shows the typical pH dependence of dia-
stereomer resolution of this subgroup of pseudopeptides.
Pseudopeptides with free N-terminus, N-VH and N-VH-A,
exhibited the best resolutions of diastereomers in BGEs of
more acid pH range 1.2—-1.4 as demonstrated by the pH
dependence of resolution of diastereomers of a represen-
tative pseudopeptide of this subgroup, N-VH, in Fig-
ure 2.b. On the other hand, the best resolution of dia-
stereomers of the pseudopeptide with free both N- and C-
termini, N-VH-O, was achieved at less acid pH range 2.8 -
3.2 (see Figure 2.c). Apparently, only in the case of pseu-
dopeptides with blocked N-terminus the optimal pH range
of their diastereomer resolution (pH 1.5-2.0) matched the
interval of pK, values of their phosphinate group
(pKa=1.5-1.8) [28]. In the other two subgroups of pseu-
dopeptides the pH optimum of their diastereomers resolu-
tion was shifted to the more acid region (for peptides with
free N-terminus) or to the higher pH value (for peptide with
both N- and C-termini free), i.e. differences in phosphinic
pK. values of these diastereomers were not the main
sources of their different mobilities and did not play a
major role in their separation.

The measurements of pH dependence of the diastereo-
mer separation were carried out in BGEs of constant ionic
strength 25 mM with the exception of BGEs composed of
phosphoric acid only, i.e. in BGEs with pH lower than 1.7.
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Such low pH values of BGEs cannot be achieved without
increasing ionic strength above 25 mM. Aiso the input
power for these highly acidic BGEs was higher than the
constant and low input power (0.26 W m~") applied to
BGEs with pH values above 1.7 (see Table 1). From this
point of view, the measured pH dependence of resolution
of pseudopeptide diastereomers is partially influenced
also by increasing ionic strength of BGEs and rising tem-
perature inside the capillary, but in view of the fact that the
influence of these quantities on the mobility is much lower
than the influence of pH, the obtained dependences of
resolution can be interpreted mainly as pH dependences.
However, for the determination of pK, values of the phos-
phinic acid moiety in pseudopeptides, the effects of
increased ionic strength and temperature have been con-
sidered and the measured effective mobilities have been
corrected to constant ionic strength and standard tem-
perature [28].

The starting separation conditions presented in Table 1
were further optimized by means of increased separation
voltage and ionic strength of BGEs and at least partial
separation was achieved for all four diastereomers of
each pseudopeptide. By using a BGE of pH 2.0, an ionic
strength of 50 mM, and a separation voltage of 9-10 kV,
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Figure 2. Dependence of resolution of diastereomers of
selected pseudopeptides VH-B (a), N-VH (b), and N-VH-O
(c) on pH. R, is indicated by squares and solid line; R.3 by
circles and dashed line; R;4 by triangles and dotted line.
Capillary 50 um 1D/200 um OD, total/effective length 300/
190 mm, UV detection at 206 nm, injection 700 Pa for 5 s,
sample concentration 0.7—2.5 mM, composition of BGEs
and voltage — see Table 1.

a substantial enhancement of diastereomers separation
was achieved for pseudopeptides VH (Figure 3.a) and
VH-A (Figure 3.c) and only a small improvement was
observed for pseudopeptides VH-B (Figure 3.d) and VH-
O (record not shown). Optimal separation for diastereo-
mers of pseudopeptide N-VH was achieved at pH 1.25
(Figure 3.b) and for diastereomers of pseudopeptide N-
VH-A at pH 1.42 (Figure 3.e); the separation voltage was
5 kV for both compounds. Due to excessive conductivity
of the BGEs with pH below 1.7, no experiment with
increased ionic strength was carried out and only the
BGEs given in Table 1 were used for these pseudopep-
tides. In addition, no further optimization of separation
conditions was necessary also for pseudopeptide N-VH-
0. As can be seen from Figure 2.c, sufficient resolution of
the diastereomers of this pseudopeptide was achieved
using the starting conditions of BGE with pH 2.8 pre-
sentedin Table 1.

3.3 Separation of pseudopeptide diastereomers
by RP-HPLC

RP-HPLC separations of the pseudopeptides were per-
formed on a routinely used semipreparative chromatogra-
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separations of phosphinic pseudopeptide
diastereomers at the best resolution
achieved. Peaks of the diastereomers are
numbered according to migration order in
CZE, the other peaks represent admixtures
originating from synthesis. CZE separation
conditions: a) VH, pH 2.0, voltage 10 kV; b)
N-VH, pH 1.25, voltage 5kV; c) VH-A,
pH 2.0, voltage 9 kV; d) VH-B, pH 2.0, volt-
age 10kV; e) N-VH-A, pH 1.42, voltage
5 kV. Capillary 50 um 1D0/200 um OD, total/
effective length 300/190 mm, UV detection
at 206 nm, injection 700 Pa for 5 s, sample
concentration 0.7-2.5 mM, BGE of pH 2.0
and of ionic strength 50 MM was com-
posed of 110 mM phosphoric acid and
40 mM Tris, for composition of the other
BGEs see Table 1. RP-HPLC separation
conditions: Cys Vydac 218TP510 column
(250x 10mm, 5um), UV detection at
218 nm, flow rate 3mLmin ', mobile
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phy system (see above). In spite of lower efficiency of the
system, separations of all four diastereomers of the pseu-
dopeptides were achieved except for VH-B (see Figure 3).
Samples of pseudopeptides were injected as a crude
reaction mixture without any previous purification and so
many accompanying substances can be seen in the chro-
matograms. However, good pseudopeptide to admixtures
ratio proves high yields and convenience of the synthetic
procedure. From the analysis of the chromatograms some
relationships can be observed between the structure of

Retention time [min]

phase composition — see Table 2, injection
volume 10-200 uL, sample concentration
approx. 10mgmL .

the pseudopeptides and their retention in RP-HPLC. The
presence of phenyl groups in the side chains of pseudo-
peptides VH-A and N-VH-A (see Figure 1) resulting in
their higher hydrophobicity is reflected by their longer
retention times in comparison with their analogues VH
and N-VH without the phenyl group in the molecule (see
Figure 3). Since the HPLC separations were carried out in
acid mobile phases (see Table 2), chromatograms of the
pseudopeptides N-VH and VH demonstrate a negative
influence of additional positive charge from the free N-ter-
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a)

Resolution as tgh as 217

o))
Resolution

Figure 4. a, b. Comparison of resolution of pseudopeptide
diastereomer separations achieved by CZE (hatched col-
umns) and by RP-HPLC (blank columns).

minus of N-VH on its retention in RP-HPLC (see Fig-
ure 3.a and Figure 3.b).

3.4 Comparison of CZE and RP-HPLC separations
of diastereomers

In comparison with CZE separations, RP-HPLC generally
provided higher resolution of diastereomers of pseudo-
peptides and a higher number of baseline separated dia-
stereomers (see Figure 3 and Figure 4). Unlike CZE, RP-
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HPLC was not successful in the separation of all VH-B
diastereomers (see Figure 3.d). CZE was capable of
resolving additional admixtures in samples previously pur-
ified by HPLC, which demonstrates the complementarity
of the two methods. It is also worth mentioning that the
CZE analyses were faster than the HPLC ones (see Fig-
ure 3).

Because individual isomers of most of the pseudopep-
tides were preparatively separated by HPLC, it was possi-
ble to compare the migration order of the diastereomers in
CZE with their elution order in HPLC. Individual diastereo-
mers were not isolated for the pseudopeptides VH-O and
N-VH-O; however, in the case of VH-O it was possible to
assign corresponding peaks of the diastereomers on the
basis of their relative area and of resemblance of their
migration order to the pseudopeptide VH (data not pre-
sented). Generally, the migration order of the diastereo-
mers in CZE has been found to differ from the elution
order of HPLC, which again confirms the complementarity
of the methods.

The lack of a uniform migration/elution pattern of diaster-
eomers suggests that minor differences in phosphinate
pK, values and hydrodynamic radii resulting in various
electrophoretic mobilities of the diastereomers in CZE do
not correlate with changes of diastereomer hydrophobicity
responsible for their separation in RP-HPLC.

4 Concluding remarks

This work demonstrates suitability of CZE and RP-HPLC
methods for analytical (CZE) and preparative (RP-HPLC)
separations of diastereomers of phosphinic pseudopep-
tides in achiral separation systems. Since the two tech-
niques are based on the different separation principles,
the results confirm their complementarity both in qualita-
tive analysis and in providing physicochemical character-
istics of the studied compounds.
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1 Introduction

1.1 General aspects

Investigation of the effect of ionic strength

of Tris-acetate background electrolyte on
electrophoretic mobilities of mono-, di-, and
trivalent organic anions by capillary electrophoresis

The effect of ionic strength of the background electrolyte (BGE) composed of tris(hy-
droxymethyl)aminomethane (Tris) and acetic acid on the electrophoretic mobility of
mono-, di- and trivalent anions of aliphatic and aromatic carboxylic and sulfonic acids
was investigated by capillary zone electrophoresis (CZE). Actual ionic mobilities of the
above anions were determined from their CZE separations in Tris-acetate BGEs of
pH 8.1 to 8.2 in the 3 to 100 mm ionic strength interval at constant temperature (25 C). It
was found that the ionic strength dependence of experimentally determined actual
ionic mobilities does not follow the course supposed by the classical Onsager theory. A
steeper decrease of actual ionic mobilities with the increasing ionic strength of BGE
and a higher estimated limiting mobility of the anions than that found in the literature
could be attributed to the specific behavior of the Tris-acetate BGEs. Presumably, not
only a single type of interaction of anionic analytes with BGE constituents but rather the
combination of effects, such as ion association or complexation equilibria, seems to be
responsible for the observed deviation of the concentration dependence of the actual
ionic mobilities from the Onsager theory. Additionally, several methods for the deter-
mination of limiting ionic mobilities from CZE measured actual ionic mobilities were
evaluated. It turned out that the determined limiting ionic mobilities significantly
depend on the calculation procedure used.

Keywords: Actual ionic mobility / Capillary zone electrophoresis / lonic strength / Limiting elec-
trophoretic mobility / Onsager theory DOI 10.1002/elps.200500260

simulation software [10]. On the other hand, our knowl-
edge of the effect of concentration of BGE on the analyte
mobility remains insufficient. Only a few studies were
devoted to systematic investigation of this effect in

Since its introduction about two decades ago, capillary
zone electrophoresis (CZE) has developed into a recog-
nized separation technique [1]. The impact of a number of
variables on selectivity and separation efficiency has
been thoroughly studied. For instance, the effect of pH on
the electrophoretic mobility of weak electrolytes or the
effect of conductivity of the background electrolyte (BGE)
on Joule heating became early well-understood funda-
mental aspects of CZE [2-5]. In addition to instrumenta-
tion development, a remarkable progress in the theory of
electromigration processes was recently achieved [6-9].
Even complex phenomena of electromigration dispersion
and system peaks can be easily analyzed with the aid of
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aqueous [11-13] and nonaqueous [14-16] media. Never-
theless, understanding of concentration dependence of
the analyte mobility is particularly important for the accu-
rate prediction of electrophoretic mobility in solutions of
defined ionic strength and for the proper simulation of
electromigration processes.

The aim of this work was to study the effect of the ionic
strength of BGE on the actual ionic mobilities of organic
anions experimentally determined by CZE by employing
models arisen from classical electrolyte theory. Electro-
phoretic mobilities were measured for a set of 22 anions
of charge numbers ranging from -1 to —3 in the 3 to
100 mm ionic strength interval. Tris-acetate BGEs of
mildly alkaline pH 8.1 to 8.2 were used in order to assure
full dissociation of analyzed acidic compounds and, con-
sequently, to enable direct determination of the actual
ionic mobility from CZE experiment.

R N PN
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1.2 Theoretical background

1.2.1 Onsager limiting law

Long before CZE was introduced, the theory of electrolyte
solutions was extensively studied. The Onsager limiting
law (or Debye-Huckel-Onsager equation) as a primary
approach dealing with variation of electrolyte conductivity
with concentration was derived analogously to the
Debye-Hiickel theory devoted to calculation of activity
coefficient of ionic species (see, e.g., [17]). After conver-
sion of original molar conductivity into ionic electropho-
retic mobility, the Onsager limiting law can be written for a
single anion as follows:

q
1+ v”q_

Mact - = Mym . = (mum— Biz |z | +z- | 32> Q)
where m,, - is the actual ionic mobility, i.e., mobility at the
actual ionic strength of BGE, and m,,, . is the limiting
mobility of anion, i.e., mobility at infinite dilution (zero ionic
strength); z and z. are the charge numbers of anion and
its counterion, respectively; / is the ionic strength.

The constants B, and B, are defined as:

B, .V @
12nNA (eRT)?

/HE2
B, . Vo

L veF @)
6nNan (eRT)?

where F is the Faraday constant; N, is the Avogadro
constant; « is the permittivity and 5 is the dynamic vis-
cosity of the BGE solution; R is the gas constant and T is
the thermodynamic temperature.

The parameter g in Eqg. (1) can be obtained from the
charge numbers, z ., z , and the limiting mobilities m;, ,,
My, of the ions:

q= Z. ;Z,,l Miim. .+ Miim (4)

Tz 4z 12 Mim + Z i -

The ionic strength is given by the summation:
=152 )
= QZ iz

where ¢, and z; are concentration and the charge number
of each ion i in the solution.

In the Onsager theory, ionic strength is used as general-
ized parameter of BGE and electrophoretic and relaxation
effects are exclusively considered to cause variation of
the ionic mobility with ionic strength. Other effects, such
as complexation or ion association, are not taken into
account.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.2.2 Extended Onsager model

The limiting Onsager law was developed by using
approximations that substantially limit its validity under
the conditions typical for CZE. Linear dependence of the
actual ionic mobility with the square root of ionic strength
(I is stated to be valid up to 1 mm. In CZE, BGEs of ionic
strength from the 10 to 100 mm interval are most fre-
quently used. Further, ions are considered as point char-
ges of zero volume which is not appropriate for ions
migrating in CZE.

Introduction of a parameter allowing for a definite ionic
radius was performed again in analogy to the extended
Debye-Hiickel theory to give the Onsager equation:

q ‘ Vi
—+1Z.i1B - (6
1-.9 2>1~.Ba\l (®)

where a is the ionic size parameter, i.e., the shortest dis-
tance of the ion and the counterion centers, and constant
Bis:

Mact - = Miim - — (mum _Byz. iz}

B - V2F 7)
(sRT)?

Other symbols are the same as for Eq. (1) to Eq. (4). The
constants B,, B, and B, defined by Egs. (2), (3) and (7),
respectively, have the following values for aqueous solu-
tions at 25 C: B, = 0.7853 dm*?mol "2 B, = 31.42 x
10 °m?V 's 'dm*?mol "%, B = 3.291x10°m 'dm®?
mol "2,

Equation (6) is formally identical with models proposed by
Robinson and Stokes [17] and Lucy et al. [13], which was
based on Pitts theory [18]. The validity region of Onsager
equation was broadened up to about 75 mm ionic
strength [12], but the ionic size parameter, a, is seldom
available for actual ion. Approximate values of product Ba
equal to 1.5; 1.65 or 2.4 were used [12, 13]. Moreover, the
ionic size parameter, a, should characterize a spherical
ion with high charge density, which is not consistent with
the generally asymmetrical organic ions of low charge
density usually separated by CZE.

