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ANOTACIJA

Hiralas atpaziSanas mehanismu pétijumi 1so peptidu hromatografiskajai
sadalei uz krauna &teru stacionarajam fazém. Upmanis, T., zinatniska vaditaja Dr.
chem. Kazoka, H. Zinatnisko publikaciju kopas kopsavilkums analitiskas kimijas
apaksnozarg, 76 lapaspuses, 20 attéli, 2 tabulas, 79 literatairas avoti. Latvie$u un anglu
valodas.

Neskatoties uz veiksmigu krauna &teru stacionaro fazu izmantoSanu dazadu
hiralu pirm&o aminogrupu saturo$u savienojumu enantiosadalg, trikst p&tijumu, kas
apskata sarezgitakus analitus, ka pieméram, 1sos peptidus. Precizs mehanisms, kas
regulé krauna &tera saistiSanos ar p&tama analita sterecoizomériem, joprojam nav
skaidrs. Izveloties zinamu p-opioidu receptoru agonistu tetrapeptidu Tyr-Arg-Phe-Lys-
NH: ka modelvielu, novérots, ka hiralas stacionaras fazes, kam pamata izmantoti (R)
un (S)-(3,3-difenil-1,1'-binaftil)-20-krauna-6 selektori nodrosina optimalus apstaklus
§1 tetrapeptida hiralajai hromatografiskai sadalei. Noskaidrots, ka uz $im stacionarajam
fazém iesp&jams izskirt ari vairaku strukturali lidzigu tetrapeptidu enantiomérus. Lai
skaidrotu eksperimentali nov&roto hromatografisko sadali, hiralas atpaziSanas
mehanisms tika pétits ar augstefektivas skidruma hromatografijas, masspektrometrijas
un kodolu magnétiskas rezonanses spektrometrijas metodém.

KRAUNA ETERU HIRALAS STACIONARAS FAZES; TETRAPEPTIDI; HIRALA
ATPAZISANA; AMINOSKABES; ENANTIOSELEKTIVITATE
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IEVADS

Isie peptidi (n < 6) ir iesaistiti dazados biologiskos procesos un atbild par
daudzam cilvéka veselibai svarigam funkcijam. Savas augstas efektivitates un
selektivas darbibas d€l, to izmantosana arvien vairak piesaista zinatnieku interesi gan
jaunu zalvielu kandidatu izstradei, gan ka jaunu transporta formu jau zinamu zalvielu
ievadiSanai. Peptidi sastav no noteikta seciba virkné sakartotam aminoskabém, kuras
visas, iznemot glicinu, ir hiralas. Gan raZo$anas, gan dazadu argju apstaklu ietekmé
nereti iesp&jams veidoties vairakiem peptida Stereoizomériem ar potenciali atskirigu
vai pat nevélamu biologisko aktivitati, tadél nepiecieSamiba péc sarezgitu
diastereoméru un enantiom&ru maisijumu sadales metodém ir bitiska gan biologijas,
gan medicinas zinatnes nozargs, t.sk. farmacija.

Misdienas, hiralu savienojumu enantiosadalei lieto dazadas analitiskas
metodes, no kuram izplatitaka ir augstefektiva skidrumu hromatografija (HPLC),
izmantojot hiralas stacionaras fazes (CSP). Ir zinams, ka CSP, kuru pamata ir krauna
eteri, veiksmigi izmantoti dazadu hiralu savienojumu enantioméru atdaliSanai, kas satur
pirmg&jas aminogrupas, tostarp dazadus neaizsargatus di- un tripeptidus. Diemz&l trikst
petijumu, kas apskata sarezgitakus analitus, piem&ram tetrapeptidus. Dalamo
savienojumu sarezgitas stereokimiskas strukttras dél ir praktiski neiespgjami prognozet
ka petama analita stereoizomeéri uzvedisies hromatografiskaja sistéma. Tade] visbiezak
analitiskas sadales metodes tiek izstradatas péc méginajumu un kladu metodes (trial
and error).

Kaut ari visparigi zinami, precizi peptidu hiralas atpaziSanas mehanismi uz
krauna &teru CSP nav pilniba izpé&titi. No mehanistiska viedokla nav zinams, tiesi kads
ir katras peptida funkcionalas grupas ieguldijums mijiedarbibas ar hiralo selektoru. Lai
labak izprastu jau eso$as pieejas ka ari raditu perspektivas stratégijas, izstradajot
analitiskas metodes hiralu Tso peptidu enantiosadalei, nepiecieSams izveidot pamatu
padzilinatai izpratnei par hiralas sadales mehanismiem uz krauna &tera fazém.

Promocijas darba mérkis ir izpétit 1so peptidu hiralas atpaziSanas mehanismu
uz krauna &tera stacionarajam fazém, apvienojot HPLC, augstas izskirtsp&jas masas
spektrometriju (HRMS) un kodolu magné&tiskas rezonanses spektroskopijas (NMR)
metodes, izmantojot zinamu u-opioidu agonistu Tyr-Arg-Phe-Lys-NH; ka tetrapeptida
modelvielu.

ME&rka sasniegSanai tika izvirziti sekojosi uzdevumi:

1. Veikt visu seSpadsmit Tyr-Arg-Phe-Lys-NH; stereoizoméru sint€zi un izpétit
komerciali pieejamu krauna &teru hiralo stacionaro fazu pielietojamibu Tyr-Arg-
Phe-Lys-NH; stereoizoméru hromatografiskajai sadalei.

2. levadot dazadas aminoskabes pie tetrapeptida N-gala un Phe pozicija, sintezet Tyr-
Arg-Phe-Lys-NH; strukttiras analogus un izvertét struktira ievadito aminoskabju
atlikumu ietekmi uz tetrapeptidu aizturi un enantiosadali uz CROWNPAK CR-I
fazeém.

3. Sintezet visus iespgjamos Tyr-Arg-Phe-Lys-NH; struktiras analogus, kuros ar
krauna &tera hiralajiem selektoriem saistities sp&jigas aminogrupas ir selektivi
aizstatas ar inertam hidroksilgrupam un noskaidrot, kura aminogrupa ir iesaistita
hiralaja atpazisana uz CROWNPAK CR-I fazém.

4. Sintezét CROWNPAK CR-l stacionaro fazu hiralos selektorus un izpétit
saistiSanos starp Tyr-Arg-Phe-Lys-NH, LLLL un DDDD-enantiomériem un
sintezetajiem selektoriem ar HRMS un NMR metodém.



Promocijas darba zinatniska novitate:

1. Pirmo reizi zinots par tetrapeptida (Tyr-Arg-Phe-Lys-NH,) hiralo sadali uz krauna
&teru hiralajam stacionarajam fazém.

2. Konstatéts, ka stacionaras fazes, kas veidotas uz (R) un (S)-(3,3’-difenil-1,1-
binaftil)-20-krauna-16 hiralo selektoru bazes ir perspektivakas Tyr-Arg-Phe-Lys-
NH; un desmit ta struktaras analogu enantiosadalei.

3. Darba pirmo reizi paradits, ka, analiz&jot vienu analitu uz divam pretgjas hiralitates
CROWNPAK CR-I (+) un CR-I (-) stacionarajam fazém, iesp&jams gan palielinat
sadalito tetrapeptida stereoizoméeru skaitu, gan izvertet CSP enantiosadales sp&ju
attieciba uz noteiktu enantiom@ru pari ar1 tad, ja pieejams tikai viens no
enantiomériem.

4. Apvienojot HPLC, HRMS un KMR metodes, izpétits viena Tyr-Arg-Phe-Lys-NH;
enantioméru para hiralas atpaziSanas mehanisms uz (3,3’-difenil-1,1-binaftil)-20-
kraunu-16 fazem.

5. Noskaidrots, ka vairak ka viena aminogrupa Tyr-Arg-Phe-Lys-NH, struktora var
vienlaikus saistities ar vairakam selektora molekulam uz sorbenta virsmas. Sada
saistisanas stehiometrija ieprieks literatiira nav aprakstita.

Pétijuma praktiskais pielietojums:

Darba aprakstita tetrapeptidu hromatografiska uzvediba uz (3,3’-difenil-1,1-
binaftil)-20-kraunu-16 stacionarajam fazém var butiski palidzét turpmak jaunu,
nezinamu 1so peptidu enantiosadalg. legttie dati ir viegli pielietojami prakse peptida
tipa zalvielu kandidatu hiralas tiribas noteikSanas metozu izstradé uz krauna &tera
stacionarajam fazém. Ir pamats prognozet, ka izstradato metozu izmantoSana var tikt
piclietota dazadu peptidu attiriSana, kas ir svarigi zinatniskajos pétijumos un farmacijas
nozare.

Promocijas darba, izmantota netradicionala pieeja (divas hiralas kolonnas, ar
pretéjas hiralitates selektoriem viena parauga analizei), var kalpot sarezgitu
stereoizoméru maisTjumu sastava noteikSanai. Turklat, gadijumos, kad ir pieejams tikai
viens savienojuma enantiomérs, §1 pieeja lauj salidzinosi atri un I&ti novertet vai
stacionaras fazes hiralais selektors ir enantioselektivitivs attieciba pret noteiktas
konfiguracijas enantioméru pari.

Darba aprakstito HPLC, HRMS un NMR metozu izmantoSanu saistiSanas
petijumos var izmantot ka piemeru turpmakai sistematiskai hiralas atpaziSanas
mehanisma noskaidroSanai dazadam hiralo selektoru un analitu klasem. Izpétito
starpmolekularo mijiedarbibu profils var kalpot par pamatu jaunu hiralo stacionaro fazu
izstradei.
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1. PROMOCIJAS DARBA TEORETISKIE PAMATI UN
PETITAS SISTEMAS

1.1. Peptidu zalvielas

Zalvielu atklaganas nozaré pédejo desmitgadu laika ir novEérojama arvien
pieaugosa farmacijas industrijas interese peptidu izmantosanai, $ai savienojumu klasei
ielauzoties tirgii visdazadako slimibu, ka piemeram, diab&ta, v&za, osteoporozes,
multiplas sklerozes, HIV, ka arT hronisku sapju, arsté$anai [1]. Strauji attistoties
biologijas un medicinas zinatném, pétijumu skaits, saistiba ar dazadu peptidu zalvielu
pielietojumu, arvien pieaug [2], veidojot nozimigu farmacijas tirgus dalu, 2019. gada
pardosanas apjomam visa pasaulé parsniedzot 70 miljardus ASV dolaru [1]. Uz $o bridi,
vairaki simti peptidu zalvielu kandidati atrodas klmisko petfjumu fazeé un vairak ka 80
jau ir apstiprinatas kliniskai lieto$anai visa pasaulé [3].

Isie peptidi parstav unikalu farmaceitisko preparatu klasi, kas sastav no noteikta
seciba sakartotu aminoskabju virknes un molekulara izméra zina tie atrodas starp
mazmolekulariem savienojumiem un olbaltumvielam [4], tom&r gan kimisko TpaSibu,
gan darbibas mehanismu zina peptidi atskiras no abiem iepriek§ mingtajiem [5]. Ka
daudzu fiziologisko funkciju regulgjosu receptoru signalmolekulas, peptidi (to
dabiskaja forma vai modificéti) paver iesp€jas terapijam, izmantojot dabiskos
regulacijas celus [6]. Citi nozimigi faktori, kas ir veicinajusi $o tendenci, ir augsta
specifiskuma pakape un zems toksicitates profils (ko nosaka to arkartigi cie$a
saistiSanas ar mérkiem), kas lauj $ai savienojumu klasei bt lieliskam papildinajumam
vai pat v€lamajai alternativai mazmolekularo savienojumu zalvielam [7].

Peptidu biologiskas funkcijas un to fizikalas ipasibas ir atkarigas no to
stereokimiskas struktiras, ko péc butibas nosaka virkné sakartotu aminoskabju
konfiguracija [8,9]. Visas dabas aminoskabes, iznemot glicinu ir hiralas un pastav D vai
L forma, tadejadi iesp&jams veidoties vairakiem peptida stereoizomériem ar potenciali
atSkirigu biologisko aktivitati, [10,11]. Nereti peptidu dabas savienojumos ir
noverojama racemizacija (vai epimerizacija, atkariba no iesaistito stereocentru
pozicijas), kas var notikt gan sint€zes laika, gan uzglabasanas apstaklu ietekmég, ka art
metabolisku procesu rezultata [12,13], veidojot sarezgitus enantiom&ru / epiméru
maistjumus, tade] precizu un atru hiralas tiribas kontroles metozu izstrade peptidiem ir
arkartigi butiska gan farmacijas ripniecibai, gan p&tijjumiem kimijas un biologijas
zinatnes nozares.
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1.2. HPLC pielietojums hiralu peptidu analitu sadalei

Izplatitaka stratégija dazadu peptidu analitu optiskas tiribas noteikSanai ietver
peptida hidrolizi par atseviskam aminoskabém [14]. Lai izvairitos no jebkadam ar&ju
faktoru izraisitam enantioméru attiecibas izmainam sakotngja paraugd, peptida
hidrolize tiek veikta deiterctos §kidinatajos. Sada gadijuma, jebkadu racemizaciju, kas
notiek parauga sagatavoSanas posma, pavada deit€rija apmaina (1.1. att.) pie a-oglekla
[15].

R .H R, _H
< OH e OH
> H,N HyN
e} 0
L-aminoskabe D-aminoskabe
HCI/H,0
R 2
ot H hidrolize
N 7= |
u -
o R 0 DCI/D,0 Hidroltzes laika R H R, H
idrolr; < _OH b OH
proteTns/peptids hidrolize neskartas HoN W + HN /ﬂ]/
L-aminoskabe D-aminoskabe
racemizacija R, .D R, D
hidrolizes laika _OH > OH
—————* H)N H,N
e} O
L-aminoskabe D-aminoskabe

molekulmasa palielinas +1 Da

1.1. att. DCI/ D20 peptidu hidrolizes shematisks attelojums [16].

Talak, hidrolizes cela ieglitas aminoskabes tiek paklautas hiralai derivatizacijai (piem.,
izmantojot Marfeja reagentu [17]) un ar Skidruma hromatografijas-masspektrometrijas
metodém netieSi (enantiom&rus parverSot par diastereomériem) analizEtas ahiralos
apstaklos, kur aminoskabju molekulas, kas racemizgjusas hidrolizes laika un ir
iezZim&tas ar deitériju (radot + 1 masas atSkiribu) secigi var tikt atdalitas
masspektrometriski [17]. Aprakstitas strategijas trikumi ietver sevi nepiecieSamibu péc
dargiem deiterétiem S$kidinatajiem un masspektrometrijas aprikojuma, piedevam,
derivatizacijas solis ienes papildus sareZzgitibu paraugu sagatavoSanas gaita, paildzina
analizes laiku un samazina metodes robustumu, ievedot jaunus potencialu kltdu avotus
[18].

Ideala gadijuma, iepriek$ aprakstitos metodes trikumus var&tu noverst,
analizgjot hiralus peptidus tiesi - tos ieprieks nemodificgjot. Aminoskabju enantiom&ru
tiesas hromatografiskas sadales metodém izstradats plass hiralo stacionaro fazu klasts,
kas veidotas uz dazadu tipu hiralajiem selektoriem. Diemz€l, dalamo analitu
stereoktmiskas sarezgitibas dél (ar katru nakamo struktfira ievadito aminoskabi (n)
peptida stereoizoméru skaits palielinas eksponenciali 2"), panakumi dazadu tieSo
sadales metozu izmantoSana, nemodificétu 1so peptidu hiralaja hromatografiskaja
sadalg, bijusi sam&ra ierobeZoti, kas labi atspogulojas relativi zemaja atrodamo
publikaciju skaita. Starp tam, pieméram, glicil-dipeptidu enantiosadale panakta ar
ligandu apmainas hromatografiju [19]. Atseviskas neaizsargatas neproteinogénas
aminoskabes un peptidu dabas analitu enantiosadale veikta uz polisaharidu
atvasindgjumu fazém [20,21]. Savukart, dazadu neaizsargatu dipeptidu un tripeptidu
hiralaja izskirsana, ieprieks zinots par CSP, kas veidotas uz makrociklisko glikopeptidu
[22-24] un ciklodekstrinu [25,26] bazes, izmantosanu. Divu veidu hiralas stacionaras
fazes (uz hinina alkaloidu [27-29] un hiralu krauna &teru bazes [30]) ir raditas tie$i
aminoskabju un dazadu pirmé&jo aminogrupu saturosu savienojumu, kuriem pieskaitami
arT peptidi, sadalei.
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1.3. Uz krauna &teru bazes veidotas hiralas stacionaras fazes

Vienu no zinamakajiem hiralu krauna &teru veidiem izstradajusi Donalda Dz.
Krama grupa (par to sanemot Nobela prémiju kimija 1987. gada), eksperimentgjot ar
optiski aktivu 1,1°-bi-2-naftil funkciju ieklauSanu krauna &tera struktiira [31]. Grupas
veiktajos petijumos Ipasi izcelta (R)- un (S)-(3,3’-difenil-1,1-binaftil)-20-krauna-16
(1.2. att., A) unikala hiralas atpaziSanas spgja attieciba uz dazadu a-aminoskabju un to
metilesteru  enantiomériem [32]. Sis pasibas atrada pielietojumu hiralaja
hromatografija un, gandriz 10 gadus vélak, dinamiski uzklajot hiralo selektoru uz
silikagela, tika izveidotas pirmas komercialas krauna &teru CSP (no Daicel Chemical
Industries) CROWNPAK CR (+) un (-) [33].

(A) e ®) .
—OH
OO O/\}, _Moe;sfh\ﬂe/\/oico OO O/\\:J
OO ochJ ﬁe\’si;e\/\ © ° “ 0\,_J
—OH
—OH

CR () CR-I ()

() o O
99 Oﬁoj w“g‘?‘sfijo\Co 494 Oﬁoj
SOV na e e ¢ o (%Y

) o O

CR () CR-I (+)

1.2, att. Kimiskas struktaras: (R)- un (S)-(3,3’-difenil-1,1-binaftil)-20-krauna-16 hiralie
selektori CROWNPAK CR (-) un (+) CSP- (A); imobilizéta hirala selektora versija
CROWNPAK CR-I (-) un (+) CSP — (B).

Sis hiralas stacionaras fazes izradijas loti efektivas dazadu pirmé&jo a-
aminoskabju [33,34], aril-a-aminoketonu [35], f-aminoskabju [36—-38], y-aminoskabju
[39], ka arT dazadu citu hiralu savienojumu, kas satur pirmgjo aminogrupu [40,41] taja
skaita arT dipeptidu [42,43] enantiosadalei. Diemzgl, CSP pagatavosanas specifikas dél
bija jarekinas ar butiskiem trikumiem ka rezultata bija jaieveéro stingri noteikumi
attiectba uz mobilas fazes $kidinataju izveli. Hirala selektora dinamiskas uzklasanas dg]
uz sorbenta virsmas, pat 15% MeOH satura parsnieg§ana mobilaja fazé vargja
neatgriezeniski bojat CSP veiktsp&u, hiralo selektoru no kolonnas vienkarsi
“izmazgajot”.

Sos trakumus vélak izdevas novérst, hiralo selektoru kovalenti saistot ar
brivajam silanola grupam uz silikagela virsmas, ka rezultata izstradatas imobilizetas
CROWNPAK CR-I (+) vai (-) CSP (1.2.att., B) [44]. Tika konstatéts, ka $ada
stacionaras fazes pagatavoSanas metode ievérojami palielina tas stabilitati, laujot
izmantot plasaku §kidinataju klastu (ACN, MeOH, EtOH, 2-PrOH, THF) mobilaja faze
ka arT neierobezojot organiska modifikatora koncentraciju taja, tada veida paplasinot
iesp&jas variét ar hromatografisko apstaklu piemeklésanu nepiecieSamajai sadalei.
Izmantojot CR-1 (+) un (-) CSP izdevies sadalit visu proteinogéno aminoskabju
enantiomérus (iznemot prolinu) [45], tas ir veiksmigi pielietotas plasa klasta o- [46,47],
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f- [38] un y-aminosavienojumu [39] hiralaja iz8kir§ana un visparigi nodrosina labaku
sadales veiktspgju attieciba pret tas priekste¢iem — CR (+) un (-) CSP [39].

Otru zinamako krauna &eru CSP, kas veidots uz (+) vai (-)-(18-krauna-6)-
2,3,11,12-tetrakarbonskabes pamata (18-C-6-TA; 1.3. att., A) izstradajusi Zana-MarT
Léna grupa (par to ari sanemot Nobela prémiju kimija 1987. gada), krauna &tera cikla
ieklaujot divus vinskabes fragmentus [48]. Sis krauna &teris pla§i izmantots arT ka
hiralas iz8kirSanas reagents kodolmagnétiskas rezonanses spektroskopija [49],
kapilaraja elektroforéze [50] un masspektrometrija [51].

(A) (B)

o™ 0 S
Hooc,, O O.__COOH ONH o
/[ E[/o/r’\o/\O

O, (0}
HOOC N0~

o 0~ ""COOH
o

HOOC

COOH

(+)-18-C-6-TA ChiroSil RCA (+) CSP

1.3. att. Kimiskas struktairas: (+)-(18-krauna-6)-2,3,11,12-tetrakarbonskabe — (A); imobiliz&ts
(+)-18-C-6-TA hiralais selektors ChiroSil RCA (+) stacionaraja faze — (B).

Ta ka 18-C-6-TA labi $kist tdeni, tikai ta imobilizéta versija, komerciali
pazistama ka ChiroSil RCA (+) (1.3. att., B; vai SCA (-), atkariba no hirala selektora
konfiguracijas; izstradajusi RStech Corporation) tiek izmantota hromatografija. CSP,
kas veidotas uz 18-C-6-TA bazes veiksmigi pielietotas dazadu dabas un sintétisko a-
un S-aminoskabju [52-55], otr&jo aminu [56] ka ar1 1so peptidu [57] enantiosadalgs.

No apskatitas literatiiras secinats, ka CSP, kas veidotas uz hiralu krauna &teru
bazes ir vienas no daudzsolosakajiem kandidatiem tieSajai Tso peptidu hiralajai sadalei.
Tomér, lai labak izprastu to pielietojumu tik sarezgitu analitu izskirSanai, vispirms
nepiecieSams apskatit, kas ir zinams par So abu CSP veidu hiralas atpaziSanas
mehanismiem.

1.4. Hirala atpaziSana

Parasti CSP tiek izstradatas ta, lai tas veidotu tadu Stériski traucétu vidi, kura
viens no izomériem sp&j ar CSP saistities spécigak neka otrs. Atkariba no hirala
selektora strukttiras, zinams, ka dazadas visparzinamas starpmolekularas mijiedarbibas
(pieméram, jonu, tidenraza saites, steriski trauc&jumi, n-w, dipola-dipola, jonu-dipola,
van der Valsa) caur to pievilkSanas/atgriiSanas Tpasibam vistieSakaja veida ietekme
saistiSanas speku starp hiralo analitu un selektoru. Lidzsvara reakcijas, kas uz
stacionaras fazes virsmas atgriezeniski veido diastereoméru parus, ir paraditas
1.4, attela.

(R)-CS + (S)-E Z[(R)-CS - - - (5)-E]

(R)-CS + (R)-E {(:R[(R)-CS ---(R)-E]
1.4. att. Shematisks diastereoméru veidoSanas attelojums [58].
Dotaja pieméra hiralais selektors (CS) ar fiksétu konfiguraciju (R),
mijiedarbojoties ar analita S-enantioméru (S)-E, veido diastereoméru kompleksu [(R)-
CS-+(S)-E], kura stabilitati raksturo lidzsvara konstante Ks (1.4. att. — augsa). Taja pat

laika notiek arT saistisanas starp hiralo selektoru un analita R-enantioméru, veidojot
[(R)-CS(R)-E] kompleksu, kura stabilitati raksturo Iidzsvara konstante Kg
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(1.4. att. — apaksa). Atskiribas abu kompleksu lidzsvara konstant€s atspogulojas
izoméru aizturé un kalpo par pamatu stereoselektivai sadalei jebkura hromatografiskaja
sistéma. [zomérs, kas ar hiralo selektoru saistas vajak, no kolonnas izdalas atrak, kamér
izomérs, kas ar hiralo selektoru veido stabilaku kompleksu, kolonna aizturas ilgak, tada
veida, laujot maistjumu hromatografiski sadalit. Butiska loma hiralaja atpazi$ana ir ari
videi, kura §1s mijiedarbibas notiek, kas $kidruma hromatografija ir mobila faze (MP).
Atkariba no izmantoto $kidinataju dabas, mobilas fazes molekulas ne tikai sacens$as ar
analita molekulam par piesaistes vietam uz hiralas stacionaras fazes, bet ar1 var
ietekmét hirala selektora steriku, mainot hiralas atpazisanas mehanismu.

1.4.1. Hirala atpazi§ana uz (3,3’-difenil-1,1-binaftil)-20-krauna-16 CSP

Apgrieztas fazes (RP) apstaklos (tideni saturo$a mobila faze), hirala sadale tiek
panakta, aizturot analttu kolonna, tam selektivi ieklaujoties selektora hiralaja dobuma
(1.5. att., A). SaistiSanas pamata ir triis *N-H-O tdenraza saiSu veidoSanas starp
protonéto analita amonija grupu un krauna &tera skabekla atomiem, kam seko
enantioselektivas hidrofobas atgriisanas mijiedarbibas starp analitu un stacionaras fazes
selektora divam 3-fenilnaftil grupam. SaistiSanas shematiski paradita Nimena
projekcijas 1.5. attéla B un C pieméros.

(A) ©)

s Ll A b

] S )
Qe

(B)

Hirills dobums

Vairiik stabils Mazik stabils
[D-AA-CR (9)] [L-AA-CR (+)]

1.5. att. Piedavatais hiralas atpaziSanas mehanisms CR (-) selektoram: CR (-) selektora
elektrostatiska potenciala virsma, kas iegiita no kristala struktaras [59], vizualizacija veidota ar
Chimera 1.16 programmatiiru — (A); SaistiSanas rezultata starp analita pirmg&jo amonija jonu (R-
NH3z*) un CR (-) selektoru izveidojusies vairak stabilie — (B); un mazak stabilie kompleksi — (C)
[32]. Aizvietotdji pie analita hirala oglekla apziméti p&c to izméra — liels (L), vid&js (M) un mazs

(S).

Saja gadijuma, lielaka funkcionala grupa (L) pie analizéjama savienojuma hirala
centra aiznem telpu, kas atrodas vistalak no selektora steriski apjomigas augSupverstas
3-fenilnaftil grupas, kamér atlikusie divi aizvietotaji, atkariba no aminoskabes
konfiguracijas, attiecigi telpa novietojas automatiski. Steriskie traucgumi, kas rodas
starp hirala selektora augSupvérsto 3-fenilnaftil fragmentu un L-aminoskabes vidgjo
funkcionalo grupu (M) iev@rojami vairak ierobezo ta piekluvi selektora hiralajam
dobumam (1.5. att., A), atskiriba no ta attieciga D-enantioméra, kur So telpu aiznem
mazakais (visbiezak tidenradis) aizvietotajs (S). Rezultata, idenraza saites veidoSanas
starp L-enantioméru un CR (-) selektoru ir steriski traucéta, veidojot mazak stabilu
kompleksu (1.5. att., C), kas no kolonnas izdalas attiecigi pirms D-enantioméra [30].
Sada veida tiek skaidrota ari specifiska enantioméru izdalisanas seciba (L < D), kas uz
CR (-) CSP ir speka visam hiralam aminoskabém un Kuru iesp&jams mainit uz pret&jo,
izmantojot CR (+) CSP, kas satur pret&jas konfiguracijas hiralo selektoru.

Atskiriga enantioselektivitate mobilajas fazes ar augstu organiska modifikatora
saturu ir atklata tikai salidzinosi nesen [45], jo vecaka tipa parklatas CSP nepielava
izmantot $adus hromatografiskos apstaklus. Atskiriba no RP apstakliem, papildus
sterisko faktoru virzitai ieklauSanas kompleksacijai caur Gidenraza saiSu veidosanos,
iesp&jamas V&l papildus enantioselektivas hidrofilas mijiedarbibas (HILIC), tomér
precizs $o mijiedarbibu profila raksturs joprojam nav pilniba izpétits.
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1.4.2. Hirala atpazi$ana uz (18-krauna-6)-2,3,11,12-tetrakarbonskabes CSP

Atkariba no mobilas fazes sastava, ari (+) un (-)-18-C-6-TA CSP tiek apskatiti
divi iesp&jamie mehanismi, lai izskaidrotu hiralo sadali [52,60]. RP apstaklos, papildus
tidenraza saiSu virzitai pirmé&ja amonija jona ieklausanas kompleksacijai 18-krauna-6
cikla hiralaja dobuma (1.6. att., A), stériski traucgjumi starp 18-C-6-TA divam
karbonskabes grupam un stériski apjomigakajiem a-aminosavienojuma aizvietotajiem
ierobezo analita piekluvi saistiSanas vietai. Rezultata viens no enantiomériem spgj
saistities cieSak un veidot stabilaku diastereoméru kompleksu ka otrs, laujot tos
hromatografiski sadalit. Lidzigi ka CR (+) un (-) hiralajiem selektoriem, ari uz 18-C-
6-TA CSP ir raksturiga noteikta enantiom@ru izdaliSanas seciba. Aminoskabju D-
enantioméri veido stabilakus kompleksus ar (+)-18-C-6-TA hiralo selektoru, kamer L-
enantioméri ar (-)-18-C-6-TA.

(A) (B) -y e (C) =g A
Hirals dobums ; ! S'é 5 | S'@
N-H H-N o N-H H-N o
O=/ \# O=/ \Z
’_‘Of-’“':,o/h_‘o /0,-,:-,0/“—\0
_Halt +_aaH. _Hawl%+_aaH.
le] N O 0, N (o]
HoOC o ) HOOC o " )
H-‘)jﬁ/o--"'“o ;L HO
R " © R
OH OH
Vairik stabils Mazik stabils
[D-AA - (+)-18-C-6-TA] [L-AA - (+)-18-C-6-TA]

1.6. att. Piedavatais hiralas atpaziSanas mehanisms (+)-18-C-6-TA selektoram: (+)-18-C-6-
TA selektora eclektrostatiska potenciala virsma, kas ieglita no kristala struktiras [61],
vizualizacija veidota ar Chimera 1.16 programmatiiru — (A); Iesp&jamie stabilakie (B) un mazak
stabilie (C) kompleksi kas izveidojusies, saistoties a-aminoskabém ar CSP, kas veidotas uz (+)-
18-C-6-TA selektora bazes [62].

Ar organisko modifikatoru bagatas mobilajas fazes hirala selektora divas sanu
karbonskabes grupas var darboties ka papildu fidenraza saites donoru vai akceptoru
grupas. Ka paradits 1.6. att€la B un C pieméros, saistoties ar (+)-18-C-6-TA, a-
aminoskabes D-enantioméra karboksilgrupa veido papildu H-saiti ar vienu no selektora
karboksilgrupam, radot stabilaku diastereoméru kompleksu (1.6. att., B). Savukart,
karboksilgrupa L-enantiom@ra struktiira ir telpa novirzita prom no hirala selektora
karboksilgrupam un nevar piedalities H-saites veidoSana, tadgjadi veidojas mazak
stabils komplekss (1.6. att., C).

Diemzgl, literatiira aprakstitie pétfjumi ir lielakoties teorétiski, tiem nav
pietickamas eksperimentalas bazes un tie parsvara apskata vienkarSotus hiralas
atpaziSanas modelus, izmantojot aminoskabes. Janem véra, ka peptidu dabas analitu
gadfjuma ir jarekinas ar vairaku hiralo centru klatbttni, bez tam, peptids var saturet
citus mijiedarbibas saistities sp&jigus fragmentus, tadel no mehanistiska viedokla nav
zinams, tiesi kads ir katras peptida funkcionalas grupas ieguldijums mijiedarbibas ar
hiralo selektoru. Stkak par popularakajiem panemieniem hiralas atpazisanas pétisanai
aprakstits nakamaja nodala.
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1.5. Dazadas pieejas hiralas atpaziSanas pétiSanai

Hiralas atpaziSanas petijumiem lietotas dazadas zinamas organisko savienojumu
pétisanas metodes. Starp spektroskopiskajam metodém [63-65], viena no plasak
pielietotajam ir kodolu magnétiska rezonanse, ar kuras palidzibu hirala atpaziSana
skaidrota dazadiem S$kidruma hromatografija [66-68] un kapilaraja elektroforéze
[69,70] izmantotajiem hiralajiem selektoriem. Ka paradits 1.7. attela piemera, *H-NMR
lietota hiralas kompleksé$anas petijjumiem starp fenilglicina enantiom&riem un (+)-18-

C-6-TA selektoru.
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1.7. att. 'H-NMR fenilglicina un ekvimolaru fenilglicina/(+)-18-C-6-TA kompleksu (2 mM
$kidumi MeOH-ds) spektri: L-fenilglicins ar (+)-18-C-6-TA - (A); D-fenilglicins ar (+)-18-C-
6-TA - (B); fenilglicina racemats ar (+)-18-C-6-TA - (C), fenilglicina racemats - (D), brivs (+)-
18-C-6-TA - (E) [68].

Saistoties divam molekulam, elektrisko un magnétisko lauku parklasanas
ietekmg iesaistito atomu kodolu rezonansi, ko novéro ka kimisko nobizu (8) izmainas
(Ad) NMR spektra. Dotaja piemera (1.7. att., C), redzams, ka, pievienojot ekvimolaru
daudzumu (+)-18-C-6-TA selektora fenilglicina racematam, fenilglicina a-protona un
orto-fenilprotonu signali saSkelas divas signalu kopas, noradot uz atSkirigam
diastereoméru kompleksu kimiskajam struktiiram, kas veidojusas saistoties L-
fenilglicinam ar (+)-18-C-6-TA un D-fenilglicinam ar (+)-18-C-6-TA. Turklat, péc
kTmisko nobizu izmainu (Ad) lieluma NMR spektra var secinat, kuri atomi ir tieSi
iesaistiti starpmolekularas mijiedarbibas.

Ka cita parociga metode, lai p&titu divu molekulu saistisanos kompleksa [51,71],
ka ari apstiprinatu komplekséSanas stehiometriju [72], tiek izmantota ari
masspektrometrija. Sada veida, maksligi sajaucot pétamo analitu un hiralo selektoru
§kiduma un to tiesi ievadot masspektrometra, ar elektroizsmidzinasanas jonizacijas
(ESI) nolidojuma laika (TOF) masspektrometrijas metodi pétita kompleksésanas starp
L-fenilglicinu un (-)-18-C-6-TA selektoru (1.8. att.).
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1.8. att. Dalejs ESI-TOF masspektrs ekvimolaram (10° M $kidums MeOH) L-fenilglicina
(PG) un (-)-18-C-6-TA maisijumam [51].

Ka redzams att€lotajos masspektros, izveidojusais komplekss sp€j izturét pareju
no skidruma fazes sagatavotaja parauga $kiduma uz gazes fazi masspektrometra un ta
molekularais jons redzams pie m/z veértibas 592. Papildus, novéro ari (-)-18-C-6-TA
natrija (M/z 463) un kalija (m/z 479) aduktus, ka ari nesaistitu L-fenilglicinu (m/z 152).
Lai ari $adi MS eksperimenti apstiprina apskatito divu molekulu saistiSanos kompleksa,
vieni pasi tie nesniedz padzilinatu informaciju par hiralo atpaziSanu un vairak kalpo ka
papildinajums citam organisko savienojumu pétisanas metodem.

Ka vél vienu svarigu struktiiras analizes metodi, ieskata giiSanai par dazadu
molekulu savstarpgju saistiSanos, jamin rentgenstaru difrakciju, kas sniedz
visaptveroSu informaciju par izveidota kompleksa strukturalajam ipaSibam cieta
stavokli [73,74]. Rentgenstaru difrakcija izmantota ari lai skaidrotu krauna &teru sp&ju
hirali atpazit dazadu aminoskabju enantiomérus. Sada veida, kokristaliz&jot D-
fenilglicina metilestera perhloratu ar CR (-) hiralo selektoru metanola [59], skaidrots
saistiSands mehanisms starp abam molekulam. Saja pieméra, kokristala struktiiras
analize (1.9. att., A) norada uz triskar§u *N-H--O tdenraZa saites veido$anos starp D-
fenilglicina metilestera amonija jonu un krauna &tera cikla skabekliem, ka art C-Hx
mijiedarbibas starp abu molekulu aromatiskajiem fragmentiem. Cita darba [74], lai
demonstrétu atSkirigus saistiS$anas mehanismus starp fenilglicina enantiomé&riem un
(+)-18-C-6-TA hiralo selektoru, iegiiti attiecigie kokristali no 10 mM HCIO, tidens
Skiduma (1.9. att., B). Diemz&l labas kvalitates kristalu, it ipasi noteiktu molekulu
kokristalu iegiiSana, biezi ir problematiska.
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p-fenilglicina - (+)-18-C-6-TA
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p-fenilglicina metilestera L- femlghcma +)- -18-C-6-TA
- CR (-) komplekss i {_komplekss )

1.9. att. Starpmolekularo mijiedarbibu stereoskati kompleksos, kas iegiiti ar rentgenstaru
difrakcijas metodi: D-fenilglicina metilestera koplekss ar CR (-) selektoru [59] — (A);
fenilglicina enantioméru kompleksi ar (+)-18-C-6-TCA hirlo selektoru [74] — (B). Mijiedarbibas
vizualizétas ar Maestro 13.4 programmatiru.

Pedgjos gados hromatografijas zinatne tieSi hiralas atpaziSanas pé&tijumu
virziena kluvusi arvien pienemosaka attieciba pret dazadam skaitloSanas metodem,
kombingjot dazadas molekularas modeléSanas metodes ar eksperimentalam tehnikam,
lai raksturotu molekulu kompleks&sanos [75,76]. Tomér svarigi ir nemt véra, ka lielaka
dala skaitloSanas metozu ir izstradatas proteinu izp€tei un So metozu pielago$ana
hromatografijas problému pétisanai var izradities problematiska, kaut vai ticamu hiralo
selektoru strukttiru iegisanai.

18



1.6. Petamie objekti

Lai pétitu krauna &teru sp&ju hirali atpazit iso peptidu izomérus, promocijas
darba ka modelviela izvélets Tyr-Arg-Phe-Lys-NH; tetrapeptids (1; 1.10. att.), kura
LDLL-stereoizomérs zinams ka selektivs p-opioidu receptoru agonists DALDA [77].
Tetrapeptida 1 struktiira satur 4 hiralos centrus, ka rezultata iespgjami 16 stereoizoméri,
kas, uzsakot darbu, tika sintezéti.
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1.10. att. Tyr-Arg-Phe-Lys-NH: stereoizomeéru struktaras.

Sis tetrapeptids tika izvElets, jo tas sastav no Cetram atskiriggm aminoskabém,
satur dazadus @idenraZa saites donorus — brivu a-aminogrupu pie N-gala tirozina, &-
aminogrupu C-gala lizina atlikuma, ka arT guanidina fragmentu arginina, kuri teorétiski
visi var piedalities mijiedarbibas ar hiralo selektoru. Tadejadi no mehanisma skata
punkta nav zinams katras §1s grupas ieguldijums kompleksa veidoSana. Papildus, Sis
tetrapeptids arT satur atSkirigus aromatiskos aizvietotajus, kas ne tikai nodrosina UV
absorbciju, bet var arT iesaistities papildus mijiedarbibas ar hiralo selektoru.
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2. REZULTATI UN TO IZVERTEJUMS

2.1. Krauna &teru CSP pielietojums Tyr-Arg-Phe-Lys-NH2
enantioméru un stereoizoméru hromatografiskajai sadalei’

Lai noskaidrotu uz krauna &teru bazes veidoto CSP perspektivas 1so peptidu
hiralaja sadalg, uz divam komerciali pieejamam krauna &teru CSP: CROWNPAK CR-
I (+) (1.2. att., B) un ChiroSil RCA (+) (1.3. att., B), pétita visu seSpadsmit Tyr-Arg-
Phe-Lys-NH, (1; 1.10. att.) steroizom&ru hromatografiska uzvediba. Detalizetaks
eksperimentala darba apraksts atrodams I Pielikuma 2.2. — 2.5. nodalas.

Lai nodro$inatu pilnigu tetrapeptida 1 aminogrupu proton&Sanos, tika secinats,
ka tetrapeptida 1 enantioméru sadalei uz CR-l1 (+) un RCA (+) CSP optimalus
apstaklus var sasniegt mobilajai fazei pievienojot HCIOs (visas p&tamajas MP ar
nemainigu koncentraciju — 50 mM; tdens §kiduma atbilst pH 1.5).

Sakot eksperimentalo darbu, par MP organisko modifikatoru izvEléts
acetonitrils (ACN). Vispirms, tika izpétiti Tyr-Arg-Phe-Lys-NH. stereoizoméru
aiztures profili uz abam krauna &teru CSP izokratiska rezZima, mainot ACN daudzumu
ACN/tdens MP no 15 lidz 95% uz CR-I (+) un no 10 lidz 80% uz RCA (+) CSP.
Grafiska aiztures laika (tr) atkariba no ACN koncentracijas mobilaja fazg astoniem
pétitajiem tetrapeptida 1 enantiomé&ru pariem redzama 2.1. att€la. Visiem tetrapeptida
1 stereoizomériem novérotas paraboliskas liknes ar minimumiem 50-75% ACN
diapazona uz CR-I (+) un 50% ACN uz RCA (+) CSP. Redzams, ka stereoizoméru
aizture palielinas mobilajas fazes ar zemaku (<25% uz CR-I (+); <35% uz RCA (+)
CSP) un augstaku (>90% uz CR-I (+); >75% uz RCA (+) CSP) acetonitrila saturu.
Lidziga paraboliska aiztures atkariba no mobilas fazes organiska modifikatora
daudzuma ieprieks literatiira aprakstita metilaizvietotiem aniliniem [78] un dazadam
proteinogénam aminoskabém [45], un skaidrota ar atSkirigiem saistiSanas
mehanismiem uz krauna &teru CSP: apgrieztas fazes vai RP mehanismu (idens bagatas
mobilajas fazes) un HILIC-veida mehanismu (augsta ACN satura MP).

leprieks nav veikti p&tijumi, kas apraksta izdalisanas secibu savienojumiem, kas
satur vairakas potenciali saistities sp&jigas funkcionalas grupas ka tas ir 1sajos peptidos.
Ir zinams (1.4. nodala), ka uz CR-1 (+) CSP raksturiga aminoskabju izdaliSanas seciba
ir D < L, savukart uz RCA (+) CSP - L < D. Darba noskaidrots, ka ari tetrapeptida 1
LXxXX-konfiguracijas (L-Tyr pie N-gala; 1.10. att.) stereoizoméri CR-1 (+) kolonna
aizturas spécigak ka to attiecigie D-enantioméri (DXXX; 2.1.att., A), savukart uz
RCA (+) - enantioméru izdaliSands seciba ir pretéja (DXXX >LxxX; 2.1.att., B).
Noveérotas izdaliSanas secibas norada uz iespgjamu N-gala a-aminoskabes — Tyr iesaisti
kompleksu veidosana starp krauna &tera ciklu CSP un analita pirm&jo amonija jonu (R-
NHs*). Lai $o hipot&zi apstiprinatu, talakaja darba veikta padzilinata izp&te.

Ka redzams no stereoizoméru aiztures profiliem (2.1. att., A), izmantojot MP ar
ACN daudzumu virs 90%, strauji palielinas LXXX-izome&ru aizture, kamér to attiecigo
DXXX-konfiguracijas enantioméru aizture palielinas ievérojami lénak. Sada
hromatografiska uzvediba norada ne tikai uz atskirtbam enantioméru saisti$ana ar hiralo
selektoru, bet kalpo arT par pamatu enantiosadales pieaugumam (2.1. att., C). Visparigi
pienemts, ka o > 1.2 uzskatama par pietiekamu divu savienojumu (Saja gadijuma —
enantiomé&ru) hromatografiskajai sadalei. Lai gan MP ar ACN saturu <85% starp
DLDD/LDLL-enantiomériem tika novérota vaja sadale (a < 1.05; 2.1. att., C; DLDD/LDLL

! Upmanis, T.; Kazoka, H.; Arsenyan, P. A study of tetrapeptide enantiomeric separation on crown ether
based chiral stationary phases. J. Chromatogr. A 2020, 1622, 461152 (I Pielikums).
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- attélots melnd krasa), palielinot ACN saturu MP virs 90%, uz CR-1 (+) CSP izdevies
sadalit visus astonus tetrapeptida 1 enantiom&ru parus ar a. > 1.2.
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2.1. att. Tyr-Arg-Phe-Lys-NH: stereoizoméru aiztures laiku (tr) un enantioméru sadales (a)
atkariba no ACN daudzuma mobilaja fazé: uz CROWNPAK CR-I (+) — (A) un (C); uz

ChiroSil RCA (+) — (B) un (D).

Interesanti, ka uz RCA (+) CSP, bazes linijas sadali (¢ > 1.2; 2.1. att., D) visiem
astoniem tetrapeptida 1 enantioméru pariem iesp&jams ieght, tikai stradajot RP
apstaklos. Palielinot ACN daudzumu MP, sadales faktora o vertibas starp DDLX/LLDX-
enantioméru pariem pieaug, kameér starp DLLX/LDDX-enantioméru pariem a samazinas.
Taja pat laika, ACN izmainas mobilaja fazé praktiski neietekmé atlikuso 4 p&tamo
DDDX/LLLX un DLDX/LDLX-enantioméru paru sadali, noradot, ka pat vienas molekulas
ietvaros, atkariba no aizvietotaju steriska izvietojuma tetrapeptida 1 strukttira, hiralas
atpaziSanas mehanismi atskiras, tadel, stradajot ar nezinamu p&tamo objektu, svarigi
izpétit abu eluésanas rezimu pielietojumu.

Ta, veicot vienlaicigu seSpadsmit tetrapeptida 1 stereoizoméru hromatografisko
analizi (2.2. att. - attéloti melna krasa) uz CR-1 (+) un RCA (+) CSP, tika konstat&ts,
ka perspektivaka ir CR-1 (+) CSP, uz kuras, lietojot MP ar zemu acetonitrila saturu

(15% ACN), izdevies izskirt

septinus,

galvenokart, LXXX-konfiguracijas

stereoizomé@rus (2.2. att., A). Izmantojot ar ACN bagatu mobilo fazi (2.2. att., B) no
maisfjuma pilniba atdalits tikai LDDD-stereoizom@rs. Savukart, neatkarigi no mobilas
fazes sastava, krietni vajaka stereoselektivitate attieciba pret tetrapeptida 1 izomeriem,
novérota uz RCA (+) CSP (2.2. att., C un D), tad&l turpmak promocijas darba pétitas

tikai CR-1 fazes.
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2.2. att. Tyr-Arg-Phe-Lys-NH: stereoizoméru (atteloti melna krasa) un enantioméru (atteloti
krasaini) sadale uz CR-1 (+) CSP - (A) un (B); RCA (+) CSP - (C) un (D). Kolonnas:
CROWNPAK CR-1 (+) (3.0 X150 mm, Sum); ChiroSil RCA (+) (4.6 x150 mm, 5ym); Plismas
atrums: F = 0.4 mL/min uz CR-I (+); F =1 mL/min uz RCA (+); Injekcijas tilpums: 10 pL; UV

detektesana veikta pie A = 220 nm.
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2.2. Krauna éteru stacionaro fazu pretéjas hiralitates izmanto§ana
Tyr-Arg-Phe-Lys-NH: stereoizoméru sadale?

Lai risinatu problému ar N-gala D-tirozina saturo$o Tyr-Arg-Phe-Lys-NH;
DXXX-konfiguracijas stereozioméru vajo sadali (2.2. att., A un B) uz CR-I (+) CSP,
tika izmé&ginata uz R-(3,3’-difenil-1,1’-binaftil)-20-krauna-6 hirala selektora veidota
CR-1 (-) CSP (1.2. att., B). Zinot, ka enantioméru izdali§anas secibu uz CR-1 CSP
iespgjams mainit uz pretgjo, veicot hromatografisko analizi uz stacionaras fazes, kas
satur pretgjas hiralitates selektoru, Saja darba piedavata netradicionala pieeja, lai
palielinatu izskirto tetrapeptida 1 stereoizoméru skaitu. Ka redzams no 2.3. attela,
maistjumu, kas satur visus astonus tetrapeptida 1 DXXX-konfiguracijas stereoizomerus,
iespgjams sadalit lidz bazes linijai uz CR-1 (-) CSP, savukart, identiskos apstaklos uz
CR-I (+) fazes, DXXX-stereoizoméru sadale ir vaja. Sada veida, veicot visu Tyr-Arg-
Phe-Lys-NH; stereoizoméru maisijuma analizi uz abam CR-I kolonnam, teoré&tiski
iesp&jams identificet un izskirt 12 no 16 tetrapeptida 1 stereoizoméru.

CROWNPAK CR-I (+) CROWNPAK CR-I (-)

DLDL-DDLL

LDLL
LDLD
LDLD-LLDD

0.00 20.00 40.00 60.00 80.00 100.00 120.00 0.00 20.00 40.00 60.00 80.00 100.00 120.00

Minutes Minutes

2.3. att. Tetrapeptida 1 DxxX (attélots sarkana krasa@) un LXXXx-stereoizoméru (attelots zila
krasa) sadale uz CR-1 (+) un CR-l (-) CSP. Mobila faze: 50 mM HCIO4 skidums 15%
ACN/adens.