The Onsager model was proposed to describe electric
conductivity dependence of a strong electrolyte on its
concentration in a binary composition of a cation and an
anion. In CZE, the analyte migrates in a BGE which con-
tains typically several ionic constituents. However,
according to the Onsager theory, only the analyte coun-
terion is taken into account. A more sophisticated
approach dealing with a multiple ion mixture was worked
out by Onsager and Fuoss [19] and recently introduced in
CZE by Jaros et al. [6). The Onsager-Fuoss model pro-
vides a more precise prediction of actual ionic mobilities
than the Onsager model mainly if the BGE contains rele-
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vant concentrations of ions with limiting mobilities signifi-
cantly differing from those of the analyzed ions, e.g., highly
mobile hydroxonium cations or hydroxide anions in the
highly acidic or strongly alkaline BGEs, respectively. This
was not the case of the used Tris-acetate BGEs, the pH
value of which (8.1 to 8.2) was selected within the safe pH
range (4 to 10), where the concentration of hydroxonium
cations or hydroxide anions is negligible in comparison
with the concentration of the BGE constituents. Conse-
quently, the Onsager model has been used for most of the
calculations of actual and limiting mobilities of the ana-
lyzed organic anions, whereas the Onsager-Fuoss model
has only been applied for some comparative calculations.

1.2.3 Empirical relations

For above limitations, Friedl et al. [11] abandoned the
Onsager theory and favored the empirical expression:

Mact == Myme 0.8520 19042 (8)
which was in further simplified to the square root rela-
tionship:

Mact = m|.me"'0 77 9)

These expressions were based on experimental mobility
data for sulfonates of charge numbers ranging from -2 to
-6 measured in sodium-acetate BGEs of pH 4.75 in the 1
to 100 mm ionic strength interval. However, a systematic
error was observed for monovalent sulfonates. Despite
the success of the empirical Egs. (8) and (9), it is unlikely to
expect their reliability for other analytes or buffer systems.

2 Materials and methods

2.1 Reagents and chemicals

Chemicals used for capillary modification and BGE prep-
aration were of analytical reagent grade. Acetic acid, for-
mic acid, hydrochloric acid, isobutyric acid and sodium
hydroxide were obtained from Lachema (Brno, Czech
Repubilic), isophorone (3,5,5-trimethyl-2-cyclohexen-1-
one) was from Fluka (Buchs, Switzerland); acrylamide,
ammonium persulfate, 3-methacryloxypropyltrimethoxy-
silane, TEMED and Tris were from Serva (Heidelberg,
Germany). Analyzed carboxylic and sulfonic acids were
supplied by several companies either as free acids or their
sodium salts. Purity degree of these chemicals were in the
95 to 99% range except for naphthalene-1,3,6-trisulfonic
acid trisodium salt (Fluka) containing 20% of the 1,3,7-
isomer. Both isomers were however resolved in the
majority of used BGEs.

€ 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Instrumentation

CZE experiments were carried out on a P/ACE MDQ
(Beckman Coulter, Fullerton, CA, USA) analyzer equipped
with a diode array UV-VIS-absorption detector. Absorb-
ance of analyzed compounds and the electroosmotic flow
(EOF) marker isophorone were monitored at 206 and
240 nm, respectively. Data acquisition and handling were
performed using the P/ACE MDQ system, version 2.3.
Origin 6.1 (OriginLab) was used for data plotting and
regression analysis. Fused-silica capillaries with outer
polyimide coating (ID 50 um, OD 375 um, supplied by
Polymicro Technologies, Phoenix, AZ, USA) were inter-
nally coated with polyacrylamide. The total and effective
length of the separation capillary was 400 and 298 mm,
respectively. Samples were injected hydrodynamically
(1 kPa pressure for 5 s). Liquid capillary cooling in con-
junction with a moderate separation voltage (input power)
was used for temperature control. Then 10 mm stock
solutions of the analyzed compounds were prepared by
dissolving the acids or corresponding salts in water or 1.2
equivalent of aqueous NaOH whenever the solubility of
free acid in water was not sufficient. The analyzed com-
pounds were pooled into three subgroups according to
their actual ionic mobilities to ensure baseline resolution
of the components in each BGE. Finally, 1:1 dilution of the
subgroup solution with actual BGE was performed to ob-
tain a 0.25 mm concentration of each acid in the injected
sample. A 2 mm solution of neutral marker isophorone in
1:4 water—-BGE mixture was used for determination of the
remaining EOF in the separation capillary. Prior to any
change of BGE, the capillary was conditioned by appli-
cation of the separation voltage for 30 min. Between runs,
the capillary was rinsed with the BGE for 1 min (pressure
of 200 kPa).

2.3 Capillary modification

Polyacrylamide-modified capillaries were prepared using
the combination of previously used methods [20-22] as
follows. First, the surface of a new fused-silica capillary
was activated by rinsing with filtered solution of sodium
hydroxide (5 g) in a mixture of methanol (40 mL) and
deionized water (10 mL) at room temperature for 1 h.
Subsequently, the capillary was rinsed with deionized
water, 0.1 M hydrochloric acid and heated at 75 C for 2 h,
then rinsed with deionized water and dried in a gentle
nitrogen stream at 160 C for 6 h. Silanization of the
capillary wall was performed by filling the capillary
with  3-methacryloxypropyltrimethoxysilane containing
0.5% v/v concentrated acetic acid and allowing the mix-
ture to react at room temperature overnight. In the mean-
time, aqueous solutions of 1% m/v acrylamide, 10% v/v
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ammonium persulfate and 10% v/v. TEMED were pre-
pared and oxygen was removed by bubbling with nitro-
gen for 15 min. Then, 1 mL acrylamide, 2.5 pL ammonium
persulfate and 2.5 uL. TEMED solutions were mixed and
immediately introduced into the capillary previously
rinsed with acetone and deionized water. Polymerization
was then allowed to proceed at room temperature for 6 h
followed by final flushing with deionized water.

3 Results and discussion

3.1 Selection of experimental conditions

The aim of this study was to evaluate the validity and
precision of models describing the dependence of actual
ionic mobility of analytes on BGE concentration using
mobility data obtained from CZE experiments. Accurate
determination of mobilities by CZE is not trivial and sev-
eral important aspects have to be considered.

3.1.1 Analyzed ions

A set of test compounds for investigation of concentration
dependence of the actual ionic mobilities should possess
diversity in structural moieties and number of ionogenic
groups in order to recognize compounds which would
exhibit some specific migration behavior, e.g., specific
complexation with a BGE constituent or interaction with
the capillary wall. Additionally, a tested compound should
provide fair detector response and should be fully dis-
sociated at the pH of the BGE, i.e., the pH of the BGE
should be more than 2 pH units off a dissociation constant
of the analyzed compounds in order to get rid of acid-
base equilibria in further calculations. Thus, a set of
22 carboxylic and sulfonic acids were selected as well
available ionogenic compounds fulfilling the above cri-
teria. The structures of analyzed compounds are given in
Fig. 1.

3.1.2 BGE selection

The experiments should be preferably performed in the
“safe” pH region of 4 to 10 in which the disturbing effects
of highly mobile hydroxonium and hydroxide ions do not
play an important role. BGEs can be then prepared in the
1 to 100 mm ionic strength range convenient for investi-
gation of concentration dependence of actual ionic mo-
bilities. Uni-univalent components of BGE are preferred
due to consistence with the Onsager theory. Since the
pKa values of the test compounds available in the litera-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structures of the test compounds.

ture show a maximal value of 6.2 (see Table 1), the pH
value of the BGE should then be > 8 in order to get almost
fully dissociated ions.
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Table 1. Dissociation constants of the analyzed organic
acids available in the literature [10, 31]

Analyte pKa (1) pKa (2) pKa (3)

Salicylic acid 2.98 (-COOH)  12.38 (-OH)

Sulfanilic acid® 3.27 (-NH2)

Nicotinic acid 2.07 (-COOH) 4.81 (pyridinyl)
Benzoic acid 4.20

Picric acid 0.7

4-Aminobenzoic acid 2.41 (-COOH) 4.85 (-NH2)
2-Phenylacetic acid 4.31

Sorbic acid 4.77

Sulfosalicylic acid® 2.49(-COOH) 12.0 (-OH)
Acetylenedicarboxylic acid 1.75 4.40
Citraconic acid 2.29 6.15

Phthalic acid 2.95 5.41

Trimesic acid 212 4.10 5.18

a) Strongly acidic sulfonic acid moiety was considered as
fully dissociated.

Electromigration dispersion is a phenomenon, which can
deteriorate resolution and efficiency of a CZE separation by
distortion of migrating zones and, consequently, can ham-
per the determination of mobilities. In a simple BGE com-
posed of one buffering ion and its counterion in the “safe” pH
region, electromigration dispersion can be reduced to an
acceptable level by matching the analyte mobility to its co-
ion mobility. However, mobilities of the tested compounds
cover a broad mobility range of approximately 25-70 x
10 *m?V 's ', which seriously limits the possibility of get-
ting peaks unaffected by electromigration dispersion. Based
on a simulation performed with the PeakMaster program
[10], it was decided to use a BGE consisting of a rather
mobile anionic co-ion and a buffering base as a cationic
counterion. The effect of formate, acetate and isobutyrate
BGE co-ions on the analyte peak shape is demonstrated in
Fig. 2 suggesting acetate as the convenient BGE constitu-
ent. Tris was selected as a buffering counterion due to its
good UV transparency and pKa value of 8.1. BGEs were
prepared by mixing acetic acid and Tris at a molar con-
centration ratio of 1:2. The BGEs then contained half-proto-
nated Tris and the concentration of fully dissociated acetic
acid readily fixed the ionic strength in the 3 to 100 mm inter-
val. The alkaline pH of the solutions ranged from 8.1 to 8.2 for
3 to 100 mwm ionic strength, respectively, and was not further
adjusted. This pH difference was neglected as it does not
significantly influence dissociation of the analytes or ionic
strength of the BGEs.

3.1.3 Experimental setup

CZE analysis of anions in a BGE of > 8 can be performed
by using several experimental modes. Firstly, standard
counter-electroosmotic separation in bare fused-silica
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Figure 2. Effect of BGE co-ion (a) formate, (b) acetate
and (c) isobutyrate on the peak shape of anions: 5-sulfoi-
sophthalate, 1; sulfosalicylate, 2; phthalate, 3; naphtha-
lene-2,3-dicarboxylate, 4; salicylate, 5; nicotinate, 6;
picrate, 7; sorbate, 8; N-acetyltryptophanate, 9. Experi-
mental conditions: BGE, 50 mm Tris + 25 mm corre-
sponding carboxylic acid, pH 8.1; capillary, ID/OD 50/
375 um, total/effective length 400/298 mm, polyacryl-
amide-coated; detection, direct UV absorption at 206 nm;
temperature, 23 C; separation voltage, —22 kV; electric
current, 25 to 21 A, anions concentration, 0.5 mm; injec-
tion, hydrodynamic, 1 kPa for 5 s.
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capillaries is limited because the EOF is not fast enough
to enable analysis of fast trivalent anions in reasonable
time. Pressure assistance as an approach capable of
speeding up the analysis suffers from decreased separa-
tion efficiency that turned out to be impractical in this
case. Secondly, co-electroosmotic analysis of anions can
be carried out in capillaries covalently or dynamically
modified by introduction of positive charge on the capil-
lary wall [23]. A covalent coating is preferred since it pro-
vides a more stable EOF in the alkaline pH, but some
experience is necessary in order to produce capillaries
with the desired EOF. Thirdly, CZE separation in capil-
laries with suppressed EOF represents another approach
for analysis of anionic compounds [24]. Since neutral
polymers attached to the capillary wall by covalent
bonding are again much more resistant compared to a
dynamic coating, polyacrylamide-modified capillaries
were employed in this study. Tris-acetate BGEs of mildly
alkaline pH 8.1 to 8.2 were selected with respect to lim-
ited stability of the polyacrylamide coating under alkaline
conditions.

3.1.4 Temperature control

A serious problem in correct determination of electro-
phoretic mobility by CZE is its variation with temperature
by about 2% per C in agueous media. A reliable method
for determination of the temperature increase inside the
capillary due to Joule heating is necessary in order to set
the experimental conditions correctly. Herein, an
approach based on temperature variation of the specific
electric conductivity of an aqueous potassium chloride
was used as described in [25]. Driving voltage was set
carefully considering the conductivity of the BGE so as to
achieve a temperature increase inside the capillary of up
to 2 C. Such a temperature increase was further com-
pensated by capillary cooling to ensure the mean tem-
perature of the media in the capillary to the standard value
of 25 C.

3.2 Actual ionic mobilities

The actual ionic mobility of the anion, m,., ., was calcu-
lated from its apparent mobility, m,g, ., and the electro-
osmotic mobility, m,.;, according to Eq. (10):

Mact — = Mapp.— = Meot (10)

The apparent mobility was determined from the meas-
urement of migration time, t., of the analytes using
Eq. (11):

Lilg

11
Uavtmlg ( )

Mapp =
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where L, and L4 are the total and effective capillary length,
respectively; U,,, is the average applied separation volt-
age which is introduced in order to correct for effect of the
initial voltage ramp in initial phase of CZE run. The initial
voltage ramp was shown to have a strong impact on the
accuracy of electrophoretic mobility determination if the
migration time is commensurable with the ramp time [26]
which was, in fact, the case in this study.

The average separation voltage, U,, is defined by
Eq. (12):

Urtr + Um(tmg — t
= RIR + Um(tmg — IR) (12)
llmlg

where Uy is the average ramp voltage over the ramp time,
tr, which is a time region covering the initial voltage ramp
event until the constant separation voltage, Uy, is
reached. Value of the ramp time, tg, was chosen as 1 min
for 0.2 min voltage ramp selected in the CZE software
method. The average ramp voltage, Ug, was determined
as a median of four measurements with a mean relative
standard deviation of 0.3%.

The migration time of the analytes was determined from
the peak maximum. Nevertheless, we are aware that
treating time of peak maximum as migration time is not
quite correct for triangular shaped peaks formed due to
electromigration dispersion. A fitting of the peaks with the
Haarhoff-van der Linde (HVL) function [27] was proposed
to correct determination of the migration time of distorted
zones [28] but routine application of the HVL function is a
laborious process without special peak analyzing soft-
ware. Here, the fairly mobile acetate anion was chosen as
the analyte co-ion in order to limit electromigration dis-
persion and the impact of determination of migration time
from peak maxima and HVL function was additionally
investigated. Actual mobilities of the ion most affected by
electromigration dispersion in 3 mm acetate — 6 mm Tris
BGE calculated by using both methods for determination
of migration time were compared. It was discovered that
the obtained mobility difference does not play an impor-
tant role in the effects described herein.