Sada pieeja aprakstita pirmo reizi un bitu jaapsver realu paraugu analize, kur
pretgjas hiralitates selektoru CR-1 CSP unikala selektivitate var sniegt plasaku ieskatu
par hiralo piemaisijumu (stereoizoméru) sastavu sarezgitos izom&ru maisijumos, ka
pieméram, peptidos.

2 Upmanis, T.; Kazoka, H. Application of Commercially Available Crown Ether Chiral Stationary Phases
for Separation of Tetrapeptide Stereoisomers, Acta Pharm Hung. 2021, 91, 324-325 (1 pielikums).
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2.3. lIevaditas aminoskabes dabas ietekme uz tetrapeptida 1
struktiiras analogu hromatografisko uzvedibu uz CR-l1 CSP3

Ir labi zinams, ka pat nelielas izmainas hirala analita strukttra var pilniba
izmaintt ta hromatografisko uzvedibu. Tadgl, lai paplasinatu zinasanas $aja joma, tika
sintez&ti desmit tetrapeptidi 2 — 11 (2.4. att.; LLLL-enantiom&ri).

(A) HZN\I‘ HZN) HZN7 HZN\. HEN}
NH \' NH; [le k NH; E‘JH \ NH; NH \i\' NH; ’FJH \, NH;
T g N‘H«O T Oy Co M Oy b )\NH VJH&U MW o 1
/ N - —NH
N=, / ) \ / [ -
\rf HN)\V,, L NH \r HN-, \, HN"",__sH / HN’J‘ A KJ HN— L N
\/£ L \/ﬁ N OH \_‘§ \r"% \/& \\_.».._I
o [ O ol O o o . 0 o, [, O o (°] L
5 -NH y-NH 5-NH S5 -NH - NH
P om | oH | [F\-OH A y-oH A ]
HaN ] N | HN LS HzN ""'K,ﬂ HzN ,,&\’_j.
2 3 4 5 6
(B) HZN\i H?N\‘ HZN\I H;N\f H;N\
{ /
AN
NH \ NFa EH (N ‘(NH \ NH; NH b NH; NH f\’\’ NHz
Hzm"‘KNH o o HzN NH o§ }-'&o NN o N";‘ko HN ‘H\NH o\ % HN J\fNH o r\:H"§0
/ \ N T N V\V = N Y Y N ol Ty
HN-™, fﬂ [ HN- ,{1 ] L G Y [ HN A
o \;% o \"-&o B o R o o \‘/ﬁo o o \”"&o -7
jf””. 7 T e e T
o HaN—, o A o A
HN", >  on HN""__sh HN " .

2.4. att. Modificéto tetrapeptida 1 analogu struktiiras: tetrapeptidi 2 — 6 modificéti Phe
pozicija — (A); tetrapeptidi 7 — 11 modificéti pie N-gala — (B).

Lai aptvertu iesp&jami atSkirigaku aminoskabju klastu, izvéletas: histidins (His,
polara, baziska), glutaminskabe (Glu; polara, skaba); cistins (Cys; polara, neitrala, séru
saturo$a), leicins (Leu; nepolara, alifatiska) un triptofans (Trp; nepolara, aromatiska).
Aminoskabes ievaditas tetrapeptida 1 Phe pozicija (2.4.att., A) ka ari N-gala
aminoskabes pozicija (2.4. att., B), ar mérki izpétit ka aminoskabes daba un pozicija
tetrapeptidu 2 - 11 struktiiras ietekmé to hromatografisko uzvedibu uz CR-1 (+) un (-)
CSP (eksperimenti sikak aprakstiti IIT Pielikuma 2.2. — 2.4. nodalas).

2.3.1. Ievaditas aminoskabes ietekme uz tetrapeptida aizturi

Vispirms, lai parliecinatos, ka jaunsintezéto tetrapeptidu 2 — 11 aizture seko uz
tetrapeptida 1 novérotajam tendencém, tika izpétita to hromatografiska uzvediba uz
CR-I (+) un (-) CSP ar 50 mM HCIOs ACN/tidens mobilajam fazém. P&c tam tika
veikti pettjumi arT ar MeOH saturosam MP. Lai arT pastav uzskats, ka MeOH ka protisks
§kidinatajs un H-saites donors var traucét saistiSanos starp analitu un hiralo selektoru,
tam atspogulojoties ka aiztures kritumam, p&tamo savienojumu hromatografiskaja
uzvediba tika noverots pretgjais.

Visiem desmit tetrapeptidiem 2 — 11, 1idzigi ka tetrapeptidam 1 uz CR-I (+) un
(-) CSP noveérota paraboliska aiztures atkariba attieciba pret MP izmantota organiska
modifikatora daudzumu: ar minimumiem 50-75% ACN (60-80% MeOH) diapazona un
paaugstinatu savienojuma aizturi zema (<25% ACN vai <40% MeOH) un augsta
(>90% ACN vai >80% MeOH) organiska modifikatora satura MP, noradot uz
atSkirigiem saistiSanas mehanismiem.

8 Upmanis, T.; Kazoka, H. Influence of amino acid residue on chromatographic behaviour of z—opioid
receptor agonist tetrapeptide analogue on crown ether based chiral stationary phase. J. Chromatogr. A 2022,
1673, 463059 (111 Pielikums)
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Lai uzskatamak paraditu ievadito aminoskabju dabas ietekmi uz tetrapeptidu
aizturi uz CR-1 CSP, izveidots grafiskais attélojums (2.5. att.), kur uz X ass atliktas
eksperimentali noteikto savienojumu aiztures faktoru (k) logaritmu vértibas pie zema
organiska modifikatora satura MP, bet uz Y ass atliktas vertibas augsta organiska
skidinataja satura MP. Grafika att€lotie punkti, kas atrodas zem Y=X taisnes norada,
ka, no mehanistiska skatupunkta, $o savienojumu aizturé doming hidrofobas
mijiedarbibas, savukart, savienojumus, kuru aizturé noteico$as ir hidrofilas (polaras)
mijiedarbibas, grafika apzimé punkti, kuri atrodas virs Y=X taisnes.
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2.5. att. Struktiira ievaditas aminoskabes ietekmes uz tetrapeptidu 1 — 11 aizturi, atkariba
no mobilas fazes sastava: log (k 1s%acn) vs. log (K gssacn) — 50 mM HCIO4 ACN/ tdens MP —
(A); log (k a0%meon) vs. log (K sosemeor) —50 mM HCIO4 MeOH/adens MP — (B); Datu punkti, kas
apziméti ar (+) ieghti uz CR-I (+) CSP; ar (-) apzimé@tie punkti iegtti uz CR-I (-) CSP;
savienojumi 1—11 sagrupéti péc krasam, atkariba no ievadito aizvietotaju kimiskas dabas
(nepolars/polars - skabs, neitrals, bazisks).

Balstoties uz 2.5. att€la datiem var secinat, ka galvenokart, tetrapeptidi, kuros
ievaditas nepolaras aminoskabes (grafika att€loti ka sarkani punkti) RP apstaklos tiek
specigak aiztureti, kamér analiti, kuri modificéti ar polaram aminoskabém (grafika
att€loti ka zilas un zalas krasas punkti) sp&cigak aizturas ar organisko modifikatoru
bagatas mobilajas faz€s, pie tam, $ads dalijums ir vél izteiktak redzams ar MeOH
saturo$am mobilajam fazeém.

2.3.2. Krauna &teru stacionaro fazu pretéjas hiralitates izmantoSana
enantiosadales izvertesanai

Selektivitate vai sadales faktors (o) apraksta hromatografiskas sistémas sp&ju
atdalit vielas maisijuma un to aprékina ka divu secigu piku aiztures faktoru (k) attiecibu
(2.1. vienadojums).

a="2 2.1)
k1
Kur a — selektivitate;
ko — aiztures faktors spécigak aizturétajam enantioméram;
ki — aiztures faktors vajak aizturétajam enantioméram.

Ta ka parasti savienojums racémiska forma ir vieglak pieejams par ta
enantiomériski tiro formu, tad, lai noskaidrotu vai CSP ir enantioselektiva attieciba uz
noteiktu hiralo savienojumu, parasti izmanto $o savienojumu racémisko formu un CSP
— enantiomeériski tira forma. Tomér, Tpasi aminoskab&m un to atvasinajumiem (tostarp
peptidiem), enantiomériski tiras formas bieZi vien ir vieglak pieejamas ka to racemati.
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Tadg] $aja darba izmé&ginata literatiira iepriek$ neaprakstita pretéja koncepcija, sadali
petot ar enantiom@riski tiru savienojumu uz CSP “racémiska forma” ka tas ir CR-1 (+)
un (-) fazes (1.2. att., B) un «a vieta ka enantioselektivitati raksturojosu parametru $aja
gadijuma var izmantot o* (2.2. vienadojums).
a~a" = @, (2.2)
k-

Kur o* - enantioselektivitati raksturojo§s parametrs;

k) — aiztures faktors noteiktas konfiguracijas enantiom&ram uz CR-I (+)
CSP;

k() — aiztures faktors tam paSam enantiom&ram uz pret€jas hiralitates CR-1 (-
) CSP.

Lai apstiprinatu $o koncepciju, tika veikta virkne eksperimentu ar tetrapeptida 1
LLLL-enantiom&ru. Ka redzams no 2.6. attéla, a vertibas, kas raksturo tetrapeptida 1
LLLL/DDDD enantioméru sadali uz CR-1 (+) CSP (piem., 15% ACN - o = 2.58; 95%
ACN — a=6.61), butiski neatskiras no aprékinatajam o* vertibam, (15% ACN -
o* =2.54; 95% ACN - o* = 6.45) kas iegiitas no LLLL-enantioméra aiztures datiem uz
CR-1 (+) un (-) CSP.
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2.6. att. Tetrapeptida 1 LLLL un DDDD enantioméru hromatografisko uzvedibu
raksturojosas hromatogrammas uz CROWNPAK CR-l CSP: tetrapeptida 1 LLLL/DDDD
enantiom@ru para sadale uz CR-1 (+) (attélota melna krasa); LLLL enantioméra aizture uz CR-
| (+) (zila krasa); LLLL enantioméra aizture uz CR-1 (-) (sarkana krasa). Mobilas fazes: 50 mM
HCIO4 ACN (MeOH)/adens.
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legiitie rezultati apstiprina, ka o* parametru var dro$i izmantot, lai turpmak
raksturotu tetrapeptidu 2 - 11 LLLL/DDDD enantioméru paru sadali, neatkarigi no MP
izmantota organiska modifikatora un sastava.

2.3.3. Struktara ievaditas aminoskabes dabas ietekme uz tetrapeptidu
enantiosadali

Iepriek$ aprakstita koncepcija izmantota, lai noskaidrotu vai hiralie selektori
CR-1 CSP ir enantioselektivi attieciba arT uz modificetajiem tetrapeptida 1 analogiem
2—11 (2.4. att.). Lai novertétu mobilas fazes organiska modifikatora dabas un sastava
ietekmi uz p&tamo tetrapeptidu LLLL/DDDD paru enantiosadali, tika aprékinatas a*, jeb
enantioselektivitati raksturojo$a parametra vértibas (2.2. vienadojums). Zinot, ka a >
1.2 uzskatama par pietickamu divu enantioméru hromatografiskajai sadalei, $ie pasi
kriteriji tika piemeéroti attieciba uz o* vertibam.

Nemot vera atskirigo enantioméru aizturi, atkariba no MP dabas (ka pieméram,
2.6. att.), eksperimenti veikti gan ar zema (15% ACN vai 40% MeOH), gan augsta
(95% ACN vai 90% MeOH) organiska modifikatora satura MP. Dati, kas raksturo
tetrapeptidu 1 — 11 enantioselektivitati uz CR-1 CSP apkopoti 2.1. tabula.

2.1. Tabula
Eksperimentali iegiito tetrapeptidu 1 - 11 (LLLL-enantioméru) aiztures faktoru k un
aprekinatas o* vertibas uz CR-I (+) un (-) CSP

ACN (%) daudzums 50 mM HCIO, MeOH (%) daudzums 50 mM HCIO,4

Savienojums _ ACN/tudens MP MeOH/udens MP

(2.4. att) CR- 15 95 40 90
| k o* Kk o* k a* K a*
(+) 50.27 53.74 42.78 31.01

! () 1982 2% g3z 8% 509 285 g5 4
) 5.95 20.88 5.80 17.95

2 ) 307 194 446 4.68 461 1.26 569 3.16
+) 731 57.55 7.87 29.99

3 O 280 2% 785 782 179 oa 4.64
+) 1191 57.16 15.93 29.08

4 ) 5.45 2.19 9.67 591 6.48 246 7.31 3.98
(+) 2871 52.14 28.38 24.08

S () 1046 27 gsa 810 1009 284 gog 39
) 93.09 64.33 65.30 56.25

6 ) 34.43 2.70 877 7.34 31.90 2.05 9.42 6.97
(+) 1595 52.27 20.38 41.63

7 O  sos 282 767 682 g 319 o) 453
(+) 2874 111.61 28.14 85.39

8 () 462 9?2 ggg 110 435 443 35 22,63
(+) 20.00 79.70 18.77 46.72

9 O 578 3% 19; T8l g 315 oo 5.78
(+) 4001 64.55 35.60 2751

10 ) 10.01 4.00 6.29 10.26 817 4.36 478 5.75
(+)  159.21 65.30 100.00 57.60

1 () 57.28 2.8 8.79 743 45.88 2.18 10.97 525

Balstoties uz 2.1. tabulas datiem, redzams, ka, neatkarigi no izmantotas mobilas
fazes, visiem apskatitajiem tetrapeptidiem aprékinatas enantiosadali raksturojosa
faktora o * vertibas parsniedz 1.2. Seviski augsta enantioselektivitate novérota, stradajot
ar augsta organiska modifikatora satura MP.

Lai raksturotu dazadu ievadito aminoskabju dabas (ka arT pozicijas tetrapeptida

struktira) ietekmi uz enantiosadali, tika ieviests parametrs # kurs§ salidzina
(2-11)
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tetrapeptida 1 enantiosadali raksturojoSo parametru (a*) ar a* vertibu, kas vienados
hromatografiskajos apstaklos iegiita katram struktiiras analogam 2 — 11 un rezultati
apkopoti 2.2. tabula. Aprekinatas parametra vértibas, kas zemakas par 1 norada uz
enantioselektivitates palielinaSanos, kamér vértibas, kas augstakas par 1 — uz
samazinajumu, kas izraisits tetrapeptidu 2 — 11 strukttra ievadito aminoskabju dabas
del.

2.2. Tabula
Apreékinatas parametra W _vertibas
@*(2-11)

Ievaditas ACN (%) daudzums 50 mM MeOH (%) daudzums 50 mM
Tevadita aminoskabes HCIO, ACN/tidens MP HCIO, MeOH/udens MP
aminoskabe pozicya
(2.4. att)) (tetrapeptida 1 15% 95% 40% 90%

struktiira)
His (2) 131 1.38 2.26 1.35
Glu (3) 1.00 0.85 1.59 0.92
Cys (4) Phe 1.16 1.09 1.16 1.07
Leu (5) 0.92 1.06 1.00 1.08
Trp (6) 0.94 0.88 1.39 0.72
His (7) 0.97 0.95 0.89 0.94
Glu (8) 0.41 0.57 0.64 0.37
Cys (9) N-gala 0.73 0.83 0.90 0.74
Leu (10) 0.64 0.63 0.65 0.74
Trp (11) 0.91 0.87 1.31 0.81

Balstoties uz 2.2. tabulas datiem, redzams, ka ietekme uz enantiosadali, ko
izraisa atskirTgu aminoskabju ievadiSana tetrapeptida 1 Phe pozicija, ir mazak nozimiga
ka modifikacija pie tetrapeptida N-gala. Saskana ar pienémumu, ka tetrapeptida N-gala
aminoskabes aminogrupa varétu bt atbildiga par saistiSanos ar krauna &tera selektoru
(2.1. nodala), steriskie efekti, ko izraisa a-oglekla sanu k&des izmérs varétu but svarigs
faktors analiz€jamas vielas hiralaja atpaziSana. Steriski piecloceklu imidazola gredzens
His (7) telpa aiznem lidzigu daudzumu vietas ka sesloceklu cikls Tyr fenilgredzena (1),
tadel abu So savienojumu enantiosadale seviski neatskiras, savukart, mazaki, fleksiblaki
aizvietotaji tetrapeptidos 8, 9 un 10, skietami uzlabo savienojumu enantiosdali.

Iegiitie dati lauj secinat, ka tetrapeptidu 1 — 11 enantiosadali uz CR-1 (+) un (-)
CSP nosaka galvenokart stériski faktori, ko bitiski ietekmé aizvietotaja sanu k&édes
garums pie tetrapeptida N-gala a-oglekla, nevis pasas ievaditas aminoskabes polaritate
vai daba (ladéta/ neladéta).
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2.4. Tetrapeptida 1 hiralas atpaziSanas pétijumi uz CR-1 CSP*3

Tetrapeptida 1 LLLL un DDDD enantioméri tika izvéleti ka modelvielas
turpmakajos hiralas atpaziSanas mehanisma pétjjumos. Lai labak saprastu
starpmolekularos procesus, kas ir pamata tetrapeptida 1 enantioméru sadalei uz CR-I
hiralajam stacionarajam fazém, ar HPLC, HRMS un NMR metodém tika pétita krauna
&teru selektoru saistiSanas ar LLLL-1 un DDDD-1. Lidzigu apstaklu nodro§inasanai gan
NMR ampula, gan hromatografiskaja sistema, visi eksperimenti veikti 50 mM HCIO4
metanola Skidumos.

2.4.1. Struktiiras — hromatografiskas uzvedibas sakaribas pétijumi saistiSanas
vietas identifikacijai

Teorgtiski tetrapeptida 1 saistiSanas ar krauna &tera selektoru var piedalities s
funkcionalas grupas - a-aminogrupa Tyr; e-aminogrupa Lys, ka arT guanidina fragments
Arg (2.7. att.).

o)

HaN.

NH NH,

NH
Oj/NH °©
HN /®
o
Oy NH
W
HaN",

2.7. att. Mijiedarbibas staties spéjigas tetrapeptida 1 funkcionalas grupas. Potencialie H-
saiSu donori apziméti sarkana krasa.

®
H3N

Savienojumi la — 1g sintezeti (2.8. att.) ar mérki sistematiski izslegt konkrétas
mijiedarboties sp&jigas aminogrupas tetrapeptida 1 sekvencg, aizvietojot tas ar OH
grupam, vai izslédzot tas pavisam, taja pat laika, saglabajot jaunizveidoto molekulu
stereokimiski p&c iespgjas lidzigaku tetrapeptida 1 struktiirai. Lai izslégtu N-gala
aminogrupu Tyr, tetrapeptida 1 struktira Tyr pozicija ievadita 3-(4-hidroksifenil)-
propanskabe (savienojumos la — 1d). Lai izvairitos no iesp&jamas saisti§anas Lys
(savienojumos 1a; 1b; 1e un 1f) un Arg (savienojumos 1a; 1d; 1f un 1g) atlikumos, §is
aminoskabes tika aizvietotas ar 6-hidroksinorleicinu. Pienemot, ka enantioselektiva
saistiSanas ar krauna &tera selektoru vienados hromatografiskos apstaklos ir iesp&jama
tikai gadijumos, kad analita viena un ta pasa enantioméra aizture uz CR-1 (+) un (-)
CSP atskirsies (2.3.2. nodala), darba salidzinata tetrapeptida 1 un ta strukttiras analogu
la — 19 hromatografiska uzvediba.

Balstoties uz 2.8. att€la datiem, redzams, ka izslédzot visas tris saistities sp&jigas
aminogrupas tetrapeptida 1 struktlira, savienojumu 1a nav iesp&jams aizturét (tr ~ to)
uz CR-I CSP. Lidziga hromatografiska uzvediba novérota arT savienojumam 1b, no ka
secinams, ka guanidina fragments Arg nesaistas ar krauna &tera selektoriem. Atskiriba
no la un 1b, savienojumi 1c un 1d aizturas, pateicoties pirmé&jai e-aminogrupai Lys
atlikuma, kas spgj piedalities *N-H—O udenraza saiSu veido$ana ar krauna &tera
selektoru. Tomer, savienojumu lidziga aizture (piem., 1¢: K¢y ~ k+) = 8.9), kas novérota

4 Upmanis, T.; Kazoka, H. Mechanistic insights in chiral recognition of p-opioid receptor agonist
tetrapeptide on crown ether chiral stationary phase. J. Chromatogr. Open 2021, 1, 100016. (IV Pielikums)

5 Upmanis, T.; Sevostjanovs, E.; Kazoka, H. Chiral recognition mechanism studies of Tyr-Arg-Phe-Lys-
NH tetrapeptide on crown ether based chiral stationary phase. Chirality 2024, 36(1), €23619 (V Pielikums)
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uz CR-1 (+) un CR-I (-) CSP, norada uz to, ka $1 saistiSanas nav enantioselektiva.
Visticamak, 4 C atomu attalums starp e-aminogrupu lizina un hiralo centru ir parak
liels, lai krauna &tera selektora stériski apjomigas bifenil- un fenilgrupas (1.5. att.),
spétu izveidot stereoselektivu vidi.
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2.8. att. LLLL-1 un struktiiras analogu 1a — 1g aizture uz CR-I (+) (attelots zila krasa) un CR-
| (-) CSP (sarkana krasa). Mobila faze: 50mM HC1O4 MeOH.

Iesp&jama enantioselektiva saisti§anas, noradot uz dazadu mijiedarbosanos starp
analitu un krauna selektoriem, novérota strukttras analogiem le - 1g, kuru aizture,
lidzigi ka LLLL-1, atSkiras uz CR-I (+) un (-) CSP. Salidzinot le —1g struktiras
(2.8. att.), redzams, ka sie savienojumi satur N-gala a-aminogrupu Tyr atlikuma,
tadejadi noradot uz §Is aminogrupas nozimigumu hiralaja atpazisana.

Interesanti, ka strukttiras analogu le (k. =0.53; k) = 3.28) un 1f (k. = 0.44;
k) = 3.15) aizture batiski atskiras no 19 (k) = 7.67; k) = 56.2) un LLLL-1 (K = 13.71;
key = 70.8). Var pienemt, ka tie$i brivas e-aminogrupas klatbatne savienojuma
struktiira, ievérojami palielina 1g un LLLL-1 aizturi. Sis novérojums var liecinat par to,
ka tetrapeptida 1 hiralaja atpaziSana varétu piedalities gan N-gala a-amino grupa Tyr,
gan g-amino grupa Lys. Lai $o pienémumu apstiprinatu, veikti talakie HRMS un NMR
eksperimenti.

2.4.2. Augstas izSkirSanas MS pielietojums tetrapeptida 1 — krauna selektora
kompleksu pieradisana

Lai pieraditu tetrapeptida 1 sp&ju saistities kompleksos ar CR selektoriem arpus
hromatografiskas kolonnas, veikti augstas izSkir§anas masspektrometrijas (HRMS)
pétijumi, izmantojot elektroizsmidzinasanas jonizaciju (ESI), kas iestatita pozitiva
jonizacijas rezima. Eksperimentalas dalas apraksts atrodams V Pielikuma 2.6. nodala.

Tika sintezeti optiski tiri (S)- and (R)-(3,3’-difenil-1,1’-binaftil)-20-krauna-6
enantioméri (attiecigi CR (+) un (-) selektori; 1.2. att.), kas tika sajaukti pieckarsa
parakuma pret attiecigo tetrapeptida 1 LLLL vai DDDD-enantioméru (5:1; 50 mM HCIO4
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metanola) un pagatavotie Skidumi tie$i ievaditi nolidojuma laika (TOF)
masspektrometra. Nesaistitais krauna &tera selektora atlikums masspektra redzams
(2.9. att.) ka intensivs signals ar masas ladina attiecibu m/z 641 un 663 (atbilst Na*
aduktam). Tuvaka iegiita masspektra apskate parada vairakus zemakas intenSitates
signalus, no kuriem svarigakie atrodami pie m/z 626 un 631, un atbilst 1:1 un 1:2
stehiometrijas kompleksiem starp tetrapeptida 1 enantiom&riem un krauna selektoru
(2.9. att., A). Piedevam, noverots arT 1:3 kompleksé$anas stehiometriju raksturojosais
signals pie m/z 845 (2.9. att., B), noradot uz krauna &tera selektora sp&ju gazes fazé
saistities ar visam tris pieejamajam tetrapeptida 1 struktiiras aminogrupam (2.7. att.).
Lidzigas intensitates visu tris iepriekSminéto kompleksu veidoSanas ve€rojama arl
DDDD-1 enantiom&ram, saistoties ar CR (+) selektoru. Tas varétu liecinat par citadaku
(ne stereospecifisku) saistiSanas mehanismu gazes faz€, ierobezojot §is metodes
prieksrocibas hiralas atpaziSanas mehanismu pétijumos. Neskatoties uz to, lictojot ESI-
HRMS demonstréta nekovalentu kompleksu veidoSanas starp tetrapeptida 1
enantiomériem un krauna selektoriem un iegits veértigs ieskats kompleks&$anas
stehiometrija.
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2.9. att. Dalgjs tetrapeptida 1 kompleksésanas ESI-TOF masspektrs: LLLL-1 saistoties ar
CR (+) hiralo selektoru (pieckarsa parakuma; attelots augsa); bDDDD-1 saistoties ar CR (+) hiralo
selektoru (pieckar$a parakuma; attélots apaksa). Signali, kas atbilst 1:1 un 1:2 attiecibas
kompleksiem attéloti izgriezumos (A); Masas signali kas atbilst 1:3 attiecibas kompleksiem
attéloti izgriezumos (B).
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2.4.3. Kodolu magnétiskas rezonanses spektroskopijas pielietojums tetrapeptida 1
— krauna selektora kompleksu pieradisana

Lai labak saprastu krauna &teru selektoru saistiSanos ar tetrapeptida 1 LLLL un
DDDD-enantiom&riem, veikti virkne pétjumu ar 1D un 2D NMR metodém
(eksperimentos izmantotie instrumenti un paraugu pagatavoSana aprakstita
V Pielikuma 2.7. nodala). Lai nodro§inatu lidzigu vidi kada ta ir hromatografiskaja
kolonna (2.4.1. nodala) ampula tika sajaukts tetrapeptida 1 pseidoracemats ta brivas
bazes forma (identifikacijas nolikos LLLL:DDDD = 2:1) ar katru no krauna &tera
selektoriem CR (+) un (-) divkar$a parakuma MeOH-d4, kas satur HCIO4 50 mM
daudzuma (2.10. att.). Eksperimentali tika noskaidrots, ka krauna selektora
pievienoSana lielaka parakuma, neatspogulojas butiskas novéroto kimisko nobizu
izmainas.

Tetrapeptida 1 'H-NMR signali (apziméti saskana ar 2.10. att€la redzamo
numeracijas shemu) tika identificéti, kombingjot ‘H-'H korelaciju spektroskopijas
(COSY), *H-13C heteronuklearas viena kvanta korelacijas (HSQC) un heteronuklearas
daudzkar$o saisu korelacijas (HMBC) metodes. Diastereoméru kompleksu veidosanos
apstiprina tetrapeptida 1 pseidoracemata protonu signalu SkelSanas krauna &tera
selektoru klatbiitng, kas paradita *H-NMR spektra 2.10. att. Spektra parklajusies signali
tika identificéti, izmantojot totalas korelacijas spektroskopijas (TOCSY) metodi.
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2.10. att. 'H-NMR (400 MHz) spektri: nesaistitam 5 mM tetrapeptida 1 pseidoracematam (Rac-
1; LLLL:DDDD = 2:1; attelots apaksa); 5 mM tetrapeptida 1 pseidoracematam 10 mM CR (+) (pa
vidu) un 10mM CR (-) selektoru (augsa) klatbutng. Visi spektri uznemti metanola-ds, kas satur
50 mM HCIOa. Signalu skelSanas Tyr aromatiskajos protonos izcelta izgriezuma (A); Signalu
Skelsanas Phe un Tyr atlikumu a-protonos izcelta izgriezuma (B); Signalu kimiskas nobides Tyr
atlikuma g-protonos izcelta izgriezuma (C).

Noverots, ka saistoties ar CR (+) selektoru, LLLL-1 protoni NMR spektra
nobidas izteiktak, attieciba pret nesaistitu tetrapeptidu 1, salidzinot ar ta DDDD-
enantioméru. Savukart, pret€ja uzvediba novérota pseidoracematam, saistoties ar CR (-
) selektoru, kur, attiecigi spécigak nobidas DDDD-1 signali. Piedevam no abiem
uznemtajiem spektriem redzams (2.10. att.), ka tie sava starpa ir spogulattéli,
apstiprinot, ka LLLL-1 saistoties ar CR (+), un DDDD-1 ar CR (-) selektoru (attiecigi arT
LLLL-1 saistoties ar CR (-) un DDDD-1 ar CR (+) selektoru) paklaujas identiskiem
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kompleksésanas mehanismiem. Tadg] talakaja hiralas atpazisanas mehanisma diskusija
apskatita tikai CR (+) selektora kompleksésanas ar tetrapeptida 1 LLLL un DDDD-
enantiomeriem.

Izteikta nobidisanas stiprakos laukos NMR spektros tika novérota tetrapeptida
1 Lys atlikuma H42 protona signalam. Sada veida uzvediba norada uz starpmolekularu
mijiedarbibu, visticamak H-saiSu veidoSanos starp tetrapeptidu 1 un krauna &tera
selektoru. So pienémumu apstiprina iepriek§ veikti pétijumi [79], kur, saistoties
aminoskabém kompleksa ar CR (+) selektoru caur H-saitém, novérots Iidzigs
ekranésanas efekts. Tomer, nemot veéra gandriz identiskas kimisko nobizu izmainu
vertibas starp kompleksiem, ko ar CR (+) selektoru veido LLLL-1 un DDDD-1, var
pienemt, ka abi enantiomeri ir paklauti lidzZigam (ne-enantioselektivam)
kompleksé$anas mehanismam, Lys e-NHsz* grupai saistoties ar skabekla atomiem
krauna &tera cikla.

Buatiskas at$kiribas (2.10. att., C) protonu kimiskajas nobidés tika novérotas
LLLL-1 Tyr atlikuma g-protonos H5’” un H5’, kuri, 1idzigi ka Lys atlikuma protoni,
nobidijas stipraka lauka, ka arT Tyr a-protonam H4 (2.10. att., B) un aromatiskajiem
protoniem H7 un H12 (2.10. att., A). Taja pat laika $ie Tyr atlikuma protonu signali
praktiski nenobidas, ar CR (+) selektoru saistoties DDDD-1. Balstoties uz Siem
noverojumiem, var secinat, ka papildus ne-enantioselektivai tidenraza saites veidoSanai
starp tetrapeptida 1 Lys NHs" grupu un CR (+) selektoru, notiek ari sekundara
saistiSanas ar starp LLLL-1 tirozina atlikuma a-NHsz* grupu un vél vienu CR (+)
selektora molekulu (attiecigi DDDD-1 ar vél vienu CR (-) molekulu), kas varétu atbildét
par tetrapeptida 1 hiralo atpaziSanu. Sads pienémums bitu saskana gan ar tetrapeptida
1 hiralas sadales (2.1.nodalas) rezultatiem, gan struktiras analogu la-—1g
hromatografiskas uzvedibas analizi 2.4.1. nodala.

Atskirtba no iepriek§ apskatitajam tdenraza saistiSanas izraisitajam protonu
kimiskajam nobidém stiprakos laukos, CR (+) klatbGtné tetrapeptida 1 LLLL-
enantioméra Phe o-protonam H27 (2.10. att., B), S-protoniem H28’’, H28’ un
aromatiskajiem protoniem H30, H31, H33, H34 novérota vaja dezekranizacija (signalu
nobidisanas vajakos laukos). Balstoties uz kimisko nobizu izmainu atskirigo raksturu,
var pienemt, ka $aja gadijuma tiek noverotas cita veida starpmolekularas mijiedarbibas,
iesp&jams, starp Phe atlikuma z-sisttmu un CR (+) selektora aromatiskajiem
aizvietotajiem.

Kopuma, tetrapeptida 1 un ta struktiiras analogu la — 1g hromatografiskas
uzvedibas analize uz CR-1 (+) un (-) CSP norada uz to, ka LLLL/DDDD-1 enantiosadale
varétu bt iesp&jama, pateicoties ievérojamam atSkirbam enantiom@ru saistiSanas
mehanismos. No hromatografijas skata punkta, spécigak aizturétajam tetrapeptida 1
enantioméram [LLLL-1 - CR-I (+)] un [DDDD-1 - CR-1 (-)], NHs* grupas Tyr un Lys
atlikumos vienlaicigi var saistities ar divam krauna &tera selektora molekulam uz CSP
virsmas, kamér vajak aiztur&tajam tetrapeptida 1 enantioméram [DDDD-1 - CR-I (+)]
un [LLLL-1 - CR-1 (-)], par saistiSanos ar krauna &tera selektoru (un 1idz ar to arT aizturi)
atbildiga ir tikai NHs* grupa Lys atlikuma.
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SECINAJUMI

Izpetits komerciali pieejamu krauna &teru stacionaru fazu pielietojums 1so peptidu
enantiosadalé par modelvielu izmantojot Tyr-Arg-Phe-Lys-NH; (sintez&ti visi 16
stereoizoméri). Labaka enantioselektivitate ir novérota uz CROWNPAK CR-I (+)
fazes: visi astoni tetrapeptida enantioméru pari tika sadaliti ar ACN bagatu mobilo
fazi.
Desmit jaunsintez&tiem Tyr-Arg-Phe-Lys-NH, struktiiras analogiem (pie N-gala
vai Phe pozicija ievaditas dazadas aminoskabes) izpétita hromatografiska uzvediba
uz CR-1 fazém. Noskaidrots, ka modificé$anai Phe pozicija ir mazaka ietekme uz
enantioselektivitati ka pie N-gala un enantiosadale liela méra ir atkariga no
stériskiem efektiem, ko izraisa a-oglekla sankézu lielums pie N-gala, nevis
ievaditas aminoskabes daba.
Sintezeti 7 savienojumi ar mérki sistematiski izslégt ar hiralo sorbentu
mijiedarboties sp&jigas tetrapeptida aminogrupas, tas aizvietojot ar OH grupam
(vai izslédzot tas pavisam) un pétita to hromatografiska uzvediba uz CR-1 (+) un
(-) fazem, kas satur pret&jas hiralitates selektorus. Secinats, ka:
a. Guanidina fragments Arg nesaistas ar krauna &tera selektoriem;
b. Pirmgja e-aminogrupai Lys atlikuma spgj piedalities “N—H--O tdenraza saisu
veidoSana ar krauna étera selektoru, bet 1 saistiSanas nav enantioselektiva;
C. lespgjams, ka tieSi a-aminogrupa Tyr fragmenta ir nozimiga hiralaja
atpaziSana.
Ar HRMS metodi noskaidrots, ka Tyr-Arg-Phe-Lys-NH, LLLL un DDDD-
enantioméri ar krauna &tera selektoriem vienlaicigi spgj saistities gan 1:1, 1:2, gan
1:3 stehiometrijas kompleksos.
Ar NMR metodém pétot LLLL un DDDD-enantiomé&ru kompleksésanos ar krauna
gteru selektoriem secinats, ka viena no tetrapeptida enantioméram, NHs" grupas
Tyr un Lys atlikumos vienlaicigi var saistities ar divam krauna &tera selektora
molekulam uz sorbenta virsmas, kamer otram enantiom&ram par saistiSanos ar
krauna &tera selektoru atbildiga ir tikai NHs" grupa Lys atlikuma kas nav pretruna
ar HPLC datiem.
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ABSTRACT

Chiral recognition mechanism studies of short peptide chromatographic
separation on crown ether stationary phases. Upmanis, T., supervisor Dr. chem.,
Kazoka, H. Summary of the collection of scientific articles in the subfield of analytical
chemistry, 76 pages, 20 figures, 2 tables, 79 literature references. In Latvian and
English.

Despite the successful use of the stationary phases based on crown ethers for the
enantioseparations of variety of chiral compounds containing primary amino groups,
the lack of studies investigating more structurally complex analytes such as short
peptides are evident. Exact mechanisms governing the intermolecular binding between
crown ether selector and analyte stereoisomers remain unclear. By choosing a known
H-opioid receptor agonist tetrapeptide Tyr-Arg-Phe-Lys-NH, we have observed that
chiral stationary phases, based on R and S-(3,3'-diphenyl-1,1'-binaphthyl)-20-crown-6
chiral selectors provide optimal conditions for tetrapeptide chiral chromatographic
separations. It was later found out that these stationary phases also resolve other
structurally similar tetrapeptide enantiomers. In order to rationalize the experimentally
observed chromatographic separations, the mechanism of chiral recognition was
investigated by high-performance liquid chromatography, mass spectrometry and
nuclear magnetic resonance spectrometry.

CROWN ETHER CHIRAL STATIONARY PHASES; TETRAPEPTIDE; CHIRAL
RECOGNITION; AMINO ACIDS; ENANTIOSELECTIVITY
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INTRODUCTION

Short peptides (n < 6) are involved in a variety of biological processes and are
responsible for many functions crucial for human health. Due to their high efficiency
and selective action, the use of short peptides has attracted increasing interest from
scientists, both for the development of new drug candidates and as new delivery
vehicles for existing drugs. Peptides consist of amino acids arranged in a sequence, all
of which are chiral apart from glycine. During manufacturing process and other external
factors, multiple peptide stereoisomers with potentially different or even undesired
biological activity can often be formed. Therefore, the demand for separation
techniques of complex diastereomeric and enantiomeric mixture is of paramount
importance for the biological and medical sciences and is necessary for the
pharmaceutical industry.

Several analytical methods are used today for the enantioseparation of chiral
compounds, the most common being high performance liquid chromatography (HPLC)
using chiral stationary phases (CSPs). Among them, CSPs based on crown ethers are
known to have been successfully used for the separation of enantiomers of various
chiral compounds containing primary amino groups, including various unprotected di-
and tripeptides. Due to the complex stereochemical structure of the compounds, it is
practically impossible to predict how the sterecisomers of a specific analyte will behave
in the chromatographic system, thus, most often analytical separation methods are
developed by trial and error approach.

Although generally known, the exact mechanisms of chiral recognition for the
resolution of short peptides have not been fully investigated. In order to better
understand the existing approaches as well as to design promising strategies for the
development of analytical methods to monitor the enantiomeric purity of chiral short
peptides, it is necessary to establish a basis of an in-depth understanding of the chiral
separation mechanisms on the crown ether phases.

Thus, the aim of this work is to investigate the chiral recognition mechanism
underlying short peptide separations on crown ether chiral stationary phases, by
combining HPLC, high resolution mass spectrometry (HRMS) and nuclear magnetic
resonance (NMR) spectroscopy by employing known wg-opioid agonist Tyr-Arg-Phe-
Lys-NHj as a tetrapeptide model compound.

The tasks set to achieve the aim were as follows:

1. To synthesize all sixteen sterecisomers of Tyr-Arg-Phe-Lys-NH; and clarify the
prospects of using commercially available crown ether based chiral stationary
phases for chromatographic separations of Tyr-Arg-Phe-Lys-NH; stereoisomers.

2. To synthesize modified analogues of the Tyr-Arg-Phe-Lys-NH; by introducing
different amino acids at the N-terminus and Phe position and to evaluate the effect
of introduced residual amino acid on tetrapeptide retention and enantioseparation
on CROWNPAK CR-I phases.

3. To synthesize all possible Tyr-Arg-Phe-Lys-NH, structure analogues in which the
amino groups capable of binding to the crown ether selectors are selectively
substituted with inert hydroxyl groups and to determine which of the three amino
groups are involved in chiral recognition on CROWNPAK CR-I phases.

4. To synthesize the chiral selectors found in CROWNPAK CR-I stationary phases
and to investigate the intermolecular binding between LLLL and DDDD-enantiomers
of Tyr-Arg-Phe-Lys-NH; and synthesized selectors by HRMS and NMR.
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Scientific novelty of the work:

1. Chiral separations of tetrapeptide (Tyr-Arg-Phe-Lys-NHy) performed on crown
ether chiral stationary phases are reported for the first time.

2. It has been established that stationary phases based on (R) and (S)-(3,3’-diphenyl-
1,1-binaphthyl)-20-crown-16 chiral selectors are the most perspective for
enantioseparation of Tyr-Arg-Phe-Lys-NH, and its ten structural analogues.

3. This work is the first to demonstrate an unconventional approach. By analysing the
same analyte on two CROWNPAK CR-I (+) and CR-I (-) stationary phases of
opposite chirality allowed us to increase the number of separated tetrapeptide
stereoisomers as well as to assess the enantioselectivity towards a particular
enantiomeric pair even in cases, where only one of the enantiomers is available.

4. By combining HPLC, HRMS and NMR techniques the chiral recognition
mechanism for one enantiomer pair of Tyr-Arg-Phe-Lys-NH; on (3,3’-diphenyl-
1,1-binaphthyl)-20-crown-16 phases has been fully investigated.

5. The obtained results indicate that more than one amino moiety in tetrapeptide
structure can simultaneously bind to multiple chiral selector molecules on sorbent
surface, which as a concept has not been discussed in the chromatography
community.

Practical application of the work:

The chromatographic behaviour of tetrapeptides on (3,3-diphenyl-1,1-
binaphthyl)-20-crown-16 stationary phases described in this work may contribute
significantly to enantioseparations of various new, unknown short peptide type
analytes. The obtained results are easily applicable to the development of analytical
methods for chiral purity determination of peptide type drug candidates on stationary
phases based on crown ethers. It is expected that the developed methods can be applied
for the purification of peptides, which is important in scientific research and
pharmaceutical industry

The unconventional approach used in this thesis (two chiral columns with
selectors of opposite chirality for the analysis of one sample) can be used to determine
the composition of complex stereoisomeric mixtures. In addition, this approach allows
a relatively quick and cost efficient assessment of whether a stationary phase chiral
selector is enantioselective towards a particular enantiomeric pair in circumstances
where only one enantiomer of a compound is available.

The use of HPLC, HRMS and NMR techniques in binding studies discussed in
this work can serve as guidelines for further systematic investigation of the chiral
recognition mechanisms for different classes of chiral selectors and analytes. The
investigated intermolecular interaction profile can be of great help in the design of new
chiral stationary phases.
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1. RESEARCH BACKGROUND

1.1. Peptide therapeutics

The growing interest in peptide drug discovery field within the pharmaceutical
industry has become evident over the past decades, reaching the market for a wide range
of diseases, including diabetes, cancer, osteoporosis, multiple sclerosis, HIV and
chronic pain [1]. With the rapid development of biological and medical sciences, the
use and research of peptide therapeutics is continuously evolving [2], accounting for a
significant proportion of the pharmaceutical market, with worldwide sales of more than
$70 billion in 2019 [1]. Currently there are several hundred peptide drugs undergoing
clinical developments, with over 80 already approved for clinical use worldwide [3].

Short peptides represent a unique class of pharmaceutical agents composed of a
series of well-ordered amino acids, which in terms of their molecular size are between
small molecular compounds and proteins [4], however, both in terms of their chemical
properties and their mechanisms of action, peptides differ from the two mentioned
above [5]. As intrinsic signalling molecules for a multitude of physiological functions,
peptide drugs (either in their native or modified forms) present an opportunity for
therapeutic intervention that closely mimics the natural pathways [6]. Other notable
factors that have contributed to this trend are the high specificity and low toxicity
profile (deriving from their extremely tight binding to their targets), allowing this class
of compounds to be an excellent complement or even a preferable alternative to small
molecule drugs [7].

The essential biological functions and physical properties of peptides depend on
their stereochemistry which is inherently controlled by the configuration of the amino
acid components [8,9]. Amino acids exist in D and L forms (apart from glycine) and as
a result the peptide can exist as several stereoisomers with different biological
properties [10,11]. During synthesis, storage or metabolic processes stereoisomers may
experience racemization (or epimerization depending on the position of the stereogenic
centres involved) [12,13], resulting in complex enantiomeric / epimeric compositions,
therefore, enantiomeric purity control of peptide analytes is an important challenge in
the biological and medical sciences and is necessary for the pharmaceutical industry
therefore, development of accurate and rapid analytical techniques to determine chiral
purity in peptides is of paramount importance for pharmaceutical industry as well as
chemical and biological research.
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1.2. Application of HPLC for separation of chiral peptide analytes

The most common strategy for optical purity testing of peptide analytes has been
to hydrolyse the peptide into individual amino acid constituents [14]. To avoid any
artificial enhancement of the enantiomeric composition in the initial peptide sample,
the hydrolysis is performed in deuterated solvents so that any racemization occurring
during this step of sample preparation is accompanied by deuterium exchange
(Fig. 1.1.) at the a-C position [15].
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Fig. 1.1. Schematic representation of DCI / D20 peptide hydrolysis [16].

The resulting hydrolysed amino acids are then subjugated to chiral derivatization (e.g.,
by Marfey’s reagent [17]) and analysed indirectly by achiral liquid chromatography-
mass spectrometry. Amino acid molecules that racemize during hydrolysis are labelled
with deuterium (resulting in a + 1 mass difference) and can be subsequently excluded
by MS techniques [17]. The downside of this approach includes the necessity for costly
deuterated solvents and mass spectrometry equipment. Furthermore, sample
derivatization step adds extra complexity, requires time, and decrease the robustness of
the method by introducing additional potential sources of error [18].

Ideally, these shortcomings could be avoided by directly analysing chiral
peptides in their intact form. For direct separation methods, various chiral stationary
phases based on different types of chiral selectors have been developed for separation
of amino acid enantiomers using LC. Unfortunately, due to the complexity of the
systems (number of stereoisomers increase exponentially 2" for every newly introduced
chiral amino acid moiety (n) in peptide structure) success of direct LC chiral separations
of intact short peptides have been rather limited, which is well reflected in the relatively
small number existing publications. Among them, enantioseparation of glycyl
dipeptides has been achieved by ligand exchange chromatography [19]. Some
unprotected nonproteinogenic amino acids and peptide like analyte enantioseparation
has been performed on polysaccharide derivatives [20,21]. Unprotected dipeptide and
tripeptide chiral resolution has been previously reported on CSPs based on macrocyclic
glycopeptides [22—24] and cyclodextrins [25,26]. Two types of chiral stationary phases,
based on cinchona alkaloids [27-29] and chiral crown ethers [30] have been developed
specifically for the separation of amino acids and various compounds containing
primary amino groups, among them peptides. The later will be further discussed in
more detail.
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1.3. Chiral stationary phases based on crown ethers

The first type of chiral crown ethers was developed by Donald J. Cram and co-
workers (for that being awarded the Nobel Prize in chemistry in 1987) by introducing
optically active 1,1’-bi-2-naphthyl units into crown ether system [31]. Further research
pointed towards the unique chiral recognition abilities of (R)- or (S)-(3,3’-diphenyl-1,1-
binaphthyl)-20-crown-16 (Fig. 1.2., A) towards various a-amino acid enantiomers and
their methyl esters [32], which nearly a decade later were commercialized into
CROWNPAK CR (+) or (-) CSPs (by Daicel Chemical Industries) by dynamically
coating the chiral selector onto silica gel [33].
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Fig. 1.2. Chemical structures of: (R)- and (S)-(3,3’-diphenyl-1,1-binaphthyl)-20-crown-16
chiral selectors found in CRONWPAK CR (-) and (+) CSPs - (A); immobilized chiral selectors
found in CROWNPAK CR-I (-) and (+) CSPs — (B).

These chiral stationary phases were found to be very useful for the resolution of
primary a-amino acids [33,34], aryl a-amino ketones [35], some S-amino acids [36—
38], y-amino acids [39] as well as various other chiral drugs, containing a primary
amino group [40,41], including dipeptides [42,43]. However, these CSPs came with a
major drawback and strict rules had to be followed regarding the mobile phase solvents.
Due to the dynamic coating of chiral selector on to sorbent surface, exceeding 15%
MeOH content in mobile phase was not recommended as it would result in column
bleeding and deterioration of CSP performance.

This issue was solved by covalently binding the chiral selector to the silica
support resulting in CROWNPAK CR-I (+) or (-) CSPs (Fig. 1.2., B) [44]. This
immobilized phase was found to be very stable, showing the compatibility with broader
variety of mobile phase solvents (ACN, MeOH, EtOH, 2-PrOH, THF), containing any
percentage of organic modifier and presented more opportunities in finding the optimal
chromatographic conditions for the necessary separation. CR-1 (+) and (-) CSPs have
been able to separate the enantiomers of all proteinogenic amino acids (with the
exception of proline) [45] and have been successfully used for the resolution of even
wider range of various primary a- [46,47], - [38] and y-amino compounds [39], and
overall have presented better separation performance than the previously made CR (+)
and (-) CSPs [39].
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The second type of chiral crown ether, which is used nowadays, is based on (+)
or (-)-(18-crown-6)-2,3,11,12-tetracarboxylic acid (18-C-6-TA,; Fig. 1.3., A) and was
developed by Jean-Marie Lehn’s group (also awarded Nobel Prize in chemistry in
1987) by incorporating two tartaric acid units into the crown ether ring system [48].
This crown ether has been widely used as a chiral resolution agent by nuclear magnetic
resonance spectroscopy [49], capillary electrophoresis [50] and mass spectrometry
[51].
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(+)-18-C-6-TA ChiroSil RCA (+) CSP

Fig. 1.3. Chemical structures of: (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid — (A);
immobilized (+)-18-C-6-TA chiral selector found in ChiroSil RCA (+) CSP — (B).