The remaining cathodic electroosmotic mobility, m,, in
polyacrylamide-modified capillaries was determined by
using pressure-accelerated approach [29] according to
our previous paper [25]. The mean electroosmotic mobil-
ity ranged from 0.3 x 10 °m2V 's 'in 100 mm acetate -
200 mm Tris BGE (pH8.2) to 0.7 x 10 °m?V 's ' in
3 mm acetate - 6 mm Tris BGE (pH 8.1); the stability of the
remaining EOF expressed in the EOF mobility units was in
therange of 0.1t0 0.2 x 10 °m2V 's 'overten runs.
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Table 2. Regression analysis of ionic strength dependence of the actual ionic mobilities in Tris-acetate BGE

3227

Anion Charge  my, (lit.)? Eq. (13), Ba=1.65 Eq. (13),Ba=24
mhm. al R2 mhm_ a\ R2

Benzenesulfonate -1 38.7 39.7 = 0.2 639 +1.6 0.994 404 + 0.2 771 =16 0.996
Salicylate -1 354 393 +0.2 68.5 + 1.5 0.995 40.1 + 0.2 826+ 16 0.997
Sulfanilate -1 33.7 376 +0.2 644 + 1.6 0994 383 0.2 77.7 1.6 0.996
Nicotinate -1 34.6 374 + 0.2 66.9 + 1.3 0.996 38.1 +0.2 80.6 ~ 1.3 0.998
Benzoate -1 336 371 +02 66.2 + 1.4 0.996 378 0.2 79.7 1.4 0.997
4-Aminosalicylate -1 36.7 = 0.2 68.3 x 1.3 0.997 374 +0.2 823 14 0997
Picrate -1 315 352+02 63.1 + 1.4 0995 359 +0.2 76.0 + 1.4 0.997
4-Aminobenzoate -1 349 + 0.2 66.8 + 1.2 0997 356 + 0.2 80.4 ~ 1.4 0.997
2-Phenylacetate -1 317 343 +0.2 623 + 1.4 0.996 350+ 0.2 751+ 1.4 0997
Sorbate -1 334 339 0.2 622 + 1.3 0.996 346 = 0.2 749 + 1.3 0.997
N-Acetyltryptophanate -1 26.3 0.1 553+ 1.0 0997 27.0 + 0.1 66.6 = 1.0 0.998
Sulfosalicylate -2 745+04 146.0 =3.0 0996 76.1 03 176.0 = 2.7 0.998
Acetylenedicarboxylate -2 645+ 04 1279 +28 0996 659 =03 1542 *25 0.998
Citraconate -2 56.0 62.3 + 03 1434 +23 0.998 639 + 02 1729 +18 0.999
Phthalate -2 529 59.6 0.3 1416 +23 0998 612 +02 170.7 = 1.7 0.999
4 5-Dichlorophthalate -2 552 *03 129.0+22 0.997 56.6 02 1555 =17 0.999
Naphthalene-2,3-dicarboxylate -2 541 +03 1356 24 0997 556 +0.2 1634 +1.7 0.999
Benzyloxycarbonyl-p-glutamate -2 459 +04 1037 +26 0995 471 03 1251 22 0997
trans-Aconitate -3 78410 201.7 +7.0 0.989 80.7 » 0.8 2435 =6.2 0994
5-Sulfoisophthalate -3 76.3 09 1795+ 6.2 0.989 783 07 216.7 =55 099
Naphthalene-1,3,6-trisulfonate -3 742 08 165.0 =55 0.990 76106 199.1 =49 0.995
Timesate -3 727 =08 1770 =53 0.992 747 06 2136 + 4.5 0.996

a) Data from [32]

3.3 Limiting mobilities

Limiting mobility or conductivity of the ions of the strong
electrolytes was traditionally determined from experi-
mental data obtained for fairly diluted electrolyte solu-
tions. Experimental data were plotted versus 12 or 1'%/
(1+Bal'? for a chosen ionic size parameter, a, and linear
dependence was sought. Limiting conductivity or mobility
was finally obtained by extrapolation of the linear de-
pendence to zero ionic strength.

Nowadays, graphical evaluation of experimental data can
be comfortably replaced by regression analysis using the
appropriate software. Either linear fitting of experimental
data versus 1"/(1 + Bal'"?) or a nonlinear fitting according
to Eq. (13) [13] with fixed Ba value can be employed. If the
product Ba is treated as adjustable parameter, optimized
value of the ionic size parameter, a, can be determined in
addition to limiting mobility, m,,, .
a1

1+ Bayl
Herein, limiting mobilities of the organic anions were esti-
mated using either fixed values of Ba in Eq. (13) equal to
1.65 and 2.4 or Ba was adjustable. Regression results are
presented in Table 2. A very good fit is achieved for all
modifications of regression model (Eq. 13) as demon-
strated by high values of R?. Mean values of the optimized

Mact. . = Mym .. — (13)
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Ba product are 2.6 for monovalent, 2.9 for divalent and 4.7
for trivalent anions. The Ba values are significantly higher
than 1.65, which corresponds to the commonly used
approximate ionic size parameter, a, of 0.5 nm. Good
agreement of Ba value for monovalent ions with empiri-
cally determined Ba equal to 2.4 by Lucy et al. [13] is
achieved.

However, significant differences can be observed be-
tween limiting mobilities depending on the determination
procedure used (see Table 2).

Since parameter a, in Eq. (13) is directly related to limiting
mobility, m,., , Eq. (13) can be modified to Eq. (14):

n

VI

_— 14
1+Bay// ( )

Mact - = Mim - — (mllm.—b1 + bz)

where the parameters b, and b, are related to the Onsa-
ger model (Eg. 6) by the following relations:

by = Byz.|z.| - 15

1 1Z.|z - (19)
by =z |B; (16)
For ions of equal valence, Eq. (16) supposes a constant

value of parameter b,, which is not held for experimental
data (see Table 2). Variability of b, is also higher than can
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Table 2. (continued)

Electrophoresis 2005, 26, 3221-3231

Anion Charge Eq. (13), Ba adjustable Eq. (14)® Onsager model (Eg. 6)
mImL av Ba R2 b] bz mhm, Ba R2

Benzenesulfonate -1 408 +06 855127 29+07 0996 0986 452 381 +02 021 +012 0.982
Salicylate -1 403+06 868+116 26+06 0997 1010 462 374+03 001012 0981
Sulfanilate -1 388+06 873+125 29+07 099 1.034 472 359+02 0.16+013 0981
Nicotinate -1 382+05 837+ 95 26+05 0998 0995 457 355+02 005011 0983
Benzoate -1 378+06 79.0+102 24+05 0997 0938 435 353+02 007 +011 0984
4-Aminosalicylate -1 37.4+05 807+ 98 23+x05 0997 0967 446 347 +02 -003+011 0984
Picrate -1 36.2+06 81.7+108 27*06 0997 0996 456 336+02 017 +0.12 0983
4-Aminobenzoate -1 353+05 751+ 85 21x05 0998 0917 428 330=02 000=*010 0986
2-Phenylacetate -1 352+05 786+102 2606 0997 0965 445 327 +02 019012 0984
Sorbate -1 34805 778+ 94 26x05 0997 0962 444 324+02 019+011 0985
N-Acetyltryptophanate -1 27.0+04 680+ 73 25+05 0.998 0.911 434 251 +02 0.39+010 0.988
Sulfosalicylate -2 771210 1963 +202 2905 0.998 1.611 720 71205 034011 0986
Acetylenedicarboxylate -2 67109 1788184 31 +*05 0998 1599 715 621 +04 058 +011 00988
Citraconate -2 64.4 0.7 1838126 27 *03 0999 1670 762 58705 0.20+0.11 0.986
Phthalate -2 618 +06 183.0=+117 27 *03 0999 1698 781 560+05 0.19+0.11 0.985
4,5-Dichlorophthalate -2 572 +06 167.0+119 2703 0999 1627 739 52404 038010 0.988
Naphthalene-2,3-dicarboxylate -2 56.6 + 06 1841 *113 29+03 0999 1784 829 507+05 022011 0.984
Benzyloxycarbonyl-o-glutamate -2 487 =07 1586150 35+05 0999 1676 77.0 445+03 091 +011 0.989
trans-Aconitate -3 878 +13 4020324 49+05 0999 2725 1628 745+09 059015 0976
5-Sulfoisophthalate -3 844 +13 3521 +321 48+05 0999 2488 1422 738 +07 094 +014 00982
Naphthalene-1,3,6-trisulfonate 3 812 +13 3131+301 46+05 0999 2298 1263 727 +06 118+ 0.13 0.986
Trimesate -3 795+10 3179+ 231 43+04 0999 2354 1309 702 +07 091 +013 0.984

a) Data from [32]

b) Estimated parameters my, _, a, and correlation coefficient R? are identical with regression parameters according to

Eg. 13 with Ba as adjustable parameter

be expected from the Onsager model since the parame-
ter g, which is related to the limiting mobility by Eq. (4),
has only a minor impact on the b, value.

All these issues can be explained by the high cross-cor-
relation of regression parameters in Egs. (13) and (14),
which almost disables the independent determination of
any of the parameters. Hence, determination of limiting
mobilities is strongly influenced by the chosen Ba value in
the fitting model. The dependence of the regression pa-
rameters m,, , @, and a in Eq. (13) is natural because all
of these parameters are related to fundamental properties
of the ion such as charge number and/or size, which
determines its electrophoretic mobility.

Basically, the limiting mobility can be determined by fitting
of actual ionic mobilities to the Onsager model of Eq. (6) in
which my,, was the adjustable parameter. Correct
determination of limiting mobilities requires accurate mo-
bility data and a reliable model describing concentration
dependence of the mobilities. A presumption of such an
approach is a good accordance of concentration de-
pendence of experimental mobilities with the theoretical
Onsager model and correct selection of ionic size pa-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rameter, a. As shown in Fig. 4, these assumptions are not
fulfilled for variation of actual ionic mobilities of organic
anions with the ionic strength of Tris-acetate BGEs.

3.4 Concentration dependence of actual ionic
mobilities

The traditional Onsager limiting law (Eg. 1), which predicts
linear dependence of the ionic electrophoretic mobilities
versus the square root of ionic strength, was shown not to
be valid under the CZE conditions by Reijenga and
Kenndler a decade ago [11, 30]. Therefore, significant
nonlinearities observed for I'”? plot in Fig. 3a are not sur-
prising. Allowing for the ionic size parameter, a, in the
Onsager theory (Eq. 6) brings substantially improved line-
arity, provided the actual ionic mobility is plotted versus
1"2/(1 + Bal'"?). Figures 3b and ¢ show excellent linearity
for monovalent and divalent anions if Ba = 1.65, i.e., a =
0.5nmandBa=2.4,ie.,a=0.73 nm. Acceptable linearity
for trivalent anions is obtained for Ba = 2.4 nm as proposed
by Lucy et al. [13]. However, fitting of experimental actual
mobility values to Eg. (6) with limiting mobility, m,,, .
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Figure 3. Dependence of the actual ionic mobility of
representative mono-, di- and trivalent anions on (a) the
square root of ionic strength (/'?), (b) 1"?/(1 + 1.65/"? and
(©) I'%/(1 + 2.41'3). Analytes: monovalent: (#), salicylate;
(<), sorbate; divalent: (A), citraconate; (V), 4,5-dichlor-
ophthalate; trivalent: (H), 5-sulfoisophthalate; (@), trime-
sate. Curves are second order polynomial fit (a) and linear
fit (b; c). Experimental conditions: BGE, Tris-acetate, ionic
strength 3 to 100 mm, pH 8.1 to 8.2; capillary, ID/OD 50/
375 pm, total/effective length 400/298 mm, polyacryl-
amide coated; detection, direct UV absorption at 206 nm;
temperature, 25 C; separation voltage, —-11.3 to
—22.8kV; sample concentration, 0.25 mm; injection,
hydrodynamic, 1 kPa for 5 s.
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Figure 4. Dependence of the actual ionic mobility of
(a) benzoate and (b) phthalate on ionic strength of BGEs.
BGE: (O), potassium-phosphate, pH 7.2; (7)), sodium-
borate, pH 10 (data taken from ref [13]); (A), Tris—acetate,
pH 8.1 to 8.2. Curves are fit to Eq. (13) (solid); limiting
Onsager law (dash), Onsager law with Ba = 1.65 (dot) and
2.4 (dash dot), respectively, used limiting mobilities
according to ref. [13]: benzoate, —33.6 x 10 °m?V 's '
phthalate, —54.6 x 10 ®*m?V 's'. Experimental condi-
tions for potassium-phosphate and sodium-borate BGEs:
capillary, bare fused silica, ID/OD 50/365 num, total/effec-
tive length 37/30 cm; detection, direct UV absorption at
214 nm; temperature, 25 C; separation voltage, 5KkV;
sample concentration, 0.1 mm; injection, hydrodynamic,
0.5 psi for 1 to 4 s. Experimental conditions for Tris-ace-
tate BGEs: see Fig. 3.

as the only adjustable parameter fails regardless of the Ba
value. Regression results given in Table 3 demonstrate
inconsistency between concentration dependence of the
actual mobility of the anions observed in Tris-acetate
BGEs and Onsager theory. Some improvement in fitting
precision is achieved when two adjustable parameters,
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Table 3. Regression analysis of the actual ionic mobilities of benzoate and phthalate

according to the Onsager model (Eq. 6)

Anion BGE Ba =1.65% Ba=2.4"
mllm. R2 mlnm. R2
Benzoate  Potassium-phosphate® 36.0 = 0.4 0.689 355 +0.2 0.919

345+ 03 0.875
3356 +04 0.830
56.6 * 0.4 0.955
524 09 0.848

Sodium-borate®
Tris-acetate
Sodium-borate®
Tris-acetate

Phthalate

34.0+0.1 0.980
33.0 06 0.737
545 0.1 0.998
51112 0.754

a) Parameter Ba in Eq. (6) treated as fixed
b) Data from [13] and reanalyzed

m;». and Ba in Eq. (6) are allowed, as can be seen in
Table 2. Nevertheless, the mean estimated values of Ba
product are 0.93 for trivalent, 0.34 for divalent and 0.16 for
monovalent anions. It suggests that the mobilities of
mono- and divalent ions are in good agreement with the
Onsager limiting law which is, naturally, meaningless.

We have reanalyzed the mobility data of benzoate and
phthalate published by Lucy et al. [13] in order to investi-
gate the failure of the Onsager theory for our experimental
actual ionic mobilities. Figure 4 reveals that benzoate and
phthalate actual ionic mobilities determined in Tris-ace-
tate BGE decrease with ionic strength more rapidly than
predicted by the Onsager theory. On the other hand,
benzoate and phthalate mobilities from Lucy et al. [13]
determined in sodium-borate and potassium-phosphate
BGEs exhibit a very good fit to the Onsager model of
Eq. (6) if Ba is taken as 2.4. Significant deterioration of
fitting precision is, however, observed for Ba = 1.65 as
demonstrated in Table 3. Additionally, benzoate actual
mobility measured in potassium phosphate BGEs of
pH 7.2 are substantially higher than the actual mobility
determined in sodium borate BGEs of pH 10. Hence, it is
easy to appreciate that the nature of BGE influences
actual mobility of the anions. BGE effects can be expres-
sed by simple shift of the actual mobilities as can be seen
from data reported by Lucy et al. [13] or by more complex
variation of concentration dependence of the actual ionic
mobility as demonstrated by the mobilities of organic
anions in Tris-acetate BGEs. Since the classical Onsager
model is based entirely on electrostatic theory, it cannot
describe properly a system in which specific interactions
such as ion association between analytes and BGE con-
stituents take place.

It is worth mentioning that we have also tested the Onsa-
ger-Fuoss model describing the ionic strength depend-
ence of actual mobilities in the multiple ion mixtures. It
turned out that the difference between the course of ionic

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

strength dependence of actual mobilities of analyzed
organic anions according to the Onsager-Fuoss and
Onsager models, respectively, was insignificant in the
applied Tris-acetate BGEs. This was in agreement with
our expectations, since the concentrations of highly
mobile hydroxonium cations or hydroxide anions in the
BGEs used (pH 8.1 to 8.2) were negligible in comparison
with the concentration of Tris and acetate ions (3 to
100 mm). Due to this fact, the Onsager-Fuoss model
made only insignificant corrections of the mobilities cal-
culated according to the Onsager model. Additionally,
performing regression calculation procedures is more
complicated with the Onsager-Fuoss model than with the
Onsager model. Consequently, the Onsager model has
been used for the presented calculations of the ionic
strength dependence of actual ionic mobilities.

4 Concluding remarks

It was found that the concentration dependence of actual
ionic mobilities of organic anions in Tris-acetate BGEs
does not follow the course supposed by the theoretical
Onsager model. A steeper decrease of experimental
actual mobilities with ionic strength of BGE and a higher
estimated limiting mobility of the anions in comparison
with the literature data could be attributed to the specific
behavior of the Tris-acetate BGEs. Presumably, not only a
single type of interaction of anionic analytes with BGE
constituents but rather a combination of effects such as
ion association or complexation equilibria seem to be
responsible for the observed deviation of the concentra-
tion dependence of actual ionic mobilities from the
Onsager theory.

Although our results do not give tangible evidence of the
interactions between the analytes and the BGE constitu-
ents, we consider this hypothesis as the most likely
explanation of the above discrepancy. lonic interactions
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(association) and complexation frequently occur in elec-
trolyte solutions and they have been accepted as the
most natural reason for the observed differences between
the electrophoretic mobilities determined by CZE and
those predicted by the Onsager theory [13, 14]. Moreover,
both the experimental and theoretical procedures used
have been performed very carefully and under the ration-
ally selected conditions, which minimize the risk of any
substantial defect in these procedures.

Due to the substantial uncertainty of the determined lim-
iting mobilities and their dependence on the nature of the
BGE constituents, a general application of the classical
Onsager model seems not to be quite reliable for fine
prediction and simulation of the electromigration behavior
of the ions. More detailed and more complex studies will
have to be carried out in order to understand interactions
of various BGE constituents with both organic and simple
spherical inorganic ionic analytes in CZE.

Additionally, it turned out from evaluation of methods for
determination of limiting ionic mobilities that a significant
difference in determined limiting mobilities occurs
depending on the computation approach used. Precision
of extrapolation of the actual ionic mobilities to zero ionic
strength is limited by the fact that the electrophoretic
mobilities are scarcely experimentally available for the
ionic strength lower than 0.001 m due to CZE methodol-
ogy constraints.

This work was supported by the Grant Agency of the
Czech Republic, grants no. 203/03/0716, 203/04/0098,
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Academy of Sciences of the Czech Republic.

Received April 5, 2005

5 References

[1] Khaledi, M. G. (Ed.), High-Performance Capillary Electropho-
resis: Theory, Techniques, and Applications, Wiley, New York
1998.

[2] Grossman, P. D., Colburn, J. C., Capillary Electrophoresis:
Theory and Practice, Academic Press, San Diego, CA 1992.

[3] Kenndler, E., Fried|, W., J. Chromatogr. 1992, 608, 161-170.

[4] Foret, F., Kfivankova, L., Bocek, P., Capillary Zone Electro-
phoresis, Verlag Chemie, Weinheim 1993.

€ 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The effect of Tris-acetate BGE on mobility of anions 3231

[5] Reijenga, J. C., Verheggen, T. P. E. M, Martens, J. H. P. A.,
Everaerts, F. M., J. Chromatogr. A 1996, 744, 147-153.

[6] Jaros, M., Véelakova, K., Zuskova, |., Gas, B., Electropho-
resis 2002, 23, 2667-2677.

[7) Jaros, M., Hruska, V., Stédry, M., Zuskova, |., Gas, B., Elec-
trophoresis 2004, 25, 3080-3085.

[8] Stédry, M., Jaro$, M., Véelakova, K., Gas, B., Electrophore-
sis 2003, 24, 536-547.

[9] Stédry, M., Jaro, M., Hruska, V., Gas, B., Electrophoresis
2004, 25, 3071-3079.

[10] http://www.natur.cuni.cz/ ~ gas/.

[11] Friedl, W., Reijenga, J. C., Kenndler, E., J. Chromatogr. A
1995, 709, 163-170.

[12] Survay, M. A, Goodall, D. M., Wren, S. A. C., Rowe, R. C., J.
Chromatogr. A 1996, 741, 99-113.

[13] Li, D. M, Fu, S. L., Lucy, C. A, Anal. Chem. 1999, 71, 687-
699.

[14] Porras, S. P, Riekkola, M. L., Kenndler, E., J. Chromatogr. A
2001, 924, 31-42.

[15] Porras, S. P, Riekkola, M. L., Kenndler, E., Electrophoresis
2002, 23, 367-374.

[16] VCeldkova, K., Zuskova, I., Porras, S. P., Gas, B., Kenndier,
E., Electrophoresis 2005, 26, 463-472.

[17] Robinson, R. A., Stokes, R. H., Electrolyte Solutions, Sec-
ond Revised Edition, Dover Publications, Mineola, New York
2002, pp. 133-173.

[18] Pitts, E., Proc. R. Soc. Lond. 1953, 217A, 43-70.

[19] Onsager, L., Fuoss, R. M., J. Phys. Chem. 1932, 36, 2689~
2778.

[20] Cabala, R., personal communication.

[21] Cifuentes, A., Canalejas, P, Diez-Masa, J. C., J. Chromato-
gr. A 1999, 830, 423-438.

[22] Hjertén, S.. J. Chromatogr. 1985, 347, 191-198.

[23] Sun, P, Landman, A., Barker, G. E., Hartwick, R. A., J.
Chromatogr. A 1994, 685, 303-312.

[24] Horvath, J., Dolnik, V., Electrophoresis 2001, 22, 644-655.

[25] Koval, D., Kasi¢ka, V., JiraCek, J., Collinsova, M., Electro-
phoresis 2003, 24, 774-781.

[26] Williams, B. A., Vigh, G., Anal. Chem. 1995, 67, 3079-3081.

[27) Haarhoff, P. C., van der Linde, H. J., Anal. Chem. 1966, 38,
573-582.

[28] Erny, G. L., Bergstrom, E. T., Goodall, D. M., J. Chromato-
gr. A2002, 959, 229-239.

[29] Williams, B. A., Vigh, C., Anal. Chem. 1996, 68, 1174-1180.

[30] Reijenga, J. C., Kenndler, E., J. Chromatogr. A 1994, 659,
403-415.

[31] Dean, J. A. (Ed.), Lange's Handbook of Chemistry, 15th Edi-
tion, McGraw-Hill, New York 1999.

[32] Hirokawa, T., Nishino, M., Aoki, N., Kiso, Y., Sawamoto, Y.,
Yagi, T., Akiyama, J.-I., J. Chromatogr. 1983, 271, D1-D106.






Electrophoresis 2006, accepted for publication

Determination of pKj values of diastereomers of phosphinic
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ABSTRACT

Capillary electrophoresis method was used for determination of acidity constants (pK.) of a series of ten
phosphinic pseudopeptides, which varied in number and type of ionogenic groups. Effective
electrophoretic mobilities were measured in the 1.8 - 12.0 pH range in the background electrolytes (BGEs) of
constant ionic strength of 25 mM. Effective electrophoretic mobilities, corrected to standard temperature of
25°C, were subjected to non-linear regression analysis and the obtained apparent pK, values were
recalculated to thermodynamic pK,s by extrapolation to zero ionic strength according to the extended
Debye-Hiickel model. Determined pK. values of the phosphinic acid group fell typically in the 1.5 - 2.25
interval, C-terminal carboxylic groups in the 2.94 — 3.50 interval, carboxylic groups of the lateral chain of
glutamate and aspartate in the 4.68 - 4.97 interval, imidazolyl moiety of histidine in the 6.55 - 8.32 interval,
N-terminal amino groups in the 7.65 — 8.28 interval and £-amino group of the lateral chain of lysine in the
10.46 - 10.61 interval. Further, separation of diastereomers of the phosphinic pseudopeptides was
investigated in achiral BGEs. Evaluation of resolution of the diastereomers as a function of pH of the BGE
revealed that most suitable pH region for separation of the diastereomers is around pK, values of central
phosphinic acid group of the pseudopeptides. Successful separation of some diastereomers was, however,
achieved in the neutral and alkaline BGEs as well.

1 INTRODUCTION determination were subject of many publications which
were reviewed in our previous paper [2] and in ref. [3].
Out of numerous recent papers, several remarkable
contributions appeared to make CZE more feasible
method for pK, determination. Firstly, Vcelakova et al.
[4] used dual contactless conductivity detector by
which disturbing effects in the initial stage of
electrophoretic run, such as stacking, destacking,
voltage ramp effect, etc., were eliminated. In addition, a
temperature control of the background electrolyte
(BGE) inside the capillary was improved and the effect
of peak distortion due to electromigration dispersion
on correct determination of migration time was limited.
Further, Lalwani et al. [5] employed computer
modeling to design a composition of BGEs for pK,
determination of non-UV-absorbing compounds. BGE
constituents were tailored to individual compounds in
order to minimize electromigration dispersion in
indirect UV absorption detection mode. Finally,
considerable effort has been made to improve
throughput of CZE method for determination of pK, by
using pressure assisted capillary electrophoresis in

Acidity constant (pK,) is one of the fundamental
quality parameters for characterization of chemical
compounds in liquid phase or solution. Knowledge of
pK. values of substances is important, e.g., in rather
specific  fields such as separation methods  for
modeling, design and optimization of electrophoretic,
chromatographic or extraction processes. More general
is importance of pK, values in drug development for
studying of phenomena such as transport of active
substance into the target organ, penetration through the
cell membrane, mechanism of action, metabolic
pathways or biological uptake. Consequently, due to
the fact that large number of contemporary developed
and introduced drugs are weak electrolytes,
development of reliable method for fast determination
of pK, values is desirable.

Capillary  zone  clectrophoresis  (CZE)  was
introduced as a method for determination of pK, of
ionogenic groups in weak electrolytes in early 1990’s [1]
and since then it became frequently used alternative to
classical potentiometric or spectroscopic approaches.
Theoretical  and  methodical — aspects  of  pK,
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single [6-8] or multiplexed [9] capillary electrophoretic
devices.

Phosphinic pseudopeptides represent a novel type
of biologically active compounds investigated as
inhibitors of Zn-metalloproteinases and aspartic
proteinases [10, 11]. These compounds are peptide
isosteres  with one peptide bond substituted by
enzymatically nonhydrolysable phosphinic acid moiety
-P(O)OH-CHa»-. Present work brings an extension of
our previous study [2] dealing with determination of
pK. values of highly acidic phosphinic acid group.
Herein, determination of pK, values of other ionogenic
groups in the pscudopeptide molecules was performed.
These groups were carboxylic and amino functions at
C- and N-termini of the pseudopeptide chain or
functional groups of the side-chain of pseudopeptide
amino acid constituents (see Fig. 1). Further, potential
of CZE as a high-performance separation technique for
pK., determination is demonstrated on parallel
determination  of pK, values of closely related
diastereomers of phosphinic pseudopeptides, which
were successfully separated in achiral BGEs.

2 MATERIALS AND METHODS

2.1 Reagents and chemicals

All chemicals were of analytical reagent grade.
Phosphoric acid, chloroacetic acid, formic acid, acetic
acid, sodium hydroxide and dimethylsulfoxide
(DMSO) were obtained from Lachema (Brno, Czech
Republic). MES (2-(N-morpholino)ethanesulfonic acid),
MOPS (3-(N-morpholino)propanesulfonic acid), tricine
(N-[tris(hydroxymethyl)methyl]glycine), CHES  (2-
(cyclohexylamino)ethanesulfonic acid) and CAPS (3-
(cyclohexylamino)-1-propanesulfonic acid) were from
Serva (Heidelberg, Germany). Tris
(tris(hydroxymethyl)aminomethane) was from Merck
(Darmstadt, Germany), piperidine was from Sigma
(Sigma-Aldrich Corp., St. Louis, MI, USA) and
Polybrene (hexadimethrine bromide) was from Aldrich
(Sigma-Aldrich Corp., St. Louis, MI, USA). Epoxy-
poly(dimethylacrylamide) (EPDMA) [12] was kindly
donated by Dr. M. Chiari (CNR, Milano, Italy).
Phosphinic pseudopeptides were synthesized as a
mixture of four diastereomers and preparatively
separated by HPLC as described in refs. [2, 13].

2.2, Instrumentation

CZE experiments were carried out in a home made
apparatus equipped with a UV detector monitoring
absorbance at 206 nm. Data acquisition and handling
were performed using the Clarity chromatography
station (DataApex, Prague, Czech Republic). Origin 6.1
software package (OriginLab Corporation,
Northampton, MA, USA) was used for regression
analysis. Fused silica (FS) capillaries (ID 50 pm, OD 200
pm, total length 300 mm and effective length 190 mm)
were supplied by the Institute of Radio Engineering
and Electronics, Czech Academy of Sciences (Prague,
Czech Republic). Separations were performed at
ambient temperature of 23 - 26°C. Pseudopeptides were
dissolved in deionized water in the 0.7 - 25 mM

concentration range and were introduced into the
capillary hydrodynamically (pressure 700 Pa for 5 s).
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Figure 1. Structures of analyzed phosphinic pseudo-
peptides.

Composition of the acidic BGE solutions
containing Tris and phosphoric acid, chloroacetic acid,
formic acid and acetic acid as well as the alkaline BGE
solutions containing piperidine and acetic acid was
calculated by Peakmaster software package [14].
Experimental evaluation of pH of the BGEs was
performed by a CyberScan 2100 pH meter (Eutech
Instruments, Ayer Rajah Crescent, Singapore). BGEs
composed from sodium hydroxide and Good buffering
substances (i.e. MES, MOPS, tricine, CHES and CAPS)
were prepared by titration of the appropriate amount
of sodium hydroxide with the 0.5 - 1 M stock solution
of the buffering compound. The BGEs were filtered
through a 0.45 pm syringe filter (Millipore, Bedford,
MA, USA) before use.