Since 18-C-6-TA is water soluble, only it’s immobilized version, commercially
known as ChiroSil RCA (+) (Fig. 1.3., B; or SCA (-), depending on the chirality of the
selector; developed by RStech Corporation) is used for chromatography. CSPs, based
on 18-C-6-TA unit have been successfully used for the enantioseparations of primary
natural and unnatural «- and f-amino acids [52-55], secondary amines [56] and even
short peptides [57].

It is clear that CSPs based on crown ethers are one of the most promising
candidates for direct short peptide chiral separations. However, to better understand the
application of crown ether CSPs for more complex analyte separations, it is first
necessary to look at what is known about chiral recognition mechanisms of both types
of CSPs.

1.4. Chiral recognition

Usually, CSPs are designed to create a steric environment, where one of the
isomers binds more favourably than the other. Depending on the chiral selector
structure, a variety of intermolecular interactions (e.g., coulomb, hydrogen bonding,
steric hindrance, m-m, dipole-dipole, ion-dipole, van der Waals forces) via their
attractive or repulsive properties are known to directly affect the bonding strength
between the chiral analytes and the chiral selector. The reactions that reversibly form
diastereomeric pairs on the surface of the stationary phase are illustrated in Figure 1.4.

(R)-CS + (S)-E =[(R)-CS - - - (S)-E]

(R)-CS + (R)-E ﬁ[(R)-CS -+ (R)-E]
Fig. 1.4. Schematic representation of diastereomer formation [58].

In the given example chiral selector (CS) with a fixed configuration (R)
interacts with the S-enantiomer of an analyte (S)-E to form a transient diastereomeric
complex [(R)-CS(S)-E] with equilibrium constant Ks (Fig. 1.4. —top). At the same
time, chiral selector also interacts with the R-enantiomer to form [(R)-CS(R)-E]
complex with equilibrium constant Kg (Fig. 1.4. — bottom). The differences between the
equilibrium constants of two diastereomeric complexes reflects in isomer retention and
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are the fundamental basis for stereoselective separations in any chromatographic
system. The weaker bound isomer elutes first, while the stronger bound isomer is
retained longer, thus allowing us to separate the mixture. An important variable in chiral
recognition is the interaction medium - mobile phase (MP), where, based on the solvent
nature, mobile phase modifiers not only compete for chiral binding sites with the chiral
solutes, but also may alter the steric environment of the chiral selector, thus altering
chiral recognition mechanism.

1.4.1. Chiral recognition on (3,3’-diphenyl-1,1-binaphthyl)-20-crown-16 CSPs

Under reversed phase (RP) conditions (water containing mobile phase), chiral
separations are achieved primarily by retaining the analyte through inclusion
complexation (Fig. 1.5., A), driven via triple *N-H--O hydrogen bond formation
between the ammonium ion in the protonated analyte and oxygens of the crown ether
selector followed by enantioselective hydrophobic interactions between the solute and
the binaphthyl and two phenyl groups of the stationary phase which is schematically
represented by Newman projections in Figures 1.5., B and 1.5., C.

More stable Less stable

[D-AA-CR ()] [L-AA - CR (9)]

Fig. 1.5. The proposed chiral recognition mode CR (-) selector: Electrostatic potential surface
of CR (-) chiral selector obtained from crystal structure [59], visualized by Chimera 1.16
software — (A); The proposed chiral recognition mode showing the more — (B); and less stable
complexes — (C) formed between the primary ammonium ion (R-NHz*) containing three different
substituents of large (L), medium (M) and small (S) functional groups at the chiral centre and CR
(-) selector [32].

In this instance, the larger functional group (L) at the chiral centre of analytes
occupies the space furthest from the sterically most demanding upward facing 3-
phenylnaphthyl group. The other two groups at the chiral centre are positioned
automatically, based on the configuration of the amino acid. The steric hindrance
between chiral selectors upward facing 3-phenylnaphthyl unit and the medium sized
substituent (M) of L-amino acid is greater than for its corresponding enantiomer, where
the same space is occupied by the smaller (usually hydrogen) substituent (S), limiting
its ability to fully access the chiral cavity of the selector (Fig. 1.5., A). As a result,
formation of the hydrogen bond formation is sterically hindered for the complex
between the L-enantiomer and the CR (-) selector (creating the less stable complex;
Fig. 1.5., C) and can be eluted prior to its corresponding D-enantiomer [30]. This
specific enantiomer elution order (L < D) on CR (-) CSPs is valid for all chiral amino
acids and can be inverted by using CR (+) CSP, which contains chiral selector of
opposite chirality.

Different enantioselectivity in mobile phases with high organic content have
been discovered relatively recently [45], since the older coated versions of the CSP did
not allow such chromatographic conditions. Contrary to RP conditions, in addition to
sterically driven inclusion complexation through H-bond formation, additional
enantioselective polar interactions may occur, however exact characteristics of the
interaction profile is not yet clear.
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1.4.2. Chiral recognition on (18-crown-6)-2,3,11,12-tetracarboxylic acid CSPs

Two possible separation mechanisms have also previously been suggested for
(+) and (-)-18-C-6-TA CSPs [52,60]. In lower organic modifier content mobile phases
in addition to the complexation of primary ammonium ion inside the cavity of the 18-
crown-6 ring (Fig. 1.6., A) via hydrogen bonding, steric hindrance between the two
carboxylic acid groups of the 18-C-6-TA selector and the sterically bulky substituents
in a-amino compounds controls the analyte’s ability to approach the active site and
form H-bonds. As a result, one of the enantiomers would create more stable
diastereomeric complex, than the other and could be chromatographically separated.
Similarly, to CR (+) and (-) chiral selectors, a distinct enantiomer elution order is also
characteristic for 18-C-6-TA CSPs. Amino acid D-enantiomers form stronger
complexes with the (+)-18-C-6-TA chiral selector, while L-enantiomers form stronger
complexes with (-)-18-C-6-TA.
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[D-AA - (+)-18-C-6-TA] [1-AA - (+)-18-C-6-TA]

Fig. 1.6. The proposed chiral recognition mode of (+)-18-C-6-TA selector: Electrostatic
potential surface of (+)-18-C-6-TA selector, obtained from crystal structure [61], visualized by
Chimera 1.16 software — (A); The proposed chiral recognition mode showing the more stable (B)
and the less stable (C) complexes formed between generalized a-amino acids and CSP, based on
(+)-18-C-6-TA selector [62].

In organic modifier rich mobile phases, the side two carboxylic acid groups in
chiral selector may act as additional hydrogen bonding donor or acceptor groups. As
shown in example in Fig. 1.6, upon binding with (+)-18-C-6-TA, carboxyl group of a-
amino acid D-enantiomer forms additional H-bond with one of the carboxylic acid units
in the selector, creating more stable diastereomeric complex (Fig. 1.6., B). The
carboxyl group in L-enantiomer structure is directed away from the carboxylic acid
groups of the chiral selector and cannot participate in additional H-bonding, thus
forming less stable complex (Fig. 1.6., C).

Unfortunately, the existing studies are mostly theoretic, have insufficient
experimental support and covers only simplified chiral recognition models using amino
acids. Peptides often contain multiple amino moieties, any of which can theoretically
bind to the crown ether selector, so from a mechanistical point of view, the contribution
of each interacting moiety must be studied. The most popular approaches on studying
chiral recognition are briefly covered in the following paragraph.
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1.5. Approaches on studying chiral recognition

Many characterization methods have been employed to rationalize chiral
recognition. Among numerous spectroscopic techniques [63-65], nuclear magnetic
resonance has been extensively used to study chiral recognition of various classes of
chiral selectors applied in liquid chromatography [66—68] and capillary electrophoresis
[69,70]. As shown in an example in Fig. 1.7. tH-NMR has been used to study the chiral
complexation between racemic phenylglycine and (+)-18-C-6-TA selector.
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Fig. 1.7. 'H-NMR spectra of phenylglycine and phenylglycine/(+)-18-C-6-TA complex with
equimolar mixtures (2 mM each in MeOH-ds): L-phenylglycine with (+)-18-C-6-TA - (A); D-
phenylglycine with (+)-18-C-6-TA - (B); racemic phenylglycine with (+)-18-C-6-TA - (C),
racemic phenylglycine - (D), free (+)-18-C-6-TA - (E) [68].

Upon binding, the proximity of electric and magnetic fields between the
neighboring molecules affects the resonance of the involved nuclei, which can be
observed as a chemical shift (§) changes (Ad) in the NMR spectrum. In the given
example (Fig. 1.7., C), when an equimolecular amount of (+)-18-C-6-TA was added
to racemic phenylglycine, both a-proton and ortho phenyl protons in phenylglycine
were split into two sets of signals, indicating a different chemical structures of the
formed diastereomeric complexes between L-phenylglycine and (+)-18-C-6-TA and D-
phenylglycine - (+)-18-C-6-TA. Furthermore, the most significant chemical shift
changes (Ad) in the NMR spectra often indicate on which atoms are directly involved
in intermolecular binding.

Mass spectrometry can also be useful for the formed host-guest complex
detection [51,71], as well as proving stoichiometry of the complexation between
molecules [72]. This way, by mixing host and guest compounds in a solution and
directly injecting the solution into instrument, complexation between L-phenylglycine
and (-)-18-C-6-TA selector has been previously studied by electrospray ionization
(ESI) time-of-flight (TOF) mass spectrometry (Fig. 1.8.).
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Fig. 1.8. Partial ESI-TOF mass spectra of an equimolar solution (10° M in MeOH) of L-
phenylglycine (PG) with (-)-18-C-6-TA [51].

As shown in the mass spectrum, the formed complex transfers from the solution
phase into gas phase of the mass spectrometer and can be observed at m/z 592. Sodium
(m/z 463) and potassium (m/z 479) adducts of (-)-18-C-6-TA can also be found in
visible amounts, as well as unbound L-phenylglycine (m/z 152). The MS experiments
confirms the binding between both molecules, however it does not provide more
specific insights about chiral recognition and can be rather utilized as a complimentary
tool to other techniques.

Another useful tool for gaining insight into different host-guest binding modes
is X-ray diffraction by providing comprehensive information on the structural features
of the formed complex structure in the solid state [73,74]. X-ray diffraction has been
used to rationalize chiral recognition of various amino acids on chiral crown ethers.
This way, by co crystalizing D-phenylglycine methyl ester perchlorate with CR (-)
selector from methanol, binding mechanism between both molecules has studied [59].
The analysis of the crystal structure revealed triple *N-H--O hydrogen bond forming
between the protonated D-phenylglycine methyl ester ammonium ion and crown ether
oxygens as well as C-H-= interaction between the aromatic units of host and guest
(Fig. 1.9., A). In another work [74], different binding mechanisms have been
demonstrated by co-crystallizing phenylglycine enantiomers with (+)-18-C-6-TA
chiral selector from 10 mM HCIO4 (Fig. 1.9., B). Unfortunately, obtaining good quality
crystals, especially co-crystals of specific host-guest complexes, can often be
problematic.
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Fig. 1.9. Stereoview of the intermolecular interactions in complex crystals obtained by X-
ray diffraction: D-phenylglycine methylester and CR (-) selector [59] — (A); between
phenylglycine enantiomers and (+)-18-C-6-TCA selector [74] — (B). Interactions were visualized
with Maestro 13.4 software.

Lately, computational methods have started gaining more acceptance in the
community and various molecular modelling methods, together with other
experimental techniques have been employed to characterize different selector-
selectand complexes [75,76]. However, most of the computational approaches have
been designed for studying proteins and adjusting these methods for chromatography
can be challenging, especially attaining credible structures of chiral selectors.

53



1.6. Objects of investigation

To study the chiral recognition ability of crown ethers towards isomers of short
peptides, tetrapeptide Tyr-Arg-Phe-Lys-NH: (1; Fig. 1.10.), whose LDLL-sterecisomer
is known as a selective p-opioid receptor agonist DALDA [77] was chosen as a model
compound. The structure of tetrapeptide 1 contains 4 chiral centres, resulting in 16
possible stereoisomers, which were synthesised at the initial phase of the work.
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Fig. 1.10. Structures of Tyr-Arg-Phe-Lys-NH: stereoisomers.

This tetrapeptide was chosen because its sequence consists of four different
amino acids and therefore contains several different hydrogen bond donors - a free a-
amino group on the N-terminal tyrosine, an g-amino group on the C-terminal lysine and
a guanidine fragment in arginine - all of which can theoretically be involved in
interactions with the chiral selector, so that from a mechanistic point of view the
contribution of each of these groups to complexation is unknown. In addition, this
tetrapeptide also contains various aromatic substituents which, in addition to providing
UV absorption, may also be involved in additional interactions with the chiral selector.
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2. RESULTS AND DISCUSSION

2.1. The use of crown ether CSPs for chromatographic separation of
Tyr-Arg-Phe-Lys-NH2 enantiomers and stereoisomers!

To clarify the prospects of using crown ether-based CSPs for chiral resolution
in short peptides, the chromatographic behaviour of all sixteen Tyr-Arg-Phe-Lys-NH;
(1; Fig. 1.10) stereoisomers was studied on two commercially available crown ether
CSPs: CROWNPAK CR-I (+) (Fig. 1.2., B) and ChiroSil RCA (+) (Fig. 1.3.,B). A
more detailed description of the experimental work can be found in Appendix I,
Sections 2.2. - 2.5.

To ensure full protonation of the amino groups in tetrapeptide 1, the addition of
HCIO. (50 mM of total MP volume; corresponds to pH 1.5 in aqueous solutions) was
found to provide the optimal conditions for resolution of tetrapeptide 1 enantiomers on
both CR-I (+) and RCA (+) CSPs.

Acetonitrile (ACN) was chosen as the MP organic modifier for the initial
experiments and the retention profiles of Tyr-Arg-Phe-Lys-NH; sterecisomers were
studied on both crown ether CSPs under isocratic conditions by varying the ACN
content in ACN/water MP from 15 to 95% on CR-I (+) and from 10 to 80% on
RCA (+) CSPs. Plots of the retention times (tg) of eight pairs of tetrapeptide 1
enantiomers against the ACN content are represented in Figure 2.1. All tetrapeptide 1
stereoisomers showed U-shaped curves with minima within 50-75% ACN range for
CR-1 (+) and 50% ACN for RCA (+) CSPs, where increased stereoisomer retention
was observed at lower (<25% for CR-1 (+) and <35% for RCA (+) CSPs) and at higher
(90% for CR-I (+) and >75% for RCA (+) CSPs) acetonitrile content in the MP.
Similar U-shaped retention dependence against the eluent composition has been
previously reported for methyl-substituted anilines [78] and various proteinogenic
amino acids [45] and is commonly explained by different binding mechanisms
occurring for crown ether based CSPs: reversed-phase mechanism in aqueous and
HILIC-like mechanism in organic solvent rich mobile phases.

There are no previous studies characterising the elution order in compounds
consisting of multiple binding sites, e.g., multiple amino groups in short peptides. It is
known (Section 1.4.) that for amino acids typical elution order on CR-I (+) CSP is
D <L, whereas on RCA (+) it is L < D. Tetrapeptide 1 stereoisomers possessing LXXX-
configuration (L-Tyr at the N-terminus; Fig. 1.10., A) retained more strongly than their
D-antipodes (DXxXX; Fig. 2.1., A) on CR-I (+) column, while on RCA (+) the elution
order was opposite (DXXX > LXXX; Fig. 2.1., B). The observed elution order suggests
that the a-amino acid at the N-terminus — Tyr could be involved in complexation
between the crown ether ring of the CSP and the primary ammonium ions (R-NHz*) of
the analyte. In order to confirm this hypothesis, further in-depth studies have been
carried out.

As shown from the retention profiles illustrated (Fig. 2.1., A), upon the increase
of ACN in mobile phase (> 90%ACN), rapid increase in retention can be observed for
tetrapeptide enantiomers possessing LxxX-configuration. Such chromatographic
behaviour not only indicates on different enantiomer binding mechanisms in mobile
phases with high organic modifier content, but also serves as a base for the improved
chiral resolution observed in these conditions (Fig. 2.1., C). Generally, a > 1.2 is
considered sufficient for chromatographic separation between two compounds

! Upmanis, T.; Kazoka, H.; Arsenyan, P. A study of tetrapeptide enantiomeric separation on crown ether
based chiral stationary phases. J. Chromatogr. A 2020, 1622, 461152 (Appendix I).
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(enantiomers in this case). Even though such criteria were not met for the separation of
LDLL/DLDD-enantiomers (o < 1.05; Fig. 2.1., C; DLDD/LDLL - represented in black)
with MP containing <85% ACN, increasing the ACN content in MP above 90%
allowed the successful separation (a > 1.2) of all eight tetrapeptide 1 enantiomeric pairs
on CR-I (+) CSP.
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Fig. 2.1. Effect of ACN content in mobile phase on Tyr-Arg-Phe-Lys-NH: stereoisomer
retention times (tr) and enantiomer separation (a): on CROWNPAK CR-I (+) — (A) and (C);
on ChiroSil RCA (+) — (B) and (D).

Interestingly, all eight enantiomeric pairs were baseline separated on RCA (+)
column with low ACN content mobile phases (Fig. 2.1., B and D). Separation factor «
for pDDLX/LLDX-enantiomers increased, when ACN content in mobile phase was
increased. In contrast, o value for DLLX/LDDX-enantiomers decreased with the increase
in ACN content, whereas no significant changes in selectivity were observed for the
remaining 4 DDDX/LLLX and DLDX/LDLX-enantiomeric pairs in the studied ACN range.
The obtained results indicate that multiple chiral recognition mechanisms are possible
within a single molecule and steric arrangement of the substituents in tetrapeptide 1
structure is crucial for enantiomer separation, thus both elution modes are worth
investigating.

After attempting simultaneous chromatographic analysis of all tetrapeptide 1
stereoisomers (Fig. 2.2. - represented in black) on CR-I (+) and RCA (+) CSPs, it was
established, that CR-1 (+) CSP shows more potential for the separation of all Tyr-Arg-
Phe-Lys-NH, stereoisomers. As a result, seven (mostly possessing LXXX-
configuration) tetrapeptide 1 stereoisomers were separated with MP containing lower
acetonitrile  (15%) content (Fig.2.2., A). Selectivity towards tetrapeptide 1
stereoisomer separation decreased with the increase of mobile phase organic modifier
increase and only LDDD-stereoisomer was fully separated from the mixture in ACN rich
(95%) mobile phase (Fig. 2.2., B). Much weaker stereoselectivity towards tetrapeptide
1 stereoisomers was observed on RCA (+) CSP (Fig. 2.2., C and D) independent of
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ACN concentration in the mobile phase. Therefore, the following discussion in the
thesis will only focus on studies done regarding CR-1 phases.

CROWNPAK CR-I (+) ChiroSil RCA (+)
e A Ve
H(A) MP: 50mM HCIO, in H (C) MP: 50mM HCIO, in
E 15% ACN/water E 20% ACN/water
E
o
i K . s
JAViN J\M o
1000 1000 000 3000 o0 s000 [ 7o w00 S0 1o 120 3 | oo see B mee mm s 4w 5o
i linutes H nutes.
(B) MP: 50mM HCIO, in (D) MP: 50mM HCIO, in
i 95% ACN/water ' 80% ACN/water
é
E
J\ _AASA : VD ANANS
'~".V.“..EE"..E”.V."..’.”?‘:..EE"...5”.“}‘..E”.VE..’Pl’”..P!-".V..’1".”2..“.‘“."l’..“.“?!.‘.ii‘.; CL T ST S o0 000 3600 0w
Time (min) Time (min)

Fig. 2.2. Overlay of chromatograms of all 16 Tyr-Arg-Phe-Lys-NH: stereoisomer (in black)
and enantiomer (in colour) separations on CR-I (+) CSP - (A) and (B); RCA (+) CSP — (C)
and (D). Columns: CROWNPAK CR-I (+) (3.0 x150 mm, 5um); ChiroSil RCA (+) (4.6 x150
mm, 5um); Flow rate: F=0.4 mL/min on CR-I (+); F=1 mL/min on RCA (+); Injection
volume: 10 pL; UV detection: A = 220 nm.
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2.2. Employing the opposite chirality of the crown ether chiral
stationary phase for the separation of tetrapeptide 1 stereoisomers?

To address the weak resolution observed for tetrapeptide 1 sterecisomers
possessing DxxXx-configuration on CR-1 (+) CSP (Fig. 2.2., A), a CSP, based on R-
(3,3’-diphenyl-1,1’-binaphthyl)-20-crown-6 chiral selector (CR-1 (-); Fig 1.2., B) was
introduced. Knowing that enantiomer elution order on CR-1 CSPs can be inverted by
performing the chromatographic analysis on stationary phase containing selector of
opposite chirality, an unconventional approach was suggested in this work to increase
the number of separated of tetrapeptide 1 stereoisomers. As shown in an example
illustrated in Figure 2.3., a mixture containing all eight tetrapeptide 1 DXXX-
stereoisomers could be separated on CR-l1(-) CSP, whereas, under identical
chromatographic conditions on CR-I (+) phase, weak separation was observed.

CROWNPAK CR-I (+) CROWNPAK CR-I (-)

DLDL:DDLL

LDLD-LLDD

0.00 20.00 40.00 60.00 80.00 100.00 120.00 0.00 20.00 40.00 60.00 80.00 100.00 120.00

Minutes Minutes
Fig. 2.3. Separation chromatograms of mixed stereoisomer standard solutions: of eight
DXXX (in red) and Lxxx (in blue) Tyr-Arg-Phe-Lys-NH2 sterecisomers on CROWNPAK CR-I
(+) and CROWNPAK CR-I (-) columns. Mobile phase: 50 mM HCIOs in ACN/water 15/85
(VIV).

This way, by performing analysis of the same sample on both CR-1 columns, in
summary, 12 out of 16 tetrapeptide 1 stereoisomers could be separated and identified.
The discussed approach has been reported here for the first time and should be
considered in real life sample analysis as the complimentary use of opposite chirality
selectors in CR-1 CSPs may provide broader insight of the chiral impurity
(stereoisomer) composition in complex isomeric mixtures (e.g., peptides).

2 Upmanis, T.; Kazoka, H. Application of Commercially Available Crown Ether Chiral Stationary Phases
for Separation of Tetrapeptide Stereoisomers, Acta Pharm Hung. 2021, 91, 324-325 (Appendix I1).
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2.3. Influence of amino acid residue on chromatographic behaviour
of tetrapeptide 1 analogues on CR-I CSPs?

It is well known, that even slight changes in chiral analyte structure can
completely change its chromatographic behaviour. In order to extend our knowledge in
peptide chiral chromatographic analysis on CR-l1 CSPs, ten tetrapeptides 2 — 11
(Fig. 2.4.; LLLL-isomers) were synthesized.
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Fig. 2.4. Structures of tetrapeptide 1 modified analogues: tetrapeptides 2 — 6 modified at Phe
position — (A); tetrapeptides 7 — 11 modified at N-terminus — (B).

To cover a wider range of different amino acid classes, histidine (His — polar
basic); glutamic acid (Glu — polar acidic); cysteine (Cys — polar neutral; S-containing);
leucine (Leu - nonpolar; aliphatic) and tryptophan (Trp — nonpolar; aromatic) were
introduced at the Phe position (Fig. 2.4., A) or at the N-terminus (Fig. 2.4., B) of
tetrapeptide 1 structure. The effects of the amino acid residue, as well as the influence
of position of the amino acid residue in tetrapeptide sequence, on tetrapeptide 2 — 11
chromatographic behaviour on CR-1 (+) and (-) phases is further discussed (additional
information on experimental work can be found in Appendix I11, Sections 2.2. —2.4.).

2.3.1. Influence of the amino acid residue on tetrapeptide retention

First, to verify that newly synthesized tetrapeptide 2 - 11 retention follows the
trends observed previously on tetrapeptide 1, their chromatographic behaviour on CR-
I (+) and (-) CSPs with 50 mM HCIO4 in ACN/water mobile phases was investigated.
Subsequently, studies were also carried out with MeOH-containing MPs. Even though
a common belief is that MeOH, as a protic solvent and H-bond donor, may impair
binding between the chiral solute and selector on the CSP, which would reflect as a
decrease of analyte retention, the opposite chromatographic behaviour was observed.