Separations of phosphinic pseudopeptides, which
occur as cations in the acidic pH region, and all
experiments at pH > 5.5 were carried out in untreated
FS capillarics. The new capillarics were  flushed
sequentially with water, 0.1 M NaOH, and water again,
followed by BGE for 5 min cach. Then, the capillary
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was conditioned by 20 min application of the
scparation voltage in order to equilibrate the inner
capillary surface and to stabilize electroosmotic flow
(EOF) during the subsequent CZE runs. Between runs
in the same BGE, the capillary was rinsed with the BGE
for 1T min. Prior to any change of BGE, the capillary was
rinsed with water for 5 min and then stabilized using
the above procedure.

Phosphinic pseudopeptides, which remain in the
anionic form in the acidic pH region, were analyzed in
Polybrene modified capillaries. Dynamic coating of the
capillary inner surface by Polybrene forming reversed
(anodic) course of EOF was prepared as follows. The
new FS capillaries were rinsed with water and 0.1 M
NaOH for 5 min each. Then, capillary was flushed with
5 % m/m aqueous Polybrene solution for 5 min
followed by rinsing with water and BGE solution for 5
min ecach. Further steps were the same as described
above for untreated FS capillaries. Polybrene coating
was found fairly stable in the 1.8 — 4 pH interval. At pH
values higher than 4, slow deterioration of the coating
was observed and coating procedure had to be
repeated after 10 — 15 runs.

Separations of diastercomers of the phosphinic
pscudopeptides were performed in capillaries with
reduced EOF. Two types of modification were used, (i)
covalently bonded polyacrylamide coating prepared
according to procedure described in ref. [15], and (ii)
dynamic EPDMA coating performed by following the
procedure from ref. [12].

3 RESULTS AND DISCUSSION

3.1 Experimental design
3.1.1 Capillaries

Majority of the pseudopeptides were in the cationic
form in acidic pH region and were gradually converted
into the anions in neutral and alkaline region. Thus,
these pseudopeptides were analyzed in untreated FS
capillaries. Conversely, acidic pseudopeptides (i.e. VD,
VE and VHO; see Fig. 1) were analyzed as anions in co-
electroosmotic mode in capillaries with anodic EOF in
the 1.8 — 5.5 pH region. Reversal of EOF was achieved
by dynamic coating with cationic polymer Polybren
and mobility of EOF in the modified capillaries was
approximately -30 - 109 m2V-1s1.

3.1.2  Background electrolytes
Effective  mobilities  of  the  phosphinic
pscudopeptides were measured in the 1.8 - 12.0 pH
range in BGEs of the constant 25 mM ionic strength.
Components of the BGEs (see Table 1) were selected to
achicve a  compromise  between  contradictory
conditions  of buffering capacity, conductivity,
sensitivity of UV detection and electromigration
dispersion.
3.1.3  Effective mobilities
The effective mobility was determined from the
measurement of migration time, tug, of the analytes

using Eq. (1):
_Lby[ 1 1
Mer =7y [r t ]

mg Lot

(M

where L, and Ly are the total and effective capillary
length, respectively; U is the applied separation voltage
and t, is the migration time of the neutral EOF marker.
Time of peak maximum was considered as a migration
time of the analyte and neutral marker. Since the
samples were available only as aqueous solution in low
volume (typically 50 ul), EOF marker dissolved in BGE
was injected separately behind the zone of the analyte
solution. No significant difference in calculated
mobilities was, however, observed as compared to
experiments with EOF marker mixed with the analyte.
Concentration of the EOF marker (DMSO) was tailored
for each BGE composition to outweigh low absorbance
of water gap of the analyte zone and to provide
positive symmetrical peak of the EOF marker.
Experimental effective mobilities were corrected to

Table 1. Composition of backgroung electrolytes

pH range BGE constituents>®
1.80-3.00  phosphoric acid (pK, =2.15) Tris
3.00-4.25  formic acid (pK, = 3.75) Tris
4.25-550  acetic acid (pK, = 4.76) NaOH
550-6.50  MES (pK, = 6.15; 20°C) NaOH
6.50-7.50  MOPS (pK, = 7.20; 20°C) NaOH
7.50-8.75  Tricine (pK, = 8.15; 20°C) NaOH
8.75-9.75  CHES (pK, = 9.55; 20°C) NaOH
9.75-11.25 CAPS (pK, = 10.40; 20°C) NaOH
11.25-12.00 acetic acid piperidine (pK,
=11.12)

a) pK, values are from ref. [22]
b) pK, values correspond to 25°C unless otherwise
specified

temperature increase inside the capillary due to Joule
heating according to a procedure from ref. [16]. Briefly,
heat dissipation capability of the separation capillary in
the CE apparatus was calibrated with KCI solution of
tabulated temperature course of specific conductivity.
Then, input power responsible for average increase of
temperature of BGE of about 2-3°C was used to achieve
standard temperature of 25°C inside the capillary.
Whenever clevated ambient temperature lead to
temperature in the capillary higher than 25°C,
experimental effective mobility was recalculated to the
standard temperature assuming the 2 % per Centigrade
increase in mobility.

3.2 pKa determination
3.2.1 Protolytic equilibria of phosphinic
pseudopeptides
Relations associated with acid-base equilibria and
the process of determination of pK, values of the
phosphinic pseudopeptides is demonstrated on a
structure comprising one acidic and one basic ionisable
group, such as VH (see Fig. 1). Protolytic equilibria of a
compound of this type can be described by Egs. (2) and
(3) and thermodynamic acidity constants, K, are
defined by Egs. (4) and (5) where a; are the activities of
involved species. Notice that, for simplicity, H* is used
instead of H;O~ ion.
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HA' =H +A°
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A=H +A
3)
= aH4aA0
al
8a. 4)
a,.a
,(a'2 - H+"A
80 (5)

Similarly to ref. [4] , so-called mixed acidity
constants, K

an

are defined for the purpose of this
paper as follows:

mix _ 34.Ca0
al =

Cha. (6)
mix _ 8y,Ca
a2 —

Cho (7)

Mixed acidity constant can be evaluated from CZE
experimental data since activity of hydroxonium ions,
ayi, is directly measurable pH of the BGE (pH = -log
a;1.) and concentration ratio of the species HA+, A? and
A~ from Egs. (6) and (7) is related to the effective
electrophoretic mobility of the analyte.

The  effective  electrophoretic  mobility of the
analyte, myy, is primary data available from CZE
experiment. The effective mobility can be expressed as
a summation of the ionic mobilities, m;, of all ionic
forms, 1, of the analyte weighted by their molar
fraction, x;, by Eq. (8):

M, =Y mx,
' (8)
Molar fraction, x;, of the species i is defined by Eq.
9) as:
x =S
"2 ©)
where ¢; is the molar concentration of the species i and
Zc, represents summation of molar concentration of
;

all forms of the analyte in the solution, ie. total
(analytical) concentration of the analyte. Mobility of
uncharged form of the analyte is considered as zero.
Further, electrophoretic mobilities of positively charged
ions are treated as positive, mobilities of anions as
negative throughout the paper.

For a phosphinic pscudopeptide containing one
acidic and one basic functional group, the following Eq.
(10) can be obtained by combination of Egs. (8) and (9):

m, C,, +M, C,
M C, +Cy +Cpy (10)

Effective mobility can be further expressed by Eq.
(11) formed by combination and rearrangement of Egs.
(6), (7) and (10):

T A [ s (1)

Eq. (11) describes dependence of the effective
electrophoretic mobility of phosphinic pseudopeptides
containing one acidic and one basic functional group,
i.e. VK, VH, VHA and VHB (see Fig. 1), on the single
variable - pH. Parameters in Eq. (11), the ionic

Table 2. Coefficients k for conversion of mixed pK"" to
thermodynamic pKa,;

ka
Pseudopeptide phosphinic acid carboxyl imidazolyl amino
VD, VE -log v 3logy.
VK log y. -log y.
VH, VHA, VHB log y. -log v,
NVH, NVHA 3logy. log y. -log ¥
VHO log y. -logy. -3logy.
NVHO 3logy. log v. -log y. -3log vy

a) 7. is the activity coefficient of univalent ion according to Eq.
(20)

mobilities, ma;, and the mixed acidity constants pK™',
can be obtained by regression analysis of the
experimental pH  dependence  of  the  effective
electrophoretic  mobilities by employing Eq. (11).
Effective mobilities are, however, not only function of
pH but also of other variables such as temperature and
concentration  (ionic  strength) of the BGE. CZE
experiments should be designed so as to keep constant
the variables which affect pK, values. Thus, the ionic

i
a7’

mobilities, ma,, and the mixed acidity constants, pK
obtained by regression analysis of the electrophoretic
mobilities are related to the experimental conditions.

Further, regression models similar to Eq. (11) can
be derived by the above procedure for the phosphinic
pseudopeptides  with  various  combinations  of
ionogenic groups:

i) two acidic groups (VD,VE):

2pH pKY pKY; PH pKIY
_m, ,10 +m, 10

off 20H pK™ pK™ H oK™
10P PR P“+1op PKSY +1

(12)
ii) one acidic and two basic groups (NVH, NVHA):

m. QP PR 2pH 1QPKe PH 0P PR

off

+m,,
QPRI PRI 20 L 4P PH L 1 Pr oK

+m, 1

41

A2

(13)
iii) two acidic and one basic groups (VHO):

Kot e
m, 107" P 4 m, 107 P4+ m, 10777 PeL o

o QPR PH QP PRT | 17 PRIT PRI 4 4
(14)
iv) two acidic and two basic groups (NVHO):

PRI K 2pH PR o KD 20H PR w7
_m, ;10 +m, 10 +m, 10 +m, ,10

ot

QPR IRT QPRI gt KT et T Ty

(15)
Mixed obtained by
regression analysis of the experimental mobility data
can be recalculated to thermodynamic acidity constants
pK... Relation  between  these can be
expressed for an ampholyte containing one acidic and
one basic ionogenic group (such as VH) from Egs. (4) -
(7) according to procedure from ref. [4]:

Koy = Koy 2o
Via, (16)

acidity constants, pK)"'

a7’

constants
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Ky, =Ky 2
Vao (17)
where y is the activity coefficient of corresponding
species.
Egs. (16) and (17) can be rewritten to conventional
logarithmic form as follows:

pPK,, = PK.Y +10g7,,. —log Vao (18)

mix

PK,, = PK;; +10g7,, 1097, (19)

The value of activity coefficient of i-th charged
species for aqueous solutions at 25°C, y, can be
evaluated according to Debye-Hiickel theory [17]:
ogy 0.5085- V1

" 14328101

(20)
where z; is the charge number, a is the effective
hydrated diameter (nm) of the ion and [ is the ionic
strength of the solution (mol.dm-3) defined as:

1 2
I==%¢z
275
(21)
a) VHB
8
= VHB-1
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44 a VHB3
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— 04
‘n
>
E L
=
£ -8
2124
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b) VE
0
e VE-12
- VE-34
54
o 104
>
E
":C_, -15 4
&
204
254
2 3 4 5 ' 7 8
pH

where ¢; is molarity (mol.dm3) of ith ion in the solution.
Hydrated diameters of inorganic and small organic
ions are tabulated [18, 19], however hydrated diameters
of novel compounds are not available. Therecfore,
widely used approximative value of a = 0.5 nm was
utilized for calculations of activity coefficients in this
paper. Nevertheless, we are aware that incorrect
hydrated diameter may lead to inaccurate value of the
activity coefficient in analogy to conclusions of our
previous paper investigating Debye-Hiickel-Onsager
theory for description of concentration dependence of
the electrophoretic mobilities of organic anions [15].

In this paper, activity coefficient of uncharged
species is taken as zero according to Debyc-Hiickel
theory (Eq. (20)). Although this assumption is widely
used in the CE methods for pK, determination, it is
disputable whether zwitterions of zero net charge but
comprising oppositely charged parts of the molecule
can be treated in the same way as absolutely uncharged
species in calculations of the activity coefficients.

If we assume constant value of the hydrated
diameter, a, in Eq. (20), Egs. (18) and (19) can be
rewritten to obtain Eqs. (22) and (23):

c) NVHA

16 1

12

8
w
S 4
E
L 0
=]
5 4
= 4

84

-12 4

1 2 3 4 5 6 7 8 9 10 1 12
pH

d) NVHO

m, [10° Vs

Figure 2. Plots of the effective mobilities vs. pH of the diastereomers of selected pseudopeptides, which vary in number and
type of ionogenic groups. Effective mobilities correspond to the 25 mM ionic strength and the temperature of 25°C. Curves are
non-linear fitting traces according to Egs. (11) (a - VHB), (12) (b - VE), (13) (c - NVHA) and (15) (d - NVHO).
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PK,, = PKT + (224, — 25, )10g 7, )

pK,, = Ky + (2/240 -z )'09 Y. (23)

where z is the charge number of respective species and
¥z is the activity coefficient of univalent ion.

Following the above procedure, relations similar to
Egs. (22) and (23) can be derived for electrolytes
possessing various number of ionisable groups in the
molecule. Results are summarized in Table 2 in the
form of constant k from Eq. (24):

PK,, =pK." +k

3.2.2 pKa calculation

Mixed acidity constants, pK"", were determined
by non-lincar regression of pH dependence of the
effective mobilities according to formulas (11) - (15).
Regression analysis was performed independently for
cach diastercomer of the pseudopeptides whereas
equal value of the effective mobility was used for
unresolved diastereomers. Obtained pK!"' values were
recalculated to thermodynamic pK, values according to
Eq. (24) and the constant k from Table 2.

imidazolyl amino

10.4620.05
10.61+0.04
6.80+0.01
7.1520.01
6.7610.02
6.7630.02
7.12+0.02
7.12+0.02
6.88+0.01
6.88+0.01
7.14+0.01
7.0510.01
6.5510.02  7.96+0.02
6.85£0.03  7.8710.03
6.52+0.02  8.11+0.02
6.80+0.02  8.04+0.02
6.62+0.03  7.63+0.03
6.97+0.04  7.6510.04
6.5310.02  8.28+0.02
6.7910.02  8.24+0.03
7.6410.03
7.74+0.03
8.32+0.03
7.04£0.17  8.1310.08
7.2940.06  8.81+0.08
7.2180.67  8.1710.08
7.6210.16  8.56+0.16

(24)
Table 3. Determined thermodynamic pK; values of diastereomers of the phosphinic
pseudopeptides at 25°C
Pseudopeptide Diastereomer? pKab
phosphinic carboxyl
acid
VD 1+2 2.02+0.03 4.68+0.04
3 2.1520.03 4.7240.04
4 2.1940.03 4.7310.04
VE 1+2 2.06+0.02 4.94+0.03
3+4 2.25+0.02 4.97+0.03
VK 1+2 1.8910.14
3+4 1.71+0.20
VH 1+2 1.68+0.12
3+4 1.59+0.15
VHA 1 1.62+0.18
2 1.61+0.20
3 1.61+0.20
4 1.52+0.26
VHB 1 1.66+0.11
2 1.6610.12
3 1.5740.15
4 1.50+0.19
NVH 1 1.78+0.17
2 1.9010.16
3 1.86+0.22
4 2.10+0.18
NVHA 1 1.62+0.34
2 1.8740.31
3 1.85+0.50
4 1.42+0.73
VHO 1 1.63+0.15 3.4910.02
2 1.6240.15 3.50+0.02
3+4 1.45+0.30 3.15%0.02
NVHO 1 0.87+2.3 3.21+0.05
2 0.93£3.6 3.011£0.08
3 0.89+4.4 2.9510.08
4 1.25+34 2.94+0.10

2) Diastereomers are numbered according to their effective mobilities at pH 2, ) pK, £ SD
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3.3 pKa of phosphinic pseudopeptides

Generally, CZE is utilized for determination of pK,
values in the 2 - 12 range. Herein, we analyzed peptide
analogues comprising fairly acidic phosphinate group
of pK, close to 2. Electrophoretic mobilities, which were
used for pK, calculation, were recorded in pH values
down to 1.8. BGEs of even lower pH were not used
because of considerable concentration of highly mobile
H+ ions and inherent high ionic strength, which
exceeds the 25 mM working ionic strength of the BGEs.
However, estimated pK, value of the phosphinic acid
group is for some pseudopeptides markedly lower than
minimal experimental pH. This is reflected in increased
SD values of estimated pK, and ionic mobilities (see

Tables 3 and 4). Lowering of the limits for pK,
determination by CZE requires availability of
experimental mobility data for highly acidic pH. In
BGEs of extreme pH values, the electrophoretic
mobility of the analyte is affected according to the
Onsager-Fuoss theory by considerable concentration of
highly mobile H* or OH ions. A numerical correction
procedures based on theory of concentration
dependence of the electrophoretic mobilities seem to
be, however, unable to provide reliable results for the
larger ions [15].

For the determination of individual pK, values in
the compounds containing several ionogenic functional
groups, the distance between consecutive pKis is

Table 4. Determined actual ionic mobilities of various forms of diastereomers of the
phosphinic pseudopeptides at 25°C and 25 mM ionic strength

Pseudopeptide Diastereomer?
m(+2) m(+1)
VD 1+2
3
4
VE 1+2
3+4
VK 1+2 11.8£2.0
3+4 12.5£3.5
VH 1+2 11.2+1.9
3+4 11.1£2.6
VHA 1 9.8+2.7
2 9.5£2.9
3 9.5£2.9
4 9.2439
VHB 1 10.2+1.7
2 9.7+1.7
3 9.8+2.3
4 9.7+2.9
NVH 1 22.0+1.6 13.740.1
2 20.5+1.1 13.6+0.1
3 19.2+13 13.7+0.1
4 17.9+0.7 13.6+0.1
NVHA 1 18.1£25 12.7+0.1
2 16.2+1.2 12.60.1
3 15.3+1.4 12.8+0.1
4 17.0+4.8 12.7+0.1
VHO 1 13.8+3.2
2 13.9£3.3
3+4 13.4+6.8
NVHO 1 33.2+81.7 14.1£1.1
2 26.3+80.3 13.8+1.8
3 26.6+103.2  13.7+2.1
4 18.0+23.4 13.1£2.5

Ionic mobilities

m(-1) m(-2)
-14.2+0.2
-14.6+0.2
-14.7+0.2

-24.7+0.1
-24.7+0.1
-24.740.1

-13.940.1
-14.240.1

-24.3+0.1
-24.3+0.1

-12.0£0.4
-12.040.2

-12.740.1
-12.8+0.1

-12.1+40.1
-12.140.1
-12.1+0.1
-12.140.1

-12.7+0.1
-12.7+0.1
-12.8+0.1
-12.840.1

-13.240.1
-13.140.1
-13.240.1
-13.240.1

-12.3+0.1
-12.4+0.1
-12.440.1
-12.3+0.1

-13.0£0.1
-13.1+0.1
-13.240.1

-24.1+0.1
-24.0+0.1
-24.040.1

-7.8+2.4
-14.241.0
-2.7+3.9
-12.6+4.4

-24.3+0.1
-24.5+0.2
-24.4+0.1
-24.5+0.2

*) Diastereomers are numbered according to their effective mobilities at pH 2

®) m, £ SD
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important. If the consecutive pK;s are fairly off, their
determination from well separated sigmoidal parts of
the experimental pH mobility dependence is smooth
(see Figs. 2a and 2b). Conversely, the closer the
consecutive pK,s are, the more complicated becomes
their resolution (see Figs. 2c¢ and 2d). In such cases,
precise experimental electrophoretic  mobilities  are
critical in order to achieve good resolution of the
consecutive pK, values. For instance, estimations of pK,
(3) and pK, (4) of NVHO, diastereomer No. 3 are pK, (3)
= 7.2110.67, pK, (4) = 8.1740.08 (sce Table 3). High
disproportion in SD of the pK, estimations as well as
apparently erroncous estimation of the ionic mobility
m;3=-2.7+3.9-10Y m2V-'s? (see Table 4) implies that the
regression procedure is herein unable to determine pK,
(3) and pK, (4) of this diastercomer correctly.

3.4 Sceparation of diastereomers

Separability of diastercomers of the phosphinic
pseudopeptides was inspected in a broad pH range.
The results were in agreement with rule of thumb
saying that separation of diastereomers is most likely to
be achieved in BGE of pH around pK, values of the
analyte. Summarized data of this paper and our
previous  work [20] reveal that, in general,
diastercomers  of phosphinic pseudopeptides were
most successfully separated in strongly acidic BGEs.
Slight differences of pK, values of central phosphinate
group between the diastereomers were more markedly
reflected in resolution of the diastereomers than
differences in pK, of the peripheral functional groups.
However, successful separations of the diastereomers
were achieved also in neutral and alkaline BGEs.
Further, pH variation in relative migration order of the
diastercomers  was observed for some of the
pseudopeptides, e.g., for NVHO (Fig. 3) and NVHA
(Fig. 4) in the 6 — 8 pH region. These variations in the
relative migration order of the diastercomers are
presumably due to differences in the distribution order

NVHO
1S
c
[(e]
o
N
®
2
E \/’N\QML
84 pH850
1342
LNML‘

ol pHB 75
0 1 2 3 4 5 5 7 8 9
Migration time [min]

Figure 3. Separation of diastereomers of the

pseudopeptide NVHO in the anionic mode. Variations in the
migration order of the diastereomers in the 7.75 - 8.75 pH
region is due to different distribution of pK, values of the
imidazolyl and amino residues between the diastereomers,
see Table 3. Experimental conditions: BGEs, 25 mM NaOH
titrated with tricine to pH 7.75 — 8.75; capillary, i.d./o.d.
50/200 um, total/effective length 300/190 mm, EPDMA
coated; detection, direct UV absorption at 206 nm;
temperature, ambient (23°C); separation voltage, -10 kV;
electric current. 13 — 15 uA: overall analvte concentration.

mAU @ 206 nm

Migration time [min]

Figure 4. Separation of diastereomers of the
pseudopeptide NVHA in the cationic (pH 6.5) and anionic
(pH 7.8) mode. Experimental conditions: a) cationic mode;
BGE, 40 mM NaOH adjusted with MES to pH 6.5;
separation voltage, 12 kV; electric current, 28 pA,; injection,
hydrodynamic, 1.5 kPa for 4 s; b) anionic mode; BGE, 40
mM NaOH adjusted with phosphoric acid to pH 7.8;
separation voltage, -10 kV; electric current, 33 pA;
injection, hydrodynamic, 1.0 kPa for 10 s; the other
conditions were the same for both modes: capillary,
i.d./o.d. 50/200 um, total/effective length 300/190 mm,
polyacrylamide coated; detection, direct UV absorption at
206 nm; temperature, ambient (23°C); overall analyte
concentration, 2 mM. Diastereomers are numbered
according to their effective mobilities at pH 2.

of the pK, values of individual ionogenic groups among
the group of four diastereomers (see e.g. pK, values of
NVHA in Table 3). A pH dependent reversal order of
sterecoisomers was demonstrated in the separation of
peptide enantiomers in cyclodextrin based BGEs [21].
Conversely to phosphinic pseudopeptide
diastercomers, reversal in migration order of the
peptide enantiomers was attributed cither to pH-
dependent association constants or varying effective
mobilities of the enantiomer-cyclodextrin complex.

4 CONCLUDING REMARKS

Effective mobilities measured in the 1.8 — 12.0 pH
range allowed pK, determination of carboxylic,
imidazolyl and amino moieties in a series of phosphinic
pscodopeptides. Low pK, of the phosphinic acid group
was determined in  fair  precision  for  the
pseudopeptides, the pK, of which corresponded to the
lowest measured pH of 1.8. Nevertheless, acidity of the
phosphinic acid group in some of the analyzed
pscudopeptides was  too low to be  successfully
determined from their CZE analyses.

Resolution power proved to be important feature
of the CZE method for pK, determination for
compounds possessing multiple ionisable groups. It
turned out that minimal distance of two consecutive
pKis should be about 1.5 to enable their precise
determination. In specific cases, i.e. if charge of the
analyte species  involved in  both  consecutive
dissociation degrees is zero, it was possible to
determine pK,s which differed in as low as one pH unit
with SD of 0.02 - 0.04. Generally, precision of

experimental  effective  mobilities s critical  for
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resolution power of a CZE method for consecutive pK,
determination.

Separation of diastercomers of the phosphinic
pscudopeptides was achieved by difference in their
pK.s. Effective mobilities of the diastercomers proved
to be uniform in the pH regions in which ions
corresponding to given dissociation degree were only
present. Hence, the diastereomers were successfully
separated exclusively in the BGEs of pH around pK,
value of the analyte. Comparison of results obtained
herein and in our previous paper [20] revealed that, in
general, dissociation of central phosphinate group has
the major effect on separation selectivity. Next,
distribution order of pK, values of individual ionogenic
groups varied between the diastercomers, which was
reflected in variation in migration order of the
diastercomers with pH.

ACKNOWLEDGMENT

The work was supported by the Grant Agency of the Czech
Republic, grants no. 203/04/0098, 203/05/2539, and by the
Research Project Z40550506 of the Academy of Sciences of the Czech
Republic.

REFERENCES

1. Beckers, J. L., Everaerts, F. M., Ackermans, M. T., |.
Chromatogr. 1991, 537, 407-428.

2. Koval, D., Kasicka, V., Jiracek, J., Collinsova, M.,
Garrow, T. A, |. Chromatogr. B 2002, 770, 145-154.

3. Poole, S. K, Patel, S., Dehring, K., Workman, H., Poole,
C. F., J. Chromatogr. A 2004, 1037, 445-454.

4. Vceldkovad, K., Zuskovd, 1., Kenndler, E., Gas, B.,
Electrophoresis 2004, 25, 309-317.

5. Lalwani, S, Tutu, E., Vigh, G., Electrophoresis 2005, 26,
2503-2510).

6. Wan, H.,, Holmén, A. G., Wang, Y. D, Lindberg, W,
Englund, M., Nagird, M. B., Thompson, R. A., Rapid
Commun. Mass Spectrom. 2003, 17, 2639-2648.

7. Wan, H, Holmén, A, Nagard, M., Lindberg, W., |.
Chromatogr. A 2002, 979, 369-377.

8. Ishihama, Y., Nakamura, M., Miwa, T., Kajima, T,
Asakawa, N., [. Pharm. Sci. 2002, 91, 933-942.

9. Zhou, C. X, Jin, Y. K., Kenseth, J. R, Stella, M,
Wehmeyer, K. R., Heineman, W. R., |. Pharm. Sci. 2005,
94, 576-589.

10.  Collinsova, M., Jiracek, J., Curr. Med. Chem. 2000, 7,
629-647.

11.  Collinsova, M., Castro, C., Garrow, T. A,, Yiotakis, A.,
Dive, V., Jiracek, J., Chemistry & Biology 2003, 10, 113-
122.

12.  Chiari, M., Cretich, M., Stastna, M., Radko, S. P.,
Chrambach, A., Electrophoresis 2001, 22, 656-659.

13. Koval, D., Kasi¢ka, V., Jirac¢ek, J., Collinsova, M.,
Garrow, T. A, Electrophoresis 2002, 23, 215-222.

14, Peakmaster 5.1, http://www.natur.cuni.cz/~gas/

15.  Koval, D, Kasicka, V., Zuskova, 1., Electrophoresis 2005,
26, 3221-3231.

16. Koval, D., Kasicka, V., Jiracek, J., Collinsova, M.,
Electrophoresis 2003, 24, 774-781.

17. Debye, P, Huckel, E., Physik. Z. 1923, 24, 185-206.

18.  Kielland, J., |. Am. Chem. Soc. 1937, 59, 1675-1678.

19.  Robinson, R.A., Stokes, R.H., Electrolyte  Solutions,
Dover Publications, Inc., Mincola, New York 2002, pp.
461.

20.  Koval, D, Kasicka, V., Jiracek, J., Collinsovd, M., |. Sep.
Sci. 2003, 26, 653-660).

21.

22.

SiiR, F., Singer-van de Griend, C. E., Scriba, G. K. E.,
Electrophoresis 2003, 24, 1069-1076.

Lange’s Handbook of Chemistry 15th Edition, Dean, J.A.
(ed.), McGraw-Hill, New York 1999.






Electrophoresis 2006, 27, 0000-0000

Dusan Koval'
Jana Jiraskova' 2
Kvido StriSovsky'*
Jan Konvalinka' 2
Vaclav Kasicka'

‘Institute of Organic Chemistry and
Biochemistry,

Academy of Sciences of the
Czech Republic,

Prague, Czech Republic
‘Department of Biochemistry,
Faculty of Natural Science,
Charles University,

Prague, Czech Republic

Received December 22, 2005
Revised March 8, 2006
Accepted March 8, 2006

1 Introduction

All higher organisms use L amino acids for the synthesis
of proteins. However, a significant amount of o-serine has
been found in mouse and rat brain, and it has been sug-
gested to act as a coagonist at the “glycine site” of the

Research Article

Capillary electrophoresis method for
determination of p-serine and its application
for monitoring of serine racemase activity

Serine racemase (SR) is an enzyme responsible for the biosynthesis of b-serine, the
coagonist of the N-methyl-p-aspartate receptor, in the brain. Therefore, it has been
suggested as a possible therapeutic target for the treatment of various neurodegen-
erative diseases. To develop a potent inhibitor of SR, a simple, sensitive, fast, and
robust assay is needed. In this paper, a new CE method for the determination of
p-serine is described. Serine enantiomers are resolved in the form of o-phthaldialde-
hyde (OPA)/2-mercaptoethanol (2-ME) derivatives in an alkaline BGE composed of
50 mM sodium tetraborate, pH 9.7, and containing 40 mM 2-hydroxypropyl-v-CD as a
chiral selector. The problem of time-limited stability of OPA/2-ME derivatives has been
overcome by employing in-capillary derivatization of the sample, i.e., the derivatization
reaction was carried out directly in the separation capillary in the first phase of the CE
run. UV-absorption detection at 230 nm allowed concentration detection limit of 3 M.
Baseline resolution of p- and L-serine derivatives was achieved in less than 10 min.
This fact, together with the simple sample pretreatment, allowed application of the
method to medium-throughput monitoring of SR activity, such as the screening of
potential SR inhibitors. A good agreement was achieved between the developed CE
method and the previously established HPLC method for determination of the inhibi-
tion constant, K;, of a new SR inhibitor, L-erythro-3-hydroxyaspartate.