All ten studied tetrapeptides 2 - 11, similarly to tetrapeptide 1 showed U-shaped
curves with minima within the range of 50-75% ACN (60-80% MeOH) with an
increased retention at low (<25% ACN or <40% MeOH) and high (>90% ACN or

8 Upmanis, T.; Kazoka, H. Influence of amino acid residue on chromatographic behaviour of p—opioid
receptor agonist tetrapeptide analogue on crown ether based chiral stationary phase. J. Chromatogr. A 2022,
1673, 463059 (Appendix I11)
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>80% MeOH) mobile phase organic modifier contents indicating on possible different
binding mechanisms.

To further rationalize the relationship between analyte retention (k) and the
nature of amino acid residue on CR-1 CSPs, log k values experimentally obtained at
15% ACN (40% MeOH — representing increased retention under RP conditions; X-
axis) content were plotted against the log k values obtained at 95% ACN (90% MeOH
— representing increased retention under high mobile phase organic modifier
conditions; Y-axis) content and are summarized in Figure 2.5. The area beneath X =Y
trend line represents hydrophobic interactions as significant contributor to the analyte
retention, whereas hydrophilic (polar) interactions are considered dominant in the area
above the trend line.
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Fig. 2.5. The effect of introduced amino acid residue on tetrapeptide 1-11 retention
depending on the mobile phase composition: plots of log (k 15%acn) vs. log (K eswacn) — for 50
mM HCIOs in ACN/water containing MPs — (A); log (K 40%meon) VS. log (K aosemeor) — for 50 mM
HCIO4 in MeOH/water containing MPs — (B); data points marked with (+) were obtained on CR-
| (+) CSP; data points marked with (-) were obtained on CR-I (-) CSP; compounds 1 — 11 were
grouped by colour, depending on the nature of substituents (nonpolar/polar - acidic, neutral,
basic).

According to data represented in Figure 2.5., as a general trend, tetrapeptides
modified with nonpolar residues (represented as data points in red) are retained stronger
under RP mode, while, analytes modified with polar residues (blue and green data
points), are retained stronger in organic solvent rich mobile phases. This distribution
was found to be even more pronounced, when using MeOH containing mobile phases.

2.3.2. Employing the opposite chirality of crown ether CSPs for evaluation of
enantioseparation

Selectivity, also known as separation factor («) describes the ability of the
chromatographic system to distinguish between sample components. It is usually
measured as a ratio of the retention factors (k) of the two peaks in question (Equation
2.1).

a="2 @.1)
k1
Where o - selectivity
k. — retention factor of stronger retained enantiomer;
ki — retention factor of weaker retained enantiomer.
Usually, the racemic form of the analyte is easier available compared to its

enantiomerically pure form, therefore, common way of studying, whether the CSP is
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enantioselective towards the chiral analyte, employs the analyte in a racemic form and
a CSP in a "single enantiomeric form". However, especially for amino acids and their
derivatives (amongst them peptides), enantiomerically pure forms are often easier
available than the racemates. Therefore, opposite concept, specifically, using a single
enantiomer of a chiral compound and a "racemic form" of the CSPs (with opposite
stereochemical configuration as it is with chiral selectors in CR-1 (+) and (-) phases;
Fig. 1.2., B) was introduced (Equation 2.2.).
a~a' = @, (2.2)
k-

Where a* - “apparent” enantioselectivity;

k+) — retention observed for specific enantiomer on CR-I (+) CSP;

k() — retention for same enantiomer on the opposite chirality CR-1 (-) CSP.

In order to test the validity of this concept, a series of experiments was carried

out with the LLLL-enantiomer of tetrapeptide 1. As shown in the example represented
in Figure 2.6., the obtained values of selectivity o, characterizing the separation of
tetrapeptide 1 LLLL/DDDD enantiomers on CR-I (+) (e.g., 15% ACN — « = 2.58; 95%
ACN — o = 6.61), does not differ significantly from the calculated o* values (15% ACN
- o* =2.54; 95% ACN - o* = 6.45), obtained from separate injections of LLLL-1 on
both CR-1 CSPs of opposite configuration.
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Fig. 2.6. Chromatograms characterizing tetrapeptide 1 LLLL and DDDD enantiomer
chromatographic behaviour on CROWNPAK CR-1 CSPs: tetrapeptide 1 LLLL/DDDD
enantiomer separation on CR-1 (+) (represented in black); retention of LLLL enantiomer on CR-
I (+) (in blue); retention of LLLL enantiomer on CR-1 (-) (in red). Mobile phases: 50 mM HCIO4
in ACN (MeOH)/water.
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The obtained results confirm that the newly introduced “apparent” selectivity o*
parameter can be used to further characterize the separation of tetrapeptide 2 - 11
LLLL/DDDD enantiomeric pairs, regardless of the organic modifier type and composition
of MP.

2.3.3. Influence of the modified amino acid residue on tetrapeptide
enantioseparation

The concept described above was used to investigate whether the chiral selectors
in CR-1 CSPs are also enantioselective towards modified tetrapeptide 1 analogues
2-11 (Fig. 2.4.). In order to assess the effect of the nature and composition of the
mobile phase organic modifier on the enantioselectivity of the studied tetrapeptide
LLLL/DDDD pairs, the values of a*, or the "apparent" enantioselectivity, were calculated
(Equation 2.2.). Knowing that o > 1.2 is considered sufficient for the chromatographic
separation of two enantiomers, the same criteria were applied to a* values.

Considering the different enantiomer retention behaviours previously observed
on CR-I(+) and (-) CSPs, based on mobile phase composition (e.g., Fig. 2.6.),
experiments were performed in both — low (15% ACN or 40% MeOH) and high (95%
ACN or 90% MeOH) organic modifier content MPs. Data representing CR-1 CSP
enantioselectivity towards tetrapeptides 1 — 11 are summarized in Table 2.1.

Table 2.1
Experimentally obtained retention factor k and calculated a* values for tetrapeptides 1 -
11 (LLLL-enantiomers) on CR-1 (+) and (-) CSPs

ACN (%) in 50 mM HCIO, in ACN/water MeOH (%) in 50 mM HCIO, in

Compound _MPs MeOH/water MPs

(Fig. 2.4.) 15 95 40 90
CR-I

k o* k a* k a* k o*

(+) 50.27 53.74 42.78 31.01

! A 198 2% g3z 84 50 28 gy 4%
(+) 5.95 20.88 5.80 17.95

2 A 307 1.94 4.46 4.68 461 1.26 569 3.16
) 7.31 57.55 7.87 29.99

3 0 289 253 oo 762 44 179 &4 4.64
+) 11.01 57.16 15.93 29.08

4 0 s s 219 g 591 o 246 I 3.98
) 28.71 52.14 28.38 24.08

5 0 lo4s 275 geq 610 000 284 oo 3.96
(+) 93.09 64.33 65.30 56.25

6 ) 34.43 2.10 8.77 7.34 31.90 2.05 9.42 6.97
+) 15.95 52.27 20.38 41.63

! (0 608 202 767 882 g9 319 gy 483
) 28.74 111.61 28.14 85.39

8 0 162 622 oo 1130 oo 443 o 22.63
(+) 20.00 79.70 18.77 46.72

9 0 =78 346 15 T8l rgg 315 ooe 5.78
(+) 40.01 64.55 35.60 27.51

10 ) 10.01 4.00 6.29 10.26 817 4.36 478 5.75
) 159.21 65.30 100.00 57.60

1 () 57.28 278 8.79 743 45.88 2.18 10.97 525

Based on Table 2.1. data, it can be seen that for all studied tetrapeptides,
regardless of the mobile phase used, the calculated o* values exceed 1.2. Furthermore,
particularly high enantioselectivity was observed with high organic modifier content
MPs.
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In order to characterize the influence of different amino acid residue (as well as
the position of the amino acid residue in tetrapeptide sequence) in modified tetrapeptide

1 structure, a parameter a“& which compares the apparent enantioseparation that

*(2-11)

was obtained for tetrapeptide 1 (a*(1)) against o* (obtained for structural analogues 2
—11) was introduced (Table 2.2.). Calculated parameter values lower than 1 represents
tendencies in increase, while values above 1 indicate a decrease in the
enantioselectivity, caused by the amino acid residue in tetrapeptide 2 — 11 structures.

Table 2.2
Calculated values of %parameter

Residual Position (in ~ ACN (%) in 50mM HCIOx in MeOH (%) in 50mM HCIO; in
amino acid tetrapeptide ACN/water MPs MeOH/water MPs

(Fig. 2.4 1 sequence) 15% 95% 40% 90%

His (2) 131 1.38 2.26 1.35

Glu (3) 1.00 0.85 1.59 0.92

Cys (4) Phe 1.16 1.09 1.16 1.07

Leu (5) 0.92 1.06 1.00 1.08

Trp (6) 0.94 0.88 1.39 0.72

His (7) 0.97 0.95 0.89 0.94

Glu (8) 0.41 0.57 0.64 0.37

Cys (9) N-terminus 0.73 0.83 0.90 0.74

Leu (10) 0.64 0.63 0.65 0.74

Trp (11) 0.91 0.87 1.31 0.81

According to Table 2.2. data, the effects, caused by the introduction of a
different substituent in tetrapeptide 1 Phe position seems to be less significant, than
modifications at the N-terminus. According to assumption, that N-terminal amino
group in tetrapeptide 1 structure might be responsible for the complexation with the
chiral crown ether selector (Section 2.1.), steric effects caused by the size of
substituents at the a-carbon sidechains at the chiral centre may be an important factor
for analyte chiral recognition. The 5-membered imidazole ring in His (7) may provide
similar steric environment as the 6-membered phenol ring in Tyr (1) residue, explaining
the similar enantioselectivity of both tetrapeptides, whereas smaller, noncyclic, flexible
substituents in tetrapeptides 8, 9 and 10 seem to improve tetrapeptide enantioseparation.

Based on these observations it can be concluded, that tetrapeptide 1 — 11
enantioseparation on CR-1 (+) and (-) CSPs strongly depends on steric effects, caused
by the size of the a-carbon sidechains at the N-terminus, rather than the polarity or
nature (charged/ noncharged) of the residual amino acid itself.
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2.4. Chiral recognition mechanism studies of tetrapeptide 1 on CR-I
CSPs#®

The LLLL and DDDD-enantiomers of tetrapeptide 1 were selected as model
compounds for further studies on the chiral recognition mechanism. To better
understand the intermolecular binding underlying the chromatographic separation of
the tetrapeptide 1 enantiomers on CR-I chiral stationary phases, the complexation
between the crown ether selectors and LLLL-1 and DDDD-1 was investigated by HPLC,
HRMS and NMR. To ensure similar conditions in both the NMR tube and the
chromatographic system, all experiments were performed in 50 mM HCIO4 in methanol
solutions.

2.4.1. Structure — chromatographic behaviour relationship studies for binding site
identification

In theory, three functional groups may be involved in the binding between
tetrapeptide 1 and the crown ether selector: the a-amino group in Tyr residue, the &-
amino group Lys, and the guanidine fragment in Arg (Fig. 2.7.).

C)

H3N

o NH NH,

PN g o)

j,NH
HN /®
o)
Oy NH
@ OH
HaN—"~,

Fig. 2.7. Tetrapeptide 1 functional groups capable of interacting. Potential H-bond donors
are highlighted in red.

To determine which of the three possible binding sites in Tyr-Arg-Phe-Lys-NH;
are responsible for chiral resolution, seven compounds la — 1g (Fig.2.8.) were
synthesized with the aim to systematically exclude potentially interacting amino groups
in tetrapeptide 1 sequence by replacing them with OH-groups or excluding them
altogether, while maintaining stereochemistry of the molecule similar to that of
tetrapeptide 1. To exclude N-terminal amino group in Tyr, chemical structure of
tetrapeptide 1 was altered by introducing 3-(4-hydroxyphenyl) propanoic acid in Tyr
position (compounds la - 1d). To avoid the possible interaction sites in Lys
(compounds 1a; 1b; 1le and 1f) and Arg (compounds 1a; 1d; 1f and 1g) moieties, these
amino acids were replaced with 6-hydroxynorleucine. Considering, that only in case of
enantiomeric resolution, retention times of single enantiomer observed on CR-1 (+) and
CR-I (-) columns, under the same chromatographic conditions, would differ from each
other (thus, indicating a stereoselective binding), retention behaviour of seven
tetrapeptide 1 structural analogues 1a — 1g was evaluated on CR-I (+) and (-) CSPs.

Based on Figure 2.8. data, no retention (tr ~ to) was observed for tetrapeptide 1
structural analogue 1a as the complexation between primary ammonium ion (R-NHz")
of the analyte and crown ether ring of the CSP in given case was eliminated by

4 Upmanis, T.; Kazoka, H. Mechanistic insights in chiral recognition of p-opioid receptor agonist
tetrapeptide on crown ether chiral stationary phase. J. Chromatogr. Open 2021, 1, 100016 (Appendix 1V)

5 Upmanis, T.; Sevostjanovs, E.; Kazoka, H. Chiral recognition mechanism studies of Tyr-Arg-Phe-Lys-
NH tetrapeptide on crown ether based chiral stationary phase. Chirality 2024, 36(1), 23619 (Appendix V)
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excluding all three NH, groups in the Tyr-Arg-Phe-Lys-NH; structure. The lack of
chromatographic retention observed for compound 1b, suggests that the guanidine
moiety in Arg has no significant effect on retention or chiral recognition accordingly.
In contrast to 1a and 1b, stronger retention was shown for compounds 1c and 1d. Both
compounds share a common primary e-amino group in Lys moiety, able to participate
in hydrogen bonding with the crown ether selector, thus, explaining the observed
retention. However, given the similar retention behaviour (e.g., 1c: k) ~ ki) = 8.9)
obtained on both CR-I (+) and CR-I (-) columns, it appears that this binding is non-
stereoselective. Likely, due to the e-amino group being located four C atoms away from
the chiral centre, where sterically bulky aromatic groups in crown ether selectors
(Fig. 1.5.) are unable to provide a chiral environment.
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Fig. 2.8. Overlay of chromatograms representing retention of LLLL-1 and structural
analogues 1a—1g on CR-1 (+) (represented in blue) and CR-I (-) (in red) CSPs. Mobile phase:
50mM HCIO4 in MeOH.

A possible stereoselective binding occurred for tetrapeptide 1 analogues 1le —1g,
where, similarly to LLLL-1, different retention behaviour on CR-1 (+) and (-) CSPs was
observed for the injected single enantiomers. By comparing chemical structures of le
— 19 (Fig. 2.8.) the presence of N-terminal a-amino group in tyrosine was found to be
the unique feature common in all three compounds, that way indicating the importance
of this amino group in chiral recognition.

Interestingly, out of these three compounds, different retention behaviour can be
seen between 1e (ko = 0.53; k) = 3.28); 1f (k(y = 0.44; k(+) = 3.15) and 19 (k) = 7.67;
k) = 56.2), where, the apparent introduction of ¢-amino group in Lys have led to
significant increase in retention of 1g and LLLL-1. This observation may indicate on a
deviation from the generally acceptable 1:1 stoichiometry, meaning that both N-
terminal a-amino group in Tyr and e-amino group in Lys may participate in tetrapeptide
1 chiral recognition. To confirm this assumption further HRMS and NMR experiments
were performed.

65


https://www.sciencedirect.com/topics/chemistry/phenyl-group

2.4.2. High resolution MS experiments for tetrapeptide 1 — crown selector complex
determination

To demonstrate the tetrapeptide 1 enantiomer ability to form complexes with
CR selectors outside the chromatographic column, high resolution mass spectrometry
(HRMS) operated in positive electrospray ionization mode was used. Description of the
experimental work can be found in Appendix V, Section 2.6.

Optically pure enantiomers of (S)- and (R)-(3,3’-diphenyl-1,1’-binaphthyl)-20-
crown-6 (CR (+) and (-) respectively; Fig. 1.2.) chiral selectors were synthesized and
mixed in five-fold (5:1) excess with the appropriate LLLL or DDDD-enantiomers of
tetrapeptide 1 in methanol containing 50 mM HCIO,. The prepared solutions were then
injected directly into time-of-flight (TOF) mass spectrometer. The excess of the crown
ether selector corresponds to intense signals at m/z 641 and 663 (for the Na* adduct;
Fig. 2.9.). A closer inspection of the obtained spectra reveals several lower intensity
signals, among which, the most important can be found at m/z 626 and 631,
corresponding to 1:1 and 1:2 stoichiometry complexes between tetrapeptide 1
enantiomers and crown selectors (Fig. 2.9., A). In addition, 1:3 stoichiometry
representing signal was observed at m/z 845 (Fig. 2.9., B), indicating the ability of the
crown ether selector to bind to all three available amino moieties in tetrapeptide 1
structure in gas phase. Interestingly, the formation of all three above mentioned
complexes with similar intensities also occurs for DDDD-1 enantiomer in the presence
of CR (+) selector.
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Fig. 2.9. Partial ESI-TOF mass spectra of tetrapeptide 1 upon complexation: LLLL-1 with
CR (+) chiral selector (in fivefold excess; represented on top); pbpbp-1 with CR (+) chiral
selector (in fivefold excess; bottom). Mass signals corresponding to 1:1 and 1:2 complex adduct

are represented in cut-out (A); Mass signals corresponding to 1:3 adduct are represented in cut-
out (B).
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This may point to a different (non-stereospecific) binding mechanism in gas
phase, limiting the advantages of this technique in chiral recognition studies.
Nevertheless, the use of ESI-HRMS confirmed the formation of non-covalent
complexes between LLLL and DDDD-enantiomers of tetrapeptide 1 and crown selectors
as well as provided us with valuable information on binding stoichiometry.

2.4.3. NMR study of complexation induced shifts upon enantioselective binding
between Tyr-Arg-Phe-Lys-NH2 enantiomers and crown ether selectors

In order to better understand the binding between synthesized CR (+) and (-)
chiral selectors and the LLLL and DDDD-enantiomers of tetrapeptide 1 a series of studies
were carried out by employing several 1D and 2D NMR techniques (instruments used
in the experiments as well as sample preparation are described in Appendix V, Section
2.7.). Tetrapeptide 1 pseudoracemate (LLLL:DDDD = 2:1 for identification) in its free
base form was mixed with CR (+) and (-) crown ether selectors in two-fold excess
(Fig. 2.10) in methanol-d. containing 50 mM HCIO, to generate conditions similar to
those used in the chromatographic separations (Section 2.4.1.). It was experimentally
determined that addition of the crown selector in higher excess did not reflect to any
significant changes in the observed chemical shifts.

The H-NMR chemical shifts of tetrapeptide 1 (labelled according to the
numbering scheme shown in Figure 2.10.) were assigned by a combination of *H-'H
correlation spectroscopy (COSY), H-13C heteronuclear single quantum correlation
(HSQC) and heteronuclear multiple bond correlation (HMBC) methods. The formation
of diastereomeric complexes were comfirmed by the migration of tetrapeptide 1 proton
signals observed in presence of the crown ether selectors as shown in the *H-NMR
spectrain Figure 2.10. The overlapped signals in the spectrum were assigned using total
correlation spectroscopy (TOCSY).

A
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Fig. 2.10. 'H-NMR (400 MHz) spectra: of free 5 mM pseudoracemic tetrapeptide 1 (Rac-1;
LLLL:DDDD = 2:1; represented in bottom); complexes with 10 mM CR (+) (middle) and 10mM
CR (-) selectors (top). All spectra are obtained in methanol-d4 containing 50 mM HCIOa. Signal
splitting of the Tyr aromatic protons is highlighted in cut-out (A); Signal splitting for the o-
protons in Phe in Tyr residues is highlighted in (B); Highlighted chemical shift changes in g-

protons in Tyr residue and Lys g-protons (C).
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It was observed that upon complexation with CR (+) selector, protons of LLLL-
1 enantiomer exhibited greater chemical shift changes (relative to the unbound
tetrapeptide 1) than its DDDD-antipode. In contrast, the opposite behaviour was
observed for pseudoracemic 1 upon complexation with CR (-) selector, where DDDD-1
signals were correspondingly more strongly shifted. Additionally, it is evient from both
obtained spectra (Fig. 2.10.) that they are the mirror images of each other, supporting
our previous assumption that LLLL-1 binding to the CR (+) and bDDDD-1 binding to the
CR (-) selector (and vice versa) undergo identical complexation mechanisms.
Therefore, the following discussion on the chiral recognition mechanism will focus
only on complexation between LLLL and DDDD-1 with CR (+).

For both enantiomers a pronounced upfield shifts were observed for H42 proton
in tetrapeptide 1 Lys residue. This behaviour is indicative of intermolecular
interactions, likely H-bond formation between tetrapeptide 1 and crown ether selector.
This assumption is supported by previous studies [79], where similar shielding effect
was observed for amino acid binding with CR (+) selector via H-bonds. However,
given the almost identical values of the proton chemical shift changes between
complexes formed by LLLL-1 and DDDD-1 with CR (+) selector, it can be assumed that
both enantiomers undergo similar (non-enantioselective) complexation pattern between
Lys e-NHs* group and the oxygens of the crown ether cycle.

Significant differences (Fig. 2.10., C) in proton chemical shifts were observed
for Tyr residue S-protons H5’” and H5” of LLLL-1, which, similarly to protons in Lys
residue shifted upfield, as well as for the Tyr a-proton H4 (Fig. 2.10., B) and the
aromatic protons H7 and H12 (Fig. 2.10., A). At the same time, these Tyr residue
proton shifts were practically unaffected in DDDD-enantiomer upon binding. Based on
these observations, it can be concluded, that in addition to non-enantioselective
hydrogen bonding between NHs* group in tetrapeptide 1 Lys residue and CR (+),
secondary binding also occurs between a-NH3* group of the Tyr residue of LLLL-1 and
additional CR (+) selector molecule (bbbD-1 with another CR (-) molecule), which
could be responsible for chiral recognition of tetrapeptide 1. Such an assumption would
be consistent with both the results of the chromatographic separations of tetrapeptide 1
(Section 2.1.) and the analysis of chromatographic behaviour of structural analogues
la - 19 (Section 2.4.1.).

Unlike previously discussed hydrogen bonding induced upfield shifts in
tetrapeptide 1 Tyr and Lys residues, weak deshielding of Phe a-proton H27
(Fig. 2.10., B), p-protons H28’’, H28” and aromatic H30, H31, H33 and H34 protons
were observed for LLLL-1 enantiomer in presence of CR (+). Based on the different
character of chemical shift changes, it can be assumed that in this case other types of
intermolecular interactions may take part, possibly involving n-systems of Phe residue
in and the aromatics of CR (+) selector.

In summary, chromatographic retention analysis of tetrapeptide 1 and its
structural analogues 1a - 1g on CR-I (+) and (-) CSPs indicates that enantioseparation
of LLLL/DDDD-1 might be possible due to significant differences in the enantiomeric
binding mechanisms. From chromatographic point of view, for the stronger retained
tetrapeptide 1 enantiomer [LLLL-1 - CR-I (+)] and [DDDD-1 - CR-I (-)], the NH3*
groups in the Tyr and Lys residues can bind simultaneously to two crown ether selector
molecules on the CSP surface, while for the weaker retained tetrapeptide 1 enantiomer
[DDDD-1 - CR-1 (+)] and [LLLL-1 - CR-I ()], only the NHs* group on the Lys residue
is responsible for binding to the crown ether selector (and hence the weaker retention).
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CONCLUSIONS

. The application of commercially available crown ether CSPs in short peptide
enantioseparation was investigated by using Tyr-Arg-Phe-Lys-NH, tetrapeptide as
a model compound (all 16 stereoisomers were synthesized). The best
enantioselectivity was observed on CROWNPAK CR-I (+) CSP: all eight
enantiomer pairs were resolved with ACN rich mobile phase.
. The chromatographic behaviour of ten newly synthesized structural analogues of
Tyr-Arg-Phe-Lys-NH, (N-terminal and Phe positions modified with different
amino acids) was evaluated on CR-1 phases. Modifications of the tetrapeptide
structure at the Phe position were found to have less significant effect on
enantioselectivity than modifications at the N-terminus. The effect of the amino acid
residue on enantioselectivity depends largely on steric effects caused by the size of
the a-carbon side chains at the N-terminus rather than the polarity or nature of the
introduced amino acid.

. Seven structural analogues were synthesized with the aim of systematically

excluding the tetrapeptide amino groups that may interact with the chiral selector

by replacing them with OH groups (or excluding them completely) and studying
their chromatographic behaviour on CR-1 (+) and (-) phases containing opposite
chirality selectors. It was concluded that:

a. The guanidine fragment in Arg residue does not bind to the crown ether
selectors;

b. The primary e-amino group in the Lys residue is able to participate in non-
enantioselective *N-H-O hydrogen bond formation with the crown ether
selector;

c. ltis likely that the a-amino group in the Tyr residue is responsible for chiral
recognition.