Keywords: Capillary zone electrophoresis / Chiral separation / o-Serine / In-capillary
derivatization / Serine racemase DOI 10.1002/elps.200500946

The NMDA receptors mediate a number of important
physiological processes, including brain development,
learning, and memory. However, overactivation of these
receptors might lead to various neuropathies including
postischemic brain damage, Alzheimer’s disease, and
diabetic neuropathy (for review see [2, 3)).

N-methyl-p-aspartate (NMDA) subtype of L-glutamate

receptors occurring in the mammalian central nervous

system (for a review see [1]).

Serine racemase (SR), a pyridoxal 5’-phosphate (PLP)-
dependent enzyme that catalyzes the direct conversion of
L-serine to p-serine, was first isolated from rat brain [4].
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2-amino-2-methyl-1,3-propanediol;
AOAA, aminooxyacetic acid hemihydrochloride; FDAA, 1-fluoro-
2.4-dinitrophenyl-5-.-alanine amide; 2-HP-y-CD, 2-hydroxypropyl-
+-CD; IS, internal standard; 3-MPA, 3-mercaptopropionic acid;
2-ME, 2-mercaptoethanol; NAC, N-acetyl-L-cysteine; NMDA,
N-methyl-p-aspartate; OPA, o-phthaldialdehyde; PLP, pyridoxal

Subsequently it was found in mice and humans [5, 6].
Inhibition of this enzyme has been suggested as a possi-
ble way to prevent neuronal cell damage in instances
when NMDA receptor overactivation resuits in neurotoxic
levels of glutamate [1, 7].

For the identification of an inhibitor of a novel pharma-
ceutical target, development of a fast, user-friendly, sen-
sitive, and reliable assay is critical. We and others pre-

* Current address: MRC Laboratory of Molecular Biology, Hills
Road, Cambridge CB2 2QH, UK.
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viously observed that SR not only racemizes serine but
also converts L-serine and the synthetic compound
L-serine-O-sulfate into pyruvate via its 3-elimination activity
[8-10]. Although, activity assays of SR could be based on
the side activity, direct analysis of the racemization is
clearly superior to any other activity assays. However,
separation and detection of the serine enantiomers is not
an easy task. Due to the absence of a strong chromo-
phore, fluorophore, or electroactive moiety in the serine
molecule it has to be derivatized with chromogenic or
fluorogenic compounds to increase its sensitivity to
detection. The analysis was further complicated by the
enantiomeric selectivity required to resolve the optical
isomers. This is usually achieved by chromatographic or
electrophoretic methods for chiral separation.

Chiral separations of amino acids have been performed
by GC or HPLC for many years, and a number of methods
for resolution of the serine enantiomers has been devel-
oped. In GC, p- and L-serine were separated as their N,O-
pentafluoropropionyl derivatives on a chiral capillary col-
umn of Chirasil-.-Val [11]. HPLC approaches to chiral
separation of serine include derivatization with the chiral
reagents 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide
(FDAA, Marfey’s reagent) [12] or o-phthaldialdehyde
(OPA) in conjunction with N-tert-butyloxycarbonyl-L-cys-
teine [13] followed by separation of the diastereomeric
derivatives on an RP column. In addition, serine enantio-
mers have been resolved as their 7-nitrobenzofurazan-4-
yl (NBD) derivatives using a Pirkle-type chiral column [14].
However, separation of serine enantiomers by these
chromatographic methods is laborious and time-con-
suming.

CE, a complementary separation technique to HPLC, is a
highly efficient and fast method for analysis of biomole-
cules. Different separation modes, such as CZE and
MEKC, have been developed to facilitate chiral separa-
tion of amino acids [15, 16]. Separation of serine enantio-
mers derivatized with fluorescein-5-isothiocyanate (FITC)
by MEKC was achieved in several different environments,
including y-CD (y-CD)/SDS [17], B-CD/sodium tau-
rocholate (18] or §-CD/SDS [19]. Another MEKC approach
utilizes derivatization of the serine enantiomers with the
chiral reagent (+/-)-1-(9-anthryl)-2-propyl chloroformate
(APOC) and separation of the diastereomeric products
using a pseudostationary phase composed of SDS and
DOC [20]. Recently, fast separation of 3-(4-carboxy-
benzoyl)-2-quinoline-carboxaldehyde (CBQCA) serine
derivatives was reported in a [3-CD/SDS system [21].
Additionally, serine enantiomers were reacted with naph-
thalene-2,3-dicarboxaldehyde (NDA) in the presence of
potassium cyanide and resolved in a {3-CD/DOC environ-
ment [22]. In CZE, separation of NBD derivatives with

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hydroxypropyl-3-CD (HP-3-CD) [23, 24] and NDA/KCN
derivatives was acquired in a mixture containing HP-3-CD
and p-glucose [25]. One of the best resolutions of o- and
L-serine reported so far using CE was achieved by the
CZE approach employing derivatization with OPA in the
presence of 2-mercaptoethanol (2-ME) with 2-hydroxy-
propyl-7-CD (2-HP-v-CD) as a chiral selector [26].

The aim of this work was to elaborate a new, simple, fast.
and robust method for determination of p-serine in the
presence of L-serine and to apply it to evaluation of SR
activity and inhibitor screening. The developed method
involves in-capillary derivatization of serine enantiomers
with OPA and 2-ME (Fig. 1) in the inlet port of the separa-
tion capillary and subsequent separation of o- and L-ser-
ine derivatives using 2-HP-y-CD as chiral selector. The
high chiral selectivity of the previously proposed method
[26] is combined with the newly implemented in-capillary
derivatization, which allows the assay to overcome prob-
lems originating from time-limited stability of OPA/2-ME
amino acid derivatives. Hence, the proposed assay can
be carried out in a commercially available CE analyzer
without the need for hardware modification.

OPA L..-Ser NAC

Figure 1. Schemes of the serine enantiomer derivatiza-
tion reactions with OPA in conjunction with (a) 2-ME or
(b) NAC.

2 Materials and methods

2.1 Reagents and chemicals

All chemicals were of analytical reagent grade. o-Serine,
L-serine, N-acetyl-L-cysteine (NAC), [}-CD, 4-(2-hydro-
xyethyl)piperazine-1-ethanesulfonic acid (HEPES), o.L-
DTT, PLP, 2-HP-B-CD (0.6 M substitution), 3-mercapto-
propionic acid (3-MPA), and ACN were obtained from
Sigma-Aldrich (St. Louis, MO, USA); magnesium chloride,
glycine, sodium tetraborate, sodium hydroxide, lithium

www.electrophoresis-journal.com
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hydroxide, boric acid, and methanol were obtained from
Lachema (Brno, Czech Republic); 2-ME, OPA, 2-HP-+-
CD, and «-CD were from Fluka (Buchs, Switzerland);
2-amino-2-methyl-1,3-propanediol  (Ammediol), and
2-(cyclohexylamino)ethane-2-sulfonic acid (CHES) were
from Serva (Heidelberg, Germany); aminooxyacetic acid
hemihydrochloride (AOAA) was from ICN Biomedicals
(Aurora, OH, USA); EDTA was from USB (Cleveland, OH,
USA); Marfey’s reagent, FDAA was from Pierce Biotech.
(Rockford, IL, USA); and L-erythro-3-hydroxyaspartic acid
was from Wako Pure Chemical Industries (Osaka, Japan).

2.2 Instrumentation

CZE experiments were carried out in a P/ACE MDQ
(Beckman Coulter, Fullerton, CA, USA) analyzer equipped
with a diode array UV-Vis detector. Absorbance of deri-
vatized amino acids was monitored at 230 nm. Data
acquisition and handling were performed using the
Karat 32 system, version 7.0. Fused-silica capillaries with
outer polyimide coating (id/od 75/375 um, total/effective
length 400/298 mm, supplied by Polymicro Technologies,
Phoenix, AZ, USA) were used. Samples were injected
hydrodynamically (1 kPa pressure for 5 s). Temperature of
the liquid capillary coolant was set at 20°C.

2.3 Enzymatic reaction

All testing was carried out with highly purified recombi-
nant mouse SR [27]. Racemization activity in the pres-
ence of putative mouse SR inhibitors was analyzed in a
pH 9.0 reaction buffer containing 20 mM sodium-CHES,
20 \(M PLP, 1 mM MgCl,, 1 mMATP, 5mM DTT, and
0.5 uM enzyme sample. After 10-20 min preincubation
with the inhibitory compound (typically present at a final
concentration of 5 uM) at room temperature 10 uL of the
substrate was added (to a final concentration of 3 mM
and a final reaction volume of 100 plL).

To evaluate the mechanism of inhibition, the samples
were prepared in the same way, but the substrate and in-
hibitor concentrations were varied.

The reactions proceeded from 20 min to 2 h at 37°C. For
CZE analysis the reactions were stopped by addition of
20 uL of a 30 mM EDTA and 6 mM AOAA mixture. EDTA
and AOAA impair SR activity by Mg?* chelation and
cofactor interaction, respectively. Prepared mixtures were
stored at -20°C prior to CZE analysis.

The reactions for HPLC analysis were stopped by addi-
tion of 20 L of 1.875 M HCIO,, which causes mouse SR
to precipitate. The precipitate was then removed by cen-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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trifugation (15000 x g, 10 min, room temperature). Before
starting the precolumn derivatization with FDAA the
excess HCIO, was eliminated by adding 20 uL of
1.875 M KOH, thus producing the nonsoluble salt KCIO,
(for details see [27]). Five microliters of 20 mM glycine
solution was added to the final mixture as an internal
standard (IS).

2.4 HPLC analysis of SR activity

The HPLC method for SR activity analysis is described
elsewhere [8]. Briefly, the formed serine racemate was
derivatized using FDAA (Marfey’s reagent). The formed
diastereomers were subsequently resolved on an RP-
HPLC column using the 2795 Alliance HPLC System
(Waters, Milford, MA, USA).

2.5 Derivatization

The derivatizing agent solutions were prepared as fol-
lows: 60 mM OPA solution was prepared by dissolving
solid OPA in a 50% v/v water-methanol or water-ACN
mixture and 120 mM thiol solution was obtained by mix-
ing the thiol with a 50 mM sodium tetraborate solution.
Then, a 1:1 mixture of these two solutions was prepared
to obtain a 30/60 mM OPA/thiol mixture which was used
for pre- and in-capillary derivatization of amino acids.

The pre-capillary derivatization used in CZE method
development was performed as follows: 90 L of serine
sample was mixed with 90 uL of 0.2 mM glycine (IS) so-
lution in 25 mM sodium tetraborate and 20 pL of 30/
60 mM OPA/thiol mixture. The solution was vortexed,
centrifuged, and injected immediately, thus allowing the
reaction to proceed at ambient temperature for about
5 min.

The in-capillary derivatization procedure (see Sec-
tion 3.1.5 for its optimization) employing reaction of amino
acids with OPA and 2-ME (Fig. 1) involved mixing 50 plL of
serine sample with 50 L of 0.2 mM glycine (IS) solution in
25 mM sodium tetraborate. This mixture was then hydro-
dynamically injected into the separation capillary at 1 kPa
for 5 s, followed by injection of the 30/60 mM OPA/2-ME
mixture at 1 kPa for 10 s (Fig. 2). Next, the electric field
was switched on. As a result, the analyte sample zone
and the derivatization agent zone were mixed, due to
countermovement of these zones created by differences
in the electrophoretic mobilities of their components. This
reaction proceeded at a separation voltage of 6 kV for
1 min, then, for the electrophoretic separation, the volt-
age was increased to 12 kV.

www.electrophoresis-journal.com
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Figure 2. Scheme of the in-capillary serine derivatization
reaction in an untreated fused-silica capillary. (1) Con-
secutive hydrodynamic injection of the sample and deri-
vatization agents; (2) application of the electric field intro-
ducing the zone mixing and the derivatization process; (3,
4) continuation of the zone mixing due to differences in
the effective electrophoretic mobilities of their compo-
nents and proceeding of the in-capillary derivatization;
(5) CE separation of the derivatized sample components.
meee, Electrophoretic mobility of the sample components
(serine enantiomers and/or their derivatives), directed to
anode; meoe, EOF mobility of the bulk solution inside the
capillary, directed to cathode. Due to the fact that abso-
lute value of meqe is greater than that of meg¢, the resulting
migration direction of all components is to the cathode,
i.e., to the direction of the detector.

3 Results and discussion
3.1 CZE separation and method development

3.1.1 Chiral separation system

Separation of serine enantiomers is an extremely chal-
lenging task. This fact is reflected in the rather low num-
ber of publications reporting chiral resolution of b- and
L-serine by CE. However, remarkable resolution of serine
enantiomers in the form of OPA/2-ME derivatives was
achieved using 2-HP-v-CD as chiral selector in a home-
made CE device [26]. Additionally, this derivatization
reaction is completed in a few minutes, in contrast to
other widely used procedures for amino acid derivatiza-
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tion such as labeling with FITC, which requires a reaction
time of several hours [18, 19]. Nevertheless, the fairly
attractive reaction rate of OPA/2-ME labeling of amino
acids is complicated by the time-limited stability of the
reaction product. We have observed serious deterioration
of the serine derivative in ca. 30 min (data not shown).
Therefore, precapillary derivatization of serine with OPA/
2-ME would not be suitable for the analysis of large series
of samples.

Thus, alternative systems of serine derivative-chiral
selector suitable for resolution of the serine enantiomers
with precapillary derivatization were examined. Thiols
such as NAC and 3-MPA were reported to provide more
stable reaction products with primary amines and OPA as
compared to 2-ME [28]. Chiral separation of serine enan-
tiomers labeled with OPA/NAC and OPA/3-MPA was
investigated in a BGE composed of 50 mM sodium tetra-
borate (pH 9.7) using various CDs (x-CD, -CD, 2-HP-{3-
CD, and 2-HP-y-CD) as the chiral selectors. Resolution of
D- and L-serine was achieved only for their OPA/NAC
derivatives in the BGE containing »-CD at a relatively high
concentration of 60 mM (Fig. 3). However, this resolution
was lower than that of serine enantiomers labeled with
OPA/2-ME and separated in borate BGE with 2-HP--CD
[26]. In addition, the serine OPA/NAC derivatives were not
sufficiently time-stable to enable development of a pre-
capillary derivatization method for p-serine determina-
tion. Hence, further research in the field of serine OPA/
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Figure 3. CZE chiral separation of serine enantiomers
derivatized with OPA/NAC. Peak identification: (1) OPA;
(2) L-serine (1 mM); (3) p-serine (0.05 mM); (4) glycine (IS;
0.1 mM); (5) NAC. Experimental conditions: precapillary
derivatization (see text for details); BGE, 50 mM sodium
tetraborate (pH 9.7) + 60 mM %-CD; untreated fused-
silica capillary, id/od 75/360 um, total/effective length
400/298 mm; separation voltage, 12 kV; current, 80 pA;
direct UV-absorption detection at 230 nm; temperature,
20°C; injection, hydrodynamic, 1 kPa for 5 s.
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NAC derivatives was abandoned and development of in-
capillary derivatization of serine enantiomers with OPA/2-
ME was begun.

3.1.2 BGE

Based on promising preliminary results obtained with the
in-capillary derivatization mode, the BGE was optimized
in order to achieve fair resolution of serine enantiomers
and to be compatible with samples from enzymatic reac-
tions. Since the serine-OPA/2-ME derivatives contain a
carboxylic group (Fig. 1), they are predetermined to be
analyzed as anions in an alkaline BGE. Chiral separation
of the serine derivatives was investigated for sodium-
borate, sodium-CHES, Ammediol-borate, lithium-borate,
and Ammediol-HEPES BGEs. Ammediol and CHES were
selected as alternative buffering substances; lithium and
HEPES were chosen as BGE counterions with low mobil-
ity. Comparative experiments investigating the effect of
the BGE constituents on resolution of b- and L-serine
enantiomers were performed with BGEs of pH 9.2 or 9.7
and 100 mM ionic strength containing 40 mM 2-HP-v-
CD. Sodium-borate BGE provided the best resolution and
the highest detection sensitivity among the studied BGEs
(data not shown) and was used in subsequent experi-
ments.

The effect of pH on chiral separation was studied in the
range of pH 9.2-10.2. The effective mobility of the serine
derivative was not influenced by pH of the BGE since the
ionogenic carboxylic group was fully dissociated in the
investigated pH region. But, an effective mobility shift of
the remaining 2-ME was observed, as the reported pK, of
2-ME was 9.88 [29]. However, the mobility shift was not
dramatic, and the 2-ME zone did not migrate behind the
zones of the amino acids. The 2-ME peak and the serine
peaks remained distinct in the separation pattern (Fig. 4).
Hence, borate buffer prepared as a 50 mM aqueous so-
lution of sodium tetraborate, pH 9.7 (the median), was
used as the BGE in further CZE experiments.

The ionic strength of the BGE is another fundamental pa-
rameter for optimization of CZE separations. An increase
in ionic strength of the BGE induces a reduction of the
EOF rate and electromigration dispersion of the analyte
peaks. However, the ionic strength increase also causes
an increase in BGE conductivity leading to peak broad-
ening due to Joule heating. Therefore, the effect of ionic
strength of borate BGE on chiral separation of o- and (-
serine was investigated in the 20-50 mM concentration
range of sodium tetraborate. The best symmetry and
resolution of the analyte peak(s) were achieved in the BGE
composed of 50 MM sodium tetraborate (Fig. 4). Fair
peak symmetry and resolution were achieved with this
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Figure 4. CZE chiral separation of serine enantiomers
derivatized with OPA/2-ME. Peak identification: (1) OPA;
(2) 2-ME residues; (3) glycine (IS; 0.1 mM); (4) o-serine
(0.16 mM); (5) L-serine (1 mM). Experimental conditions:
in-capillary derivatization (see text for details); BGE,
50 mM sodium tetraborate (pH 9.7) + 40 mM 2-HP-v-CD;
current, 100 pA. Other conditions are the same as in Fig. 3.

BGE even at very high concentrations of L-serine (up to
50 mM). Therefore, all subsequent experiments were
performed in 50 mM sodium tetraborate BGE.

3.1.3 Separation voltage and temperature

Increasing the separation voltage provides higher
separation efficiency until the deteriorative effect of Joule
heating becomes significant. Herein, a separation voltage
of 12 kV (i.e., 300 V/cm) and a capillary coolant tempera-
ture of 20°C were determined as optimal for 50 mM
sodium tetraborate BGE and for the above-described
capillary dimensions (Section 2.2). In summary, parame-
ters such as BGE composition, pH, and ionic strength;
separation voltage; and coolant temperature have to be
balanced in order to achieve maximum separation reso-
lution and efficiency. All of these parameters have been
investigated/optimized for this particular system.

3.1.4 Detection

OPA/2-ME amino acid derivatives can be detected fluo-
rimetrically using 340/455 nm excitation/emission wave-
lengths [30]. LIF detection was performed by excitation
with the 325 nm line of a He-Cd laser [31] or with the
351 nm line of an argon ion laser [26], and emitted light
was collected at 450 nm. Our instrumentation was, how-
ever, limited to a diode array UV-absorption detector. Ab-
sorbance of the derivatives can be selectively monitored
at 330 nm or more sensitively at 230 nm (Fig. 5). The
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Figure 5. Absorption spectra of serine OPA/2-ME deri-
vative (solid), 2-ME (dotted), and sodium-borate BGE
(dashed). Curves are diode array traces of the peak max-
ima from a CZE experiment carried out with a sample
containing 0.16 mM p-serine, 1 mM L-serine, and 0.1 mM
glycine and a mixture of 30 mM OPA and 60 mM 2-ME as
agents for in-capillary derivatization. For other experi-
mental conditions see Fig. 4 and the text.

detection wavelength of 230nm was selected with
respect to the fact that in some cases, e.g., at higher
concentration and/or longer injection time of the derivati-
zation agents, the zone of 2-ME is likely to interfere with
the zone of Gly. The overlapping of the peaks of these two
zones is minimal at the detection wavelength of 230 nm,
at which the difference in absorption between 2-ME and
amino acid derivatives is maximal.

3.1.5 In-capillary derivatization

The extent of the derivatization reaction performed inside
the capillary is influenced by several factors, mainly by
concentration of the derivatization agents, reaction time,
solvent, and temperature. Optimal reaction conditions
must also be set with respect to CZE separation. High
temperature and concentration of the derivatization
agents both have a positive effect on the reaction rate but,
on the other hand, can deteriorate efficiency and resolu-
tion of the separation. Variability in solvent is limited to
aqueous BGE or to organic solvents miscible with water
such as methanol or ACN. Reaction time is the actual
contact time of the analyte with the derivatizing agents,
which depends on the length of the injected zone of the
derivatizing agents and on the relative migration velocities
of the analyte and derivatizing agent zones. In this system
the reaction yield was maximized by mixing of analytes
and agents zones due to differences in effective electro-
phoretic mobilities of their components (Fig. 2).
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Herein, since the enzymatic reaction was carried out in
20 mM sodium-CHES buffer adjusted to pH 9, which is
close to the electrophoretic conditions, the CZE samples
were prepared simply by 1:1 volume dilution of the reac-
tion mixture in the 25 mM sodium tetraborate solution,
pH 9.7, containing 0.2 mM glycine as an IS. Thus, serine
was at least partially negatively charged (pK, values: 2.21
(-COOH), 9.15 (-NH3"), 13.6 (-OH) [29)) in the injected
sample zone, thereby ensuring a difference in the elec-
trophoretic mobilities of serine and OPA/2-ME. The deri-
vatization agent was prepared as a 1:1 v/v mixture of the
OPA solution in 50% v/v organic solvent-water and 2-ME
in 50 MM sodium tetraborate. The moderate electric
conductivity of this mixture prevented a significant
potential drop in the derivatization agent zone during the
in-capillary derivatization at the initial stage of the CZE
run. Two organic solvents, methanol and ACN, were tes-
ted for preparation of OPA solution. No significant differ-
ence in reaction rates was observed between the two.
Despite its volatility, methanol was preferred because a
white precipitate was formed in the ACN derivatization
mixture in ca. 12 h.

Glycine was used as IS since it was not present in the
investigated system and the migration time of its deriva-
tive was shorter (mobility was lower) than that of the ser-
ine enantiomer derivatives, i.e., inclusion of glycine as IS
did not prolong the analysis time. Another advantage of
glycine is that it is an achiral amino acid, which prevents
problems with chiral purity of the IS.

Optimization of the OPA/2-ME concentration was carried
out simultaneously with optimization of the injection
volumes of derivatization mixture and sample. A high
reaction yield with sufficient resolution of the analytes was
achieved at an OPA/2-ME concentration of 30/60 mM
and hydrodynamic injection of the OPA/2-ME solution for
10 kPa-s (pressure 1 kPa applied for 10 s) and the analyte
for 5kPa-s (pressure 1kPa applied for 5s). Further
amplification of the yield of the derivatization process was
achieved by application of a 6 kV separation voltage for
1 min at the beginning of the analysis. The effect of the
OPA/2-ME ratio to reaction yield was studied for 1:1to 1:2
molar ratios. The results showed that the 1:2 OPA/2-ME
ratio provides slightly higher peak area of the analytes
with the same resolution as for 1:1 OPA/2-ME ratio.

3.2 Method validation

Baseline separation was achieved for p-serine, L-serine,
and the glycine I1S. Method selectivity was confirmed by
analyzing the blank reaction mixture (without enzyme). It
should be noted that traces of p-serine were detected in
blank samples containing at least 10 mM L-serine of
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declared minimal purity 99.5%. However, this small con-
tamination was not a serious problem in our case since
the amount of p-serine formed by the conversion of
L-serine was significantly higher than the initial con-
tamination of L-serine by p-serine. The problem can be
solved by the use of a higher enantiomeric purity degree
of L-serine. In addition, p-serine can be removed from
L-serine enzymatically, e.g., by p-amino-acid-oxidase.

Detector response to p-serine was investigated in the
5-500 uM range. The calibration curve was constructed
from a ratio of corrected area of b-serine to corrected area
of the glycine IS. Corrected area is peak area divided by
its migration time. Linear evaluation of calibration data
provides the relation y = -0.1976 + 17.03-x (x stands for
p-serine concentration, and y for corrected area ratio),
with correlation coefficient 2 = 0.9975. Due to partial cur-
vature of the calibration plot, reflected by the linear
regression’s non-negligible intercept of the calibration
curve, the nonlinear model y = a-x® seemed more appro-
priate for p-serine quantitation. By fitting the calibration
data to this model, the following function was obtained:
y=19.14-x" "9 /2 = 0.9988.

The nonlinear course of the calibration curve is presumably
caused by not quite steady conditions, in which the deri-
vatization reaction is carried out in the separation capillary.
In support of this hypothesis, it was observed that devia-
tion of the calibration curve from a linear course is affected
by length of the zone of the derivatizing agents and by
lower separation voltage applied at the beginning of the
electrophoretic run. Since the reaction rates depend on
concentration of the reactants itimplies that concentration
ratio of p-serine and glycine is not constant in the cali-
brated range under unsteady conditions of in-capillary
derivatization. Further aspects that may impair linearity
and precision of the method are different reaction rates
and different mobilities of serine and glycine in the mixed
reaction zone, and fluctuations of the reaction temperature
because the reaction is performed in the nonthermostated
part of the capillary and the injected volume fluctuates.

The concentration LOD and the LOQ for p-serine were
estimated by inspection of the level of p-serine that yield-
ed appropriate S/N. The LOD, defined as an S/N of 3/1,
was 3 M and the LOQ, defined as an S/N of 10/1, was
5 pM. Precision of the method was evaluated with respect
to repeatability of consecutive injections. A solution of
0.05 mM p-serine, 1 mM L-serine, and 0.1 mM glycine (IS)
was injected six times in one day (intraday precision) and
on four different days (interday precision). Corrected
peak-area ratio based evaluation of the experiments
showed that RSD of p-serine determination precision was
4.7% intraday (n = 6) and 5.0% interday (n = 24). This
relatively high value of RSD is presumably caused by the
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complicated process of the in-capillary derivatization.
Short contact time and the somewhat puzzling process of
mixing of the sample and derivatization agents zones
during in-capillary derivatization are the sources of not
quite stable conditions of the derivatization reaction that,
probably, introduce some bias into the method. If neces-
sary, the precision of the method can be improved by the
prolongation of the in-capillary derivatization reaction.
This can be achieved by a homemade apparatus com-
bining a CE analyzer with a derivatization device [26, 32].

Accuracy of the method was evaluated for three con-
centration levels of p-serine (0.04, 0.08, and 0.2 mM) in
the presence of 1.5 mM L-serine and 0.1 mM glycine (IS).
The intraday accuracy interval (n = 4) was 98.2-105.4%
for 0.04 mM; 100.8-104.3% for 0.08 mM, and 106.0-
114.3% for 0.2 mM p-serine.

Solution stability is an important characteristic of the
method especially when long-term measurements of a
large series of samples are performed. It was found that
50 mM sodium tetraborate solution can be stored at 4°C
for 2 months. No degradation of BGE composed of 50 mM
sodium tetraborate (pH 9.7), and 40 mM 2-HP--CD was
observed after exposure of the solution at room tempera-
ture for 3 days. Stock aqueous solutions of the serine
enantiomers and glycine were stable for at least 1 month if
kept at -20°C. The racemization rate of L-serine in alkaline
conditions of 50 mM sodium tetraborate solution was
evaluated and no b-serine was detected in the 1 mM
L-serine solution stored at room temperature for 2 weeks.
Conversely, peak area of the amino acid derivatives is
strongly affected by the age of the OPA/2-ME mixture.
Therefore, a fresh solution of the derivatizing agents was
prepared prior to analysis of a set of 12-15 samples.

3.3 Applications

The CZE method described here has been applied for a
large-scale screening of SR activity; in particular, a series
of 70 potential SR inhibitors has been successfully tested.
The inhibitor candidates stemmed from a broader prelim-
inary screening. Our results corresponded well to the
rough screening data performed by an alternative, more
laborious, and less precise method using two coupled
enzyme reactions [33].

Furthermore, we have compared the suitability of the
developed method to the well established but more time-
consuming RP-HPLC method, which employs an FDAA
precolumn derivatization [8]. The recently described novel
SR inhibitor L-erythro-3-hydroxyaspartate [27] was used
for these comparative measurements. The mode of inhi-
bition was analyzed using the Lineweaver-Burk plot. The
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final plots show the same pattern for both the HPLC and
the CE approach (Fig. 6). The resulting values of the inhi-
bition constant K; are within the error margin: (43 * 7) uM
for HPLC and (35 = 3) uM for CZE. The K; determined by
HPLC is an average of three independent experiments
while the K, determined by CZE was calculated from one
reaction setup that was injected repeatedly. The calcula-
tions and linear regressions were performed using the
GraFit program version 5 [34].
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Figure 6. Comparison of the new CZE method to the
commonly used HPLC method illustrated on representa-
tive Lineweaver-Burk plots for the SR inhibitor L-erythro-
3-hydroxyaspartate. Enzymatic reactions were carried
out independently at pH 9.0, 20 yM PLP, 1 mM Mg?’,
1 mM ATP, 5 mM DTT, and 0.5 uM SR. Reactions for CZE
analyses were stopped by AOAA/EDTA mixture as
described above, whereas the reactions for HPLC analy-
ses were treated with HCIO, for protein precipitation (for
further details see Section 2).

4 Concluding remarks

The CZE method described here enables determination
of p-serine in less than 10 min. Its advantage is that the
conditions of CZE separation are compatible with buffer-
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ing substances, proteins, and other components that
occur in samples arising from enzymatic studies. This
method provides substantial simplification in sample
pretreatment in comparison with the RP-HPLC method in
which removal of proteins is a prerequisite [8]. The CZE
method can be used in applications in which repeatability
of 5% is acceptable, e.g., in SR inhibitor screening as well
as in the subsequent kinetic characterization of the inhi-
bition type and determination of the inhibition constant K..
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