HRMS experiments revealed that LLLL and DDDD-enantiomers of Tyr-Arg-Phe-

Lys-NHz can form 1:1, 1:2, and 1:3 stoichiometry complexes upon binding with

crown ether selectors.

NMR studies of the complexation between LLLL and DDDD-enantiomers and the

crown ether selectors showed that for one tetrapeptide enantiomer, NHs* groups in

Tyr and Lys residues can bind simultaneously to two crown ether selector

molecules on the sorbent surface, while for the other enantiomer, only the NH3*

group in Lys residue is responsible for binding to the crown ether selector, which
is also supported by the HPLC data.
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The chiral separations of small peptides is an important challenge in the biological and medical sciences,
because different sterecisomers of chiral drugs can often possess different pharmacological, pharmacoki-
netic, andfor toxicological activities. Commercially available crown ether chiral stationary phases based
on §-(3,3"-diphenyl-1,1'-binaphthyl)-20-crown-6 (CROWNPAK CR-l (+)) and (+)-(18-crown-6)-2,3,11,12-
tetracarboxylic acid (ChiroSil RCA (+)) have been successfully used for separating enantiomers of various
racemic compounds containing primary amino groups. In this investigation, enantioresolution of mare
complex model analyte - tetrapeptide Tyr-Arg-Phe-Lys-NH,, has been reported on crown ether chiral sta-
tionary phases. Organic and acidic modifier content in aqueous maobile phase was tested. All Tyr-Arg-
Phe-Lys-NH, stereoisomers showed U-shaped retention plots, based on ACN content in mobile phase.
Increased retention of tetrapeptide stereoisomers was observed at low (=35%) and at high (>70%) ace-
tonitrile content in the mobile phase, indicating that different separation mechanisms are most likely
involved. As a result, baseline separation of all eight tetrapeptide enantiomer pairs was achieved under

isocratic elution mode on both chiral columns.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decade, peptide drug discovery has experienced
a revival of interest as the pharmaceutical industry has come to
appreciate how this class of compounds can be an excellent com-
plement or even a preferable alternative to small molecule drugs
[1]. The essential biological functions of peptides depend on pep-
tide stereochemistry. Amino acids exist in D and L forms (with an
exception of glycine) and as a result the peptide can exist as sev-
eral stereoisomers with different biological properties [2,3]. During
synthesis, storage or metabolic processes sterecisomers may expe-
rience racemization (or epimerization depending on the position of
the stereogenic centers involved) [4,5], resulting in complex enan-
tiomeric |/ epimeric compositions, therefore, enantiomeric purity
control of peptide analytes is an important challenge in the biolog-
ical and medical sciences and is necessary for the pharmaceutical
industry.

Two most commonly used approaches for optical purity con-
trol of chiral amino acids using liquid chromatography (LC) are
direct (without derivatization) and indirect methods (with chiral
derivatization) [6,7]. Indirect methods are based on the formation
of diastereomeric derivatives through reaction between the ana-

* Corresponding author.
E-mail address: upmanis@osi.lv (T. Upmanis).

https:{/doi.org/10.1016/j.chroma.2020.461152
0021-9673/& 2020 Elsevier B.V. All rights reserved.

Iyte enantiomers and homochiral derivatizing reagents. After the
reaction diastereomeric derivatives can be separated under achi-
ral conditions. However, following the introduction of new chro-
matographic and capillary electrophoresis techniques, the impor-
tance of chiral derivatization has decreased [6]. For direct sepa-
ration methods, chiral stationary phases (CSPs) based on different
types of chiral selectors have been developed to separate amino
acid enantiomers using LC. However, there is a limited amount
of existing publications related to LC chiral separations of short
peptides. For example, enantioseparation of glycyl dipeptides has
been achieved by ligand exchange chromatography [8]. Some un-
protected nonproteinogenic amino acids and peptide like analyte
enantioseparation has been performed on polysaccharide deriva-
tives [9,10]. Unprotected dipeptide and tripeptide chiral resolution
has been previously reported on CSPs based on cinchona alkaloids
[11-13], macrocyclic glycopeptides [14-16], cyclodextrins [17,18].

Two types of chiral crown ethers (Fig. 1), incorporating an op-
tically active 1,1’-binaphthyl unit first introduced by Cram and
coworkers [19] and a tartaric acid unit developed by Behr and
coworkers [20], have been successfully utilized for the separation
of enantiomers of various racemic compounds containing a pri-
mary amino group, e.g. &- and S-amino acids [21-23], dipeptides
[24-26] and tripeptides [27]. Resolution in more complex systems,
e.g. tetrapeptides, to the best of our knowledge, has not yet been
reported.
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Fig. 1. Structures of chiral stationary phase in CROWNPAK CR-1 (+) [S43.3'-diphenyl-1,1"-binaphthyl)-20-crown-6 immobilized on silica] - (A); ChiroSil RCA (+) column
[(+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid immobilized on silica] - (B) and Tyr-Arg-Phe-Lys-NH, tetrapeptide structure - (C).

To clarify the prospects of using crown ether-based CSPs for chi-
ral resolution in tetrapeptides, Tyr-Arg-Phe-Lys-NH, (Fig. 1; LbLL
isomer is also known as p-opioid receptor agonist DALDA [28]),
was chosen as a model structure and all 16 sterecisomers of Tyr-
Arg-Phe-Lys-NH, were synthesized in order to study chromato-
graphic behavior on two commercially available crown ether CSPs
CROWNPAK CR-I (+) and ChiroSil RCA (+). Since chiral separation
mechanisms involved may differ on both columns [29], different
separation ability was expected for the chiral selectors in the series
of experiments. Also adjusting chromatographic conditions, e.g. or-
ganic and acidic modifier content in aqueous mobile phase, were
tested in order to improve Tyr-Arg-Phe-Lys-NH, enantiomeric sep-
aration. Efforts to extend the use of chiral crown ether-based CSPs
in resolution of all sixteen tetrapeptide stereoisomers were made.

2. Material and methods
2.1. Chemicals and materials

All 16 sterecisomers of Tyr-Arg-Phe-Lys-NH, tetrapeptide were
synthesized at the Latvian Institute of Organic Synthesis (Riga,
Latvia). Gradient grade acetonitrile (ACN) for LC was obtained from
Merck (Darmstadt, Germany). Deionized water (R = 18 MQ/cm,
TOC = 3 ppb) was produced by Milli-Q system (Millipore, Darm-
stadt, Germany). HPLC grade perchloric acid (60%) was purchased
from Fisher Scientific (Loughborough, Leicestershire, United King-
dom), Sulfuric acid (96%) was purchased from Stanlab (Lublin,
Poland).

2.2, Instrumentation

Chromatographic measurements were performed on Waters
Alliance (Waters Corporation, Milford, MA, USA) LC systems
equipped with 2695 separations module consisting of quater-
nary pump, degasser, autosampler and column heater, Waters
2489 dual A absorbance detector was used for detection of ana-
lytes. The output signal was monitored and processed using Wa-
ters Empower 2 software. CROWNPAK CR-I (+) column (3.0 mm
(i.d.) x 150 mm, 5 pm particle size) based on 5-(3,3'-diphenyl-
1,1’-binaphthyl)—20-crown-6 immobilized on silica was purchased

from Chiral Technologies Europe (Illkirch, France). ChiroSil RCA (+)
(4.6 mm (i.d.) x 250, 5 pm particle size) based on (+)-(18-crown-
6)-2,3,11,12-tetracarboxylic acid immobilized on silica was pur-
chased from Regis technologies inc. (Morton Grove, IL, USA). Mix-
tures of acetonitrile and water with perchloric or sulfuric acids as
acidic modifier were used as a mobile phases (MP). For every ex-
periment, columns were conditioned with MP for not less than
1 h. The proportion of each MP component was always measured
by volume. Chromatographic runs were performed at flow rate ei-
ther 1.0 mL/min (ChiroSil RCA (+)) or 0.4 mL/min (CROWNPAK CR-I
(+)). Detection was accomplished via measurement of UV absorp-
tion at 220 nm and injection volume was set at 5 pl.

2.3, Preparation of tetrapeptide stereoisomer standard solution

The analytical samples were prepared by dissolving 5 mg of
each Tyr-Arg-Phe-Lys-NH; stereoisomer in 50 mM HCIO, resulting
a stock solution with a concentration of 5 mg/mL. Single tetrapep-
tide stereoisomer standard solutions were prepared by diluting
100 pl of stock solution of each stereoisomer in 1 mL of mobile
phase (0.5 mg/mL).

2.4, Preparation of mixed solution of tetrapeptide enantiomers

The analytical samples of tetrapeptide enantiomer pairs were
prepared by mixing 100 pl of both corresponding enantiomer stock
solutions in 1 mL of mobile phase (0.5 mg/mL). Elution order was
determined by injecting configurationally known samples.

2.5. Preparation of mixed standard solution of all 16 tetrapeptide
stereoisomers

The mix injection sample of all 16 stereoisomers was prepared
by transferring 100 pl of each stock solution in an autosampler vial
(0.31 mg/mL). For experiments involving high percentage of ACN
in mobile phase, mix solution was evaporated under reduced pres-
sure and dissolved in 1 mL of ACN/50 mM HCIO4 95/5 (v/v).
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Table 1

Influence of the mobile phase acidic modifier concentration on chr

T. Upmanis, H. KaZoka and P. Arsenyan/Journal of Chromatography A 1622 (2020) 461152

enantiomers on CROWNPAK CR-I (+).

behavior of

Tyr-Arg-Phe-Lys-NH;

15%ACN + 16 mM HCIO, (pH 2.0)

15%ACN + 50 mM HCIO, (pH 15)

15%ACN + 160 mM HCIO, (pH 1.0)

En.
k; k2 a R; k; ks a Rs k; ks a R:

DLDL/LDLD 096 143 146 202 9.79 1428 148 468 2958 4573 155 597
DDLL/LLDD 1.00 247 229 443 991 2350 239 946 3007 8384 274 1195
DLLL /LDDD 119 336 254 546 1182 2994 256 1062 3827 10193 269 1249
DLDD/LDLL 116 119 103 <05 1189 1241 104 =05 37.40 3958 107 =05
DDLD/LLDL 140 257 158 259 1251 2079 165 575 36.81 69.55 1.88 8.19
DDDD [LLLL 153 445 258 550 1397 37.08 265 11.00 4333 12986 298 13.05
DLLD/LDDL 162 374 213 44 1539 3287 210 859 5032 11267 223 1018
DDDL/LLLD 219 543 247 542 1712 4453 263 11.47 51.65 15650 3.03 1331

Detection: UV 220 nm; column temperature: 25 °C; k;: Retention factor of the first eluted enantiomer; «: Separation factor. R;:
Resolution; Elution time of the 1st unretained peak was set as a & for each chromatogram: fl

Table 2

ow rate: 0.4 mL/min.

Influence of the mobile phase acidic modifier concentration on chromatographic behavior of tetrapeptide Tyr-Arg-Phe-Lys-NH,

enantiomers on ChiroSil RCA (+).

Mobile 20%ACN + 16 mM HCIO, (pH 2.0)  20%ACN + 50 mM HCIO, (pH 15)  20%ACN + 100 mM HCIO; (pH 1.3)
phase ke kz a R ky kz a R & ke a R
LDLD/ DIDL 210 350 166 203 572 862 151 308 950 1394 145 334
LLDD/DDLL 119 223 189 250 308 587 192 476 478 963 201 608
LDDD/DLLL 207 380 182 241 531 863 161 351 870 1368 157 396
LDLL/DLDD 177 3.08 174 222 430 650 152 3.00 692 1002 147 327
LLDL/DDID 124 183 145 145 362 548 151 314 565 888 157 398
LLLL/DDDD 143 205 143 143 366 548 149 312 570 863 152 382
LDDL/DLLD 223 349 158 189 662 971 145 276 11.16 1567 140 301
LLLD/ODDL 159 218 137 125 440 640 145 284 690 1025 148 344

Detection: UV 220 nm; column temperature: 25 °C; k;: Retention factor of the first eluted enantiomer; «: Separation factor. Rs:
Resolution; Elution time of the 1st unretained peak was set as a Iy for each chromatogram; flow rate: 1 mLmin.

3. Results and discussion
3.1. Optimization of the LC conditions

For separation of Tyr-Arg-Phe-Lys-NH, tetrapeptide stereoiso-
mers on two commercially available crown ether chiral columns
CROWNPAK CR-1 (+) and ChiroSil RCA (+) acetonitrile was cho-
sen as the mobile phase organic modifier. Acetonitrile as apro-
tic solvent cannot interfere with hydrogen bonding type interac-
tions between chiral selector and analytes. Added water acts as a
highly competing species for the hydrogen bonding sites on the
chiral selector surface and displaces the analyte from hydrogen
bonding between chiral selector and selectand, reducing the hy-
drogen bond induced analyte retention with increasing the con-
tent of water in the mobile phase. Thus, hydrogen bonding type
interactions are prevalent at low water content in acetonitrile (typ-
ically < 20%) while hydrophobic interactions take over commonly
above 20% [30].

U-shape dependence of retention on the composition of binary
acetonitrile-water mobile phases have been previously reported
for various compounds on polysaccharide based CSPs [30,31], and
only recently for enantioseparation of proteinogenic amino acids
on crown ether CSP [21], In achiral reversed-phase chromatogra-
phy, retention increases with increasing water content in the mo-
bile phase. For polar analytes, opposite behavior, where retention
increases with the decrease of water content in MP has been ex-
tensively researched in LC technique called hydrophilic interaction
liquid chromatography (HILIC) and similar behavior, contrary to RP
retention, has been reported for chiral separations on polysaccha-
ride based CSPs [32,33]. Analyte retention can be considered as
function of balance between hydrophilic (hydrogen bonding) and
hydrophobic interactions taking place between the chiral selec-
tor and analyte [30], therefore, based on analyte characteristics
and chromatographic conditions, CSPs may act either as RP-like or

HILIC-like stationary phases. Similar principles can be applied to
U-shaped retention dependency on crown ether based CSPs.

1t is well known that separations on crown ether CSPs are car-
ried out under acidic conditions, where the generated analyte am-
monium ions can bind enantioselectively to the macrocyclic crown
ether through inclusion complexation driven via the formation of
three *N-H--0 hydrogen bonds between the ammonium ion in an-
alyte structure and oxygens of the crown ether [34]. Strong acids
such as CF3COOH, HCl, H;S0,4, HNOs, H3PO4 and HCIO4 are re-
quired to ensure full protonationfionization of the primary amino
groups. Due to low ultraviolet (UV) absorption and great chaotropic
character, perchloric acid is usually used as a mobile phase addi-
tive for CROWNPAK CR-I (+) column [35]. A chaotropic agent is
an ion that can disrupt the hydrogen bonding network or solva-
tion between the molecules of analyte and water. The chaotropic
ion (Cl04~) can interact with the protonated amino enantiomers to
form an ion pair. Since the ion pair is more lipophilic than the un-
paired analyte, it is more strongly retained by lipophilic stationary
phase. Consequently, the retention of the two enantiomers should
increase [36].

In spite of sulfuric acid being the most frequently used acidic
modifier in enantioseparations on crown ether-based CSPs with in-
corporated tartaric acid units [22,37], application of perchloric acid
was found to afford, in general, better resolution of tetrapeptide
Tyr-Arg-Phe-Lys-NH, enantiomers on ChiroSil RCA (+) column (See
Tables S1 vs. S2 in electronic supplementary material).

Influence of perchloric acid concentrations in the aqueous mo-
bile phase on chromatographic behavior of tetrapeptide Tyr-Arg-
Phe-Lys-NH; enantiomers in order to find the optimal conditions
was investigated on CROWNPAK CR-I (+) (Table 1) and ChiroSil
RCA (+) columns (Table 2). Increasing the perchloric acid con-
tent in MP from 16 mM (pH 2.0) to 50 mM (pH 1.5) and then
to 160 mM (pH 1.0), lead to notable increase in retention. As the
concentration of ClO4~ anion increases in the mobile phase, the
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Fig. 2. Plots of the retention time (tg) of eight pairs of Tyr-Arg-Phe-Lys-NH, enantiomers against the ACN content. Mobile phases: ACN/50 mM HCIO; = 15/85 to 95/5 (v/v)

on CROWNPAK CR-I (+); 10/90 to 80/20 (v/v) on ChiroSil RCA (+).

retention of the protonated analyte increases. Hence, the reten-
tion time of analytes can be m. d by varying the concen-
tration of chaotropic anion based on the requirement. For exam-
ple, change in retention factor (k) from 2.19 to 1712 to 51.65 for

DDDL stereoisomer was observed on CROWNPAK CR-I (+) column
in the studied acidic modifier concentration range, while generally
no significant improvements in separation were achieved (« val-
ues ranged from 1.37 to 1.45 to 1.48; Table 1). Therefore, mixture
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Fig. 3. Effect of ACN content in mobile phase on Tyr-Arg-Phe-Lys-NH, enantiomer separaition.

of acetonitrile and 50 mM HClO, was chosen as the optimal mobile
phase for further chiral separation studies for Tyr-Arg-Phe-Lys-NH,
tetrapeptide.

3.2. Effect of the ACN content in the MP on the retention

Retention profiles of sixteen Tyr-Arg-Phe-Lys-NH stereoisomers
were studied on both crown ether CSPs by injecting standard solu-
tions of tetrapeptide enantiomer pairs into LC system and varying
ACN/50 mM HClO4 compositions in MP from 15/85 to 95/5 (v/v)
for CHIRALPAK CR-1 (+) and from 10/90 to 80/20 (v/v) for ChiroSil
RCA (+) columns. Plots of the retention times (tg) of eight pairs of
tetrapeptide enantiomers against the ACN content are represented
in Fig. 2. All Tyr-Arg-Phe-Lys-NH- sterecisomers showed U-shaped
curves with a minimum within 50-75% ACN range for CROWNPAK
CR-I (+) and 50% ACN for ChiroSil RCA (+) columns.

Increased retention of stereoisomers was observed at lower
(<25% for CROWNPAK CR-1 (+) and <35% for ChiroSil RCA (+))
and at higher (>90% for CROWNPAK CR-I (+) and =75% for Chi-
roSil RCA (+)) acetonitrile content in the MP, indicating that differ-
ent mechanisms are most likely employed. Reversed-phase mode,
based on inclusion complexation, followed by enantioselective hy-
drophobic interactions between the solute and the binaphthyl and
two phenyl groups of the stationary phase plays the primary role
in analyte retention at low ACN content (increased retention of
stereoisomers below 25% ACN content; Fig. 2). Meanwhile, with
ACN rich mobile phases, HILIC like partition mechanism (increased
retention of sterecisomers starting at 90% ACN content; Fig. 2)
contributing additional polar interactions, possibly with silanols or

water absorbed to the stationary phase is believed to be responsi-
ble for the increase in analyte retention.

Two possible separation mechanisms have also previously been
suggested for ChiroSil RCA (+) column [38,39]. In lower ACN con-
tent mobile phases (increased retention of stereoisomers starting
at 35% ACN content; Fig. 2), in addition to the complexation of pri-
mary ammonium ion inside the cavity of the 18-crown-6 ring, ad-
ditional hydrophobic interactions between the two carboxylic acid
groups in the crown ether selector (Fig. 1B) and the sterically bulky
side groups in @-amino compounds, are expected to be necessary
for chiral resolution. In ACN rich mobile phases (increased reten-
tion of stereoisomers starting at 75% ACN content; Fig. 2), the side
two carboxylic acid groups in chiral selector can act as hydrogen
bonding donor or acceptor groups.

Tetrapeptide enantiomers possessing LxxX configuration (L-Tyr-
at the N-terminus, Fig. 1C) retained stronger than their p-antipodes
(pxxx) on CROWNPAK CR-I (+) column (Fig. 2). Moreover, dif-
ferent retention behavior between tetrapeptide enantiomers were
observed for N-terminal L-Tyr-stereoisomers showing a sharp in-
crease in retention at high ACN content in mobile phase, indi-
cating more favourable association of the ammonium ion and the
crown ether binding site. In contrast, retention of N-terminal D-
Tyr-tetrapeptide enantiomers did not show a significant increase
in retention with the same change in ACN composition of the mo-
bile phase. According to Fig. 2, opposite elution order of pxxx/LXxx
enantiomers was observed on ChiroSil RCA (+) and steady in-
crease of retention was noticed for both corresponding tetrapep-
tide enantiomers on ChiroSil RCA (+) column in the high ACN
range.
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Fig. 4. Overlay of chromatograms of mixed standard solution of all 16 Tyr-Arg-Phe-Lys-NH, stereoisomers (in black) and enantiomeric pairs (in color) on CROWNPAK CR-1

(+) with mobile phases ACN/50 mMH ClO..

Even though no research has been done in order to characterize
elution order in compounds consisting of multiple binding sites,
e.g. multiple amino groups in short peptides, this particular elu-
tion order might indicate that the o-amino acid at the N-terminus
- Tyr-could be responsible for chiral complexation between the
crown ether ring of the CSP and the primary ammonium ions (R-
NH3*) of the analyte. This hypothesis is supported by previous
studies, regarding enantioseparation of w-amino acids and esters,
reviewed by Hyun [34]. For CSPs based on 5-(3,3'-diphenyl-1,1"-
binaphthyl)—20-crown-6, stronger retention has always been ob-
served for L-amino acids. Such elution order has been rationalized
by chiral recognition model suggested in [40,41], and simplified by
Newman projection in Fig. S1. The analyte is held in the crown
ether ring by the three NH*s « «0 hydrogen bonds, where the 3-
phenylnaphthyl rings provide chiral barriers. In this instance, the
largest substituent (three residual amino acid chain) at the chiral
center of analytes is located at the most remote position from the
sterically most demanding 3-phenylnaphthyl group and the other
two groups at the chiral center are positioned automatically. In
the more stable complex (Fig. $1), the small substituent (hydro-
gen) in L-enantiomer is directing to the sterically less demanding
3-phenylnaphthyl group, forming more stable complexes and re-
sulting in longer retaintion times for LXxx-enantiomers.

For CSPs based on (+)-(18-crown-6)—2,3,11,12-tetracarboxylic
acid, stronger retention has always been observed for p-amino
acids (with the exception of serine and threonine) [34]. A chiral
recognition mechanism proposed for crown ether CSPs incorporat-
ing tartaric acid units [39] suggests that, in addition to the tripo-

dal complexation of the primary ammonium ions with the crown
ether ring of the CSP, hydrogen bonding between the carboxylic
acid group of the chiral selector and the carbonyl oxygen of w-
amino acid (the same principles would apply for the tetrapeptide)
is involved in the chiral recognition (Fig S2). For D-enantiomer
the 4-hydroxybenzyl group at the chiral center is directed away
from the chiral barrier (-COOH) of the chiral selector, where the
4-hydroxybenzyl group for the L-enantiomer is facing the car-
boxyl group of the chiral selector, resulting in steric hindrance.
According to this suggested model, tetrapeptide DXxX-enantiomers
would form more stable complexes, resulting in longer retention
times.

3.3. Effect of the ACN content of the MP on the enantioselectivity

According to data shown in Fig. 3 and retention profiles illus-
trated in Fig. 2, all Tyr-Arg-Phe-Lys-NH, tetrapeptide DXXX/LXXX
enantiomers could be separated on CROWNPAK CR-1 (+) column.
Seven out of eight tetrapeptide enantiomeric pairs (poor resolu-
tion was observed for LpLL/DLDD enantiomers) could be separated
under reversed-phase conditions (low ACN range; Fig. 3; Table S3).
However, increase in separation factor values for all eight enan-
tiomeric pairs was achieved with ACN rich mobile phases (starting
at 85% ACN). Moreover, the use of mobile phase with ACN/50 mM
HClO4 = 90/10 (v/v) allowed the separation (@ > 1.2) of all eight
pairs of tetrapeptide enantiomers (Table S3).

Interestingly, all eight enantiomeric pairs were baseline sep-
arated on ChiroSil RCA (4+) column with low ACN content in
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mobile phase (Table S4). According to data shown in Fig. 3, sep-
aration factor for DDLL/LLDD enantiomers increased, when ACN
content in mobile phase was increased. In contrast, « value for
pLLL/LDDD decreased with the increase in ACN content. Almost no
significant changes in selectivity were observed for the other 4
enantiomeric pairs in the studied ACN range. It can be well seen
(Fig. 3) that enantiomers p ing DDLX[LLDX C ion are
better separated in ACN rich mobile phase, while enantiomers pos-
sessing DLLX/LDDX configuration are better separated in low ACN
content mobile phases. The results obtained indicate that mul-
tiple chiral recognition mechanisms are possible within a single
molecule and steric arrangement of the substituents in tetrapep-
tide structure is crucial for enantiomer separation and both elution
modes are worth investigating.

3.4. Application of crown ether CSPs for chiral resolution of
tetrapeptide stereoisomers

A mixed standard solution of all sixteen Tyr-Arg-Phe-Lys-NH;
tetrapeptide stereoisomers was injected into LC system for eval-
uation of stereoisomer separation ability on both crown ether
CSPs. Since different selectivity was previously observed, chro-
matographic behavior of tetrapeptide stereoisomers was investi-
gated in mobile phases consisting of high and low ACN content
(Table 3). Changes in elution order were observed not only from
using different CSPs, but also depended on ACN content in mobile
phase. As a general trend, retention and separation of tetrapeptide
isomers possessing Dxxx configuration was weaker than isomers

Table 3

Elution order of tetrapeptide Tyr-Arg-phe-lys-NH,
stereoisomers on crown ether CSPs with mobile phases
ACN/50 mM HCIO,.

CROWNPAK CR-I (+)  ChiroSil RCA (+)
# 15%ACN  95%ACN 20%ACN  80BACN
1 DLDL DLDD LLDD LLDD
2 DDLL DLLD LLDL LLLL
3 DLLL DLLL LLLL LLLD
4 DLDD DLDL LDLL LLDL
5 LDLL DDLL LLLD LDLL
6 DDLD DDDL LDDD DDDD
7 DDDD DDDD DDDD LDDD
8 LDLD DDLD DDLD DDDL
9 DLLD LDLL LDLD LDDL
10  DDDL LDDL DDLL DLLL
11 LLDL LDLD DDDL DLDD
12 LLDD LDDD DLDD DDLD
13 LDDD LLDL LDDL DLLD
14  1LDDL LLDD DLDL LDLD
15 LLLL LLLD DLLL DDLL
16 LLLD LLLL DLLD DLDL

possessing LxXX configuration on CROWNPAK CR-1 column. Oppo-
site retention trends were observed on ChiroSil RCA (+) where
stereoisomers with Lxxx configuration eluted earlier.

A noticeable relation between the stereochemistry of the
tetrapeptide isomer and its retention was observed under high
(95%) ACN mode only on CROWNPAK CR-I (+), where the retention
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of Tyr-Arg-Phe-Lys-NH, tetrapeptide stereoisomers can be sorted
in order of DLXX > DDXX > LDXX > LLXX (Table 3), indicating, that
configuration of the first two amino acids (Tyr-and Arg) in the
tetrapeptide sequence could determine the binding affinity with
the 1,1’-binaphthyl crown ether selector under high ACN content
in mobile phase.

According to chromatogram shown in Fig. 4, LXXX stereoiso-
mers (with exception of LpLL and LDLD) can be separated, if mo-
bile phase with low (15%) ACN content was used on CROWNPAK
CR-I (+) column. With high (95%) ACN content, weak stereoisomer
separation was observed. According to data represented in Fig. 4,
seven stereoisomers were baseline separated. Much weaker stere-
oselectivity for tetrapeptide isomers was observed on ChiroSil RCA
(+) column (Fig. 5). It can be concluded, that for Tyr-Arg-Phe-Lys-
NH, tetrapeptide stereoisomer separations, S-(3,3’-diphenyl-1,1’-
binaphthyl)—20-crown-6 chiral selector is more preferable to (+)-
(18-crown-6)—2,3,11,12-tetracarboxylic acid selector.

4. Conclusions

Separation of tetrapeptide Tyr-Arg-Phe-Lys-NH, on commer-
cially available crown ether columns CROWNPAK CR-I (+) and Chi-
roSil RCA (+) was investigated. All eight pairs of tetrapeptide enan-
tiomers could be baseline resolved on both columns. The best over-
all enantioseparation was achieved on CROWNPAK CR-I (+) column
with mobile phases consisting of high ACN content. Efforts to ex-
tend the use of chiral crown ether-based CSPs in resolution of all
sixteen tetrapeptide ster s resulted in baseline separation
of seven stereoisomers on CROWNPAK CR-I (+) column.

U-shaped plots, based on ACN content in mobile phase, with an
increase in retention both in highly aqueous and ACN rich mobile
phases were observed on both crown ether CSPs. The differences
in tetrapeptide chromatographic behavior points out that stereo-
chemistry of Tyr-Arg-Phe-Lys-NH, structure play an important role
in chiral recognition mechanisms.

In general, S-(3,3'-diphenyl-1,1"-binaphthyl)—20-crown-6 chi-
ral selector is more preferable to (+)-(18-crown-6)-2,3,11,12-
tetracarboxylic acid selector for enantiomer stereoisomer separa-
tions of Tyr-Arg-Phe-Lys-NH, tetrapeptide.
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1. Introduction

Orver the past decade, peptide drug discovery has
experienced a revival of interest as the pharma-
ceutical industry has come to appreciate how this
class of compounds can be an excellent comple-
ment or even a preferable alternative to small mol-
ecule drugs [1]. The essential biological functions
of small peptide drugs often depend on peptide
stereochemistry. With the exception of glycine, all
other amino acids exist as o and © enantiomers,
therefore, peptides can exist as several stereoiso-
mers, possessing different biological properties
[2,3]. During synthesis, storage or metabolic pro-
CESSES Sterenisomers may experience racemiza-
Hon, resulting in complex enantiomeric | epimeric
mixtures, therefore, enantiomeric purity control of
peptide analytes is an important challenge in the
biological and medical sciences and is necessary
for the pharmaceutical industry.

Among the numerous commercially available
chiral stationary phases (C5Ps), crown ether-based
C5Ps have been proven to be very effective for the
resolution of chiral analybes containing primary
amino groups [4].

This work is an extension to our previous re-
search [5] regarding the chiral resolution of tetra-
peptides, using Tyr-Arg-Phe-Lys-NH, (see Fignure
1A; Lo isomer is also known as pi\-piﬂid recep-
tor agonist DALDA), as a model structure.

Efforts to extend the use of chiral crown ether-
based C5Ps in resolution of all sixteen tetrapeptide
stereoisomers were made by emploving the oppo-
site characteristics of 5- and R-3.3-diphenyl-1,1"
binaphthyl crown ether selectors (see Figure 1B,
commercially sold as CROWNPAK CR-I columns).

2. Materials and methods

All 16 sterevisomers of Tyr-Arg-Fhe-Lys-NH, tetra-
peptide were synthesized at the Latvian Institute of

Organic Synthesis by the author. Chromatographic
measurements were performed on Waters Alliance
(Wabers Corporation, Milford, MA, USA) LC sys-
terns equipped with 2695 separations module con-
sisting of quaternary pump, degasser, autosampler
and column heater, Waters 2489 dual A absorbance
detector was used for detection of analytes. The
output signal was monitored and processed using
Waters Empower 2 software. CROWNPAK CR-I (+)
and CR-1 () ecolumns (3.0 mm (1.d) = 150 mm, 5 um
particle size) based on 5- and R-3.3-diphenyl-1,1-
binaphthyl}-20-crown-6 immobilized on silica was
purchased from Chiral Technologies Europe (II-
Ikirch, France). Mixtures of acetonitrile and 50mM
HCIO, fwater solution were used as a mobile phase.
Chromatographic runs were performed at flow rate
of 04 mL/ min. Detection was accomplished via
measurement of UV absorption at 220 nm and in-
jection volume was set at 5 ul. The analytical sam-
ples consist of mixtures eight Lo sterecisomers
and a mixture of their corresponding moo enanti-
omers (0.5 mg/ mL of each sterecisomer in mobile
phase). Elution order was determined by injecting
configurationally known samples,

3. Results

It is well known, that the chiral selector in
CROWNPAK CR-I columns - 5- and R-(3,3-diphe-
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Figure 1 Structure of Tyr-Arg-Phe-Lys-NH, tetrapeptide

- A and chiral stationary phase in CROWNPAK columns:
(5-(3,3 diphenyl-1,1 "-binaphthyl-20-croton-6) for CR-li+)
amd {R-(3,3 -diphenyi-1,1"-binaphthyl)-20-crown-6) for
CR-I(-) immobilized on silice] -B
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Figure 2 Separation chromatograms of smived standard solutions of eight oxxx (in red) and exxx (in blwek Tye-Arg-Phe-
Lys-NH, stereoizamers on CROWNPAK CE-I(+) and CROWNPAK CR-Ii-) columns. Mobile phase: ACN ¢ 50mM HCIO,

= 15/85 (ofm).

nyl-1,I-binaphthyl)-20-crown-6 are both each oth-
er enantiomers, therefore, opposite elution order is
expected for analyte enantiomers. A mixed stand-
ard solution of eight 1 stereoisomers and a
mixture of their corresponding pxxx enantiomers
of Tyr-Arg-Fhe-Lys-NH, was injected into LC sys-
tem for evaluation of sterecisomer separation abil-
ity on both crown ether C5Ps.

It was determined that the best sterenisomer
separation can be achieved under reversed phase
mode (15% ACN). Tetrapeptide enantiomers pos-
sessing Lo configuration (L-Tyr at the N-termi-
nus, see Figure 1A) retained stronger than their p-
antipodes (moo) on CROWNPAEK CR-1 (+) column
and vice versa for CR-I (<) column.

As shown in Figure 2, a mixture of eight oo
tetrapeptide  stereoisomers  was  separated  on
CROWNPAK CR-1 (+) column. It appears, that
dxxx tetrapeptide stereoisomers, that could not be
resolved on the CR-1 {+) column can be resolved
on CR-1 () column. This property could be used in
the analysis of a real life samples in order to be
able to identify the optical impurities.

4. Conclusions

Reversed phase LC conditions were found to
achieve the best separation for a mixture of Tyr-
Arg-Phe-Lys-NHZ stereoisomers. The combined
analysis on both columns of the Tyr-Arg-Phe-Lys-

NH2 sample is a convenient approach that would
provides a broader insight within real life sample
optical purity. These LC conditions allow the iden-
tification and quantification of sixteen Tyr-Arg-
Phe-Lys-NH2 from the mixture.
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The influence of amino acid residue on p-opioid receptor agonist tetrapeptide Tyr-Arg-Phe-Lys-NH; ana-
logue chromatographic behaviour on crown ether based chiral stationary phases has been investigated.
S- and R-(3,3'-diphenyl-1,1"-binaphthyl }-20-crown-6 chiral selectors in commercially available CROWNPAK
CR-I (+) and (-) columns are both each other enantiomers, thus, under the same LC conditions, retention
of Tyr-Arg-Phe-Lys-NH; pxxx enantiomers (fixed in p-tyrosine position) on S-chiral selector do not sig-
nificantly differ from the retention times of their Lxxx antipodes, obtained on R-chiral selector (and vice
versa), allowing us to study the apparent separation of a specific tetrapeptide enantiomeric pair, without
obtaining the actual racemate. Ten tetrapeptides (LLii-isomers) have been synthesized with the aim to
cover a wider range of different amino acid classes. Histidine, glutamic acid, cysteine, leucine and trypto-
phan were introduced at the N-terminus or Phe position of Tyr-Arg-Phe-Lys-NH; tetrapeptide structure.
The effects of the amino acid residue with emphasis on retention, enantioseparation, as well as the in-

fluence of position of the amino acid residue in tetrapeptide sequence, are discussed.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

‘With the rapid development of biological and medical sciences
over the past decades, the use and research of peptide therapeu-
tics is continuously evolving [1]. The key contributor to this trend
is the potent and specific, yet safe, mode of action [2], allowing
this class of compounds to be an excellent complement or even a
preferable alternative to small molecule drugs [3]. Currently there
are several hundred peptide drugs undergoing clinical develop-
ments, with over 80 already approved for clinical use worldwide,
covering a wide range of therapeutic areas, including variety of
metabolic and autoimmune diseases, oncology and chronic pain
[4].

Chirality plays one of major roles in the function of peptides,
as the biological activity [5,6] and physical properties depend on
conformation, which is inherently controlled by the configuration
of the amino acid components [7]. Therefore, development of ac-
curate and rapid analytical techniques to determine enantiomeric
purity in peptides is of paramount importance for pharmaceutical
industry as well as chemical and biological research.

* Corresponding author.
E-mail address: upmanis@osi v (T. Upmanis).

hroma.2022.463059
ier B.V. All rights reserved.

https://doi.org/10.1016/j
0021-9673/0 2022 EI

Liquid chromatography (LC) using chiral stationary phases
(CSPs) has demonstrated to be extremely useful, accurate, versa-
tile, and widely used technique in diverse fields of applications [8-
11]. Amongst the numerous commercially available CSPs used in
LC, two types of chiral crown ethers, incorporating an optically ac-
tive 1,1’-binaphthyl unit first introduced by Cram and co-workers
[12] and a tartaric acid unit developed by Behr and co-workers
[13], have been successfully utilized for the separation of enan-
tiomers of various racemic compounds containing primary amino
groups [14,15].

‘We have previously reported on the use of crown ether based
CSPs for chiral resolution of tetrapeptides [16]. By choosing a
known p-opioid receptor agonist | 17] tetrapeptide Tyr-Arg-Phe-Lys-
NH; (1; Fig. 1A) as a model compound, enantiorecognition capa-
bility of two commercially available crown ether CSPs was investi-
gated. Application of 5-(3,3'-diphenyl-1,1"-binaphthyl)—20-crown-6
chiral selector (Fig. 1B) in CROWNPAK CR-1 (+) column (CR-I (+)
in further text), in general, was proven more suitable in tetrapep-
tide 1 enantiomer and stereoisomer separations. A broader insight
of the chiral impurity (sterecisomer) composition in complex iso-
meric mixtures (e.g. peptides) can be achieved by employing the
opposite chirality of chiral selectors (Fiz. 1B). As a result, an in-
verse of elution order for the same chiral compound occurs. This
way (Fig. 2), analysis of a mixture of tetrapeptide 1 stereoisomers
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1. Chemical structure Tyr-Arg-Phe-Lys-NH; tetrapeptide - A; Structures of chiral selectors in CROWNPAK CR-1 (+) [$-(33'-diphenyl-1,1'-binaphthyl)-20-crown-6 immo-
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Fig. 2. Separation chromatograms of mixed standard solutions of eight pxxx (in red) and 1xxx (in blue) Tyr-Arg-Phe-Lys-NH; stereoisomers on CROWNPAK CR-I(+) and

CROWNPAK CR-I(-) columns. Mobile phase: ACN | 50mM HCl0, = 15/85 (v/v).

on both CR-I (+) and (-) column allowed the separation of all six-
teen tetrapeptide stereoisomers [18].

It is well known, that even slight changes in chiral analyte
structure can completely change its chromatographic behaviour.
Thus, the aim of this work is to investigate the influence of amino
acid residue on j-opioid receptor agonist tetrapeptide 1 analogue
(compounds 2 - 11; Fig. 1) chromatographic behaviour on crown
ether based chiral stationary phases CR-I (+) and CR-I (-).

2. Material and methods
2.1. Chemicals and materials

Tyr-Arg-Phe-Lys-NH; (1), Tyr-Arg-His-Lys-NHy (2), Tyr-Arg-Glu-
Lys-NHz (3), Tyr-Arg-Cys-Lys-NH; (4), Tyr-Arg-Leu-Lys-NHy (5),
Tyr-Arg-Trp-Lys-NHy (6), His-Arg-Phe-Lys-NH, (7), Glu-Arg-Phe-
Lys-NH; (8), Cys-Arg-Phe-Lys-NH; (9), Leu-Arg-Phe-Lys-NH; (10)
and Trp-Arg-Phe-Lys-NH; (11; Fig. 1) were synthesized (as hy-
drochloride salts) by the authors at the Latvian Institute of Or-

ganic Synthesis (Riga, Latvia). Solution phase synthesis of tetrapep-
tides 1 - 11 consisted of multiple steps. First, amide coupling
of H-Lys(Boc)-NH; and commercially available N-protected amino
acids using 1-Ethyl-3-(3-dimethylaminopropyl)jcarbodiimide (EDC)
| Hydroxybenzotriazole (HOBt) /| N-methylmorpholine in ACN was
performed to afford the C-terminal dipeptide building blocks (Fig
S1A in electronic supplementary material). N-terminal tetrapep-
tide building blocks (Fig S1B) were synthesized by coupling N-
protected amino acids and arginine using dicyclohexylcarbodiimide
(DCC) | N-hydroxysuccinimide in THF [ NaHCO; (aq). The resulting
C-terminal dipeptide building blocks were selectively deprotected
and used in coupling reaction with the N-terminal building blocks
(EDC/HOBt, DMF). The obtained N-protected tetrapeptides (Fig 52)
were then deprotected and purified via column chromatography
(purity = 95%) giving tetrapeptdies 1 - 11.

Gradient grade acetonitrile (ACN) and methanol (MeOH) for LC
were obtained from Merck (Darmstadt, Germany). Gradient grade
deionized water (R =18 MQ-cm, total organic carbon (TOC) con-
centration = 3 ppb) was produced by Milli-Q system (Millipore,
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Fig. 3. Plots of tetrapeptide 1 - 11 (LLLL-isomer) retention factor (k) against the ACN content on CROWNPAK CR-I {+) - in blue; and CR-I (-) - in red. Mobile phases: 50mM

HCIO, in ACN/water = 15/85 to 95/5 (vjv).

Darmstadt, Germany). HPLC grade perchloric acid (60%) was pur-
chased from Fisher Scientific (Loughborough, Leicestershire, United
Kingdom).

2.2, Instrumentation

Experiments were performed on Waters Alliance (Waters Cor-
poration, Milford, MA, USA) instrument equipped with 2695 sepa-
rations module, consisting of quaternary pump, degasser, autosam-
pler and column heater, Waters 2489 dual wavelength absorbence
detector was used for detection of analytes. The output signal was
monitored and processed using Waters Empower 2 software.

2.3. Preparation of tetrapeptide standard solutions

The stock solutions were prepared by dissolving 5mg of each
compound in 1mL 50 mM HClO, giving a solution with a concen-
tration of 5mg/mL. Tetrapeptide 1 - 11 standard solutions were
prepared by diluting 100 pL of stock solution of each compound in
1mL of mobile phase (0.5 mg/mL), to avoid peak distortion caused
by mismatch between the MP and diluent.

2.4. Chromatographic conditions

CROWNPAK CR-1 (+) and CR1 (-) columns (3.0mm
(LD.)x 150 mm, 5pm particle size) based on S- and R-(3,3'-
diphenyl-1,1"-binaphthyl)—20-crown-6 immobilized on silica were
purchased from Chiral Technologies Europe (lllkirch, France).
Mixtures of 50mM HClO, in acetonitrile (or methanol) | water
solution was used as a mobile phase (MP). The proportion of
each MP component was always measured by volume. Columns
were conditioned with MP for not less than 1h, prior to every
experiment. Chromatographic runs were performed at flow rate
of 04mL{min and the injected volume of tetrapeptide sample
solutions was set at 5 pL. The column oven was maintained at
25°C and the UV absorption was measured at 220 nm.

3. Results and discussion

To extend our knowledge in peptide chromatoegraphic behaviour
on crown ether CSPs, ten tetrapeptides 2 - 11 (Fig. 1; LLLL-isomers)
have been synthesized. To cover a wider range of different amino
acid classes, histidine (His - polar basic); glutamic acid (Glu - po-
lar acidic); cysteine (Cys - polar neutral; S-containing); leucine
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Fig. 4. Plots of the tetrapeptide 1 - 11 (LLLL-isomer) retention factor (k) against the MeOH content on CROWNPAK CR-I (+) - in blue; and CR-l (-) - in red. Mobile phases:

50mM HCIO, in MeOH jwater — 40/60 to 90/10 (v/jv).

(Leu - nonpolar; aliphatic) and tryptophan (Trp - nonpolar; aro-
matic) were introduced at the N-terminus or Phe position of
tetrapeptide 1 structure. The effects of the amino acid residue,
as well as the influence of position of the amino acid residue in
tetrapeptide sequence, on chromatographic behaviour are further
discussed.

3.1. Retention of model compounds on crown ether stationary phases

In general, retention of primary amino compounds is achieved
through inclusion complexation, driven via triple *N-H--O hydro-
gen bond formation between the ammonium ion in the protonated
analyte and oxygens of the crown ether selector [19]. Perchloric
acid was used as the acidic additive (with constant concentration
of 50mM in all mobile phases, studied; apparent pH* 1.5), to en-
sure full protonation of the amino functionalities in compounds 1
- 11. Retention profiles of eleven tetrapeptides 1 - 11 were studied
on both CR-1 (+) and (-) CSPs by injecting tetrapeptide standard so-
lutions into LC system and varying ACN compositions in MP from
15/85 to 95/5 (v/v); MeOH from 4060 to 90/10 (v/v). Information
regarding chromatographic parameters (retention time - fg; reten-

tion factor - k) are summarized in Tables S1 - 54 found in elec-
tronic supplementary material.

Plots of k of tetrapeptide 1 - 11 LLLL-enantiomers against the
ACN content are represented in Fig. 3 (against MeOH content in
Fig. 4). All studied tetrapeptides showed U-shaped curves with a
minimum within the range of 50-75% (v/v) ACN (60-80% MeOH)
on CR-l (+) and (-) columns. Retention for all eleven studied
tetrapeptides is lost {an example of tetrapeptide 2 is shown in Fig.
S3A), when 50-75% (v/v) ACN content is used (k < 1; Tables S1 -
$2). In contrast to ACN containing mobile phases, weaker nature of
MeOH as an eluent caused significantly stronger retention even at
the U-shape curve minimum (k = 3; Tables 3 - $4), providing op-
timal conditions for tetrapeptide 1 - 11 analysis within the entire
studied mobile phase range (e.g., Fig. S3B).

Similar U-shaped retention dependence on the eluent composi-
tion has been previously observed for methyl-substituted anilines
[20] and different proteinogenic amino acids [21] and is explained
by different retention mechanisms in aqueous and organic solvent
rich mobile phases. Analyte retention can be considered as a func-
tion of balance between hydrophilic (polar e.g., hydrogen bond-
ing) and hydrophobic interactions taking place between the chiral
selector and the solute [22], therefore, based on analyte charac-
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Obtained retention factors k on CR-l (+) and (-) columns and calculated f“—‘ values (“apparent” separation factors) for tetrapeptides 1 - 11 (LLLL-enantiomers) with

acetonitrile-containing mobile phases.

ACN (%) in 50mM HCIO, in ACNjwater (v/v)

Compound ICR- 15 25 50 85 95
P X X & X
k oy k = k = K = K =
Tyr-Arg-Phe-Lys-NH; (1) (+) 5027 254 820 246 0.72 148 203 3.74 53.74 6.45
(-) 1982 333 0.49 0.54 833
Tyr-Arg-His-Lys-NH; (2) (+) 595 194 154 146 0.22 115 0.71 1.83 2088 468
(-) 3.07 1.05 0.19 0.39 4.46
Tyr-Arg-Glu-Lys-NH, (3) (+) 31 253 227 218 0.42 175 1.44 254 57.55 7.62
() 289 104 0.24 0.57 7.55
Tyr-Arg-Cys-Lys-NH; (4) (+) 1191 219 259 170 0.41 157 1.73 3.15 57.16 591
-) 545 153 0.26 0.55 967
Tyr-Arg-Leu-Lys-NH; (5) (+) 28.71 275 524 2,09 0.72 194 1.82 337 52.14 6.10
(-) 10.46 250 037 0.54 BS54
Tyr-Arg-Trp-Lys-NH; (6) (+) 93.09 270 12.37 231 0.92 153 235 3.10 6433 7.34
(-) 3443 536 0.60 0.76 877
His-Arg-Phe-Lys-NH; (7) (+) 1595 262 278 1.80 0.31 144 11 37 5227 6.82
(-) 6.08 154 0.21 0.30 7.67
Glu-Arg-Phe-Lys-NH; (8) (+) 2874 622 513 333 0.40 149 3.04 514 11161 11.30
-) 462 154 0.27 0.59 9.88
Cys-Arg-Phe-Lys-NH, (9) (+) 2000 3.46 464 236 1.07 167 247 341 79.70 7.81
(-) 578 196 0.64 0.73 1021
Leu-Arg-Phe-Lys-NH; (10) (+) 4001 4.00 751 2.84 1.03 201 2.26 532 6455 1026
-) 1001 265 0.51 043 629
Trp-Arg-Phe-Lys-NH; (11) (+) 159.21 278 2035 232 1.49 1.93 27 3.32 65.30 7.43
-) 57.28 877 0.77 (0.82) (8.79)

teristics and chromatographic conditions, CSPs may act either as
reversed-phase (RP) like or HILIC-like stationary phases.

Reversed-phase mode, based on inclusion complexation, fol-
lowed by enantioselective hydrophobic interactions between the
solute and the binaphthyl and two phenyl groups of the station-
ary phase (Fig. 1B) plays the primary role in analyte retention at
low organic modifier content and can be observed as an increase
in analyte retention when aqueous mobile phases with less than
25% (v[v) ACN (Fig. 3) or 60% MeOH (Fig. 4) are used. With organic
solvent rich mobile phases, in addition to inclusion complexation,
secondary polar interactions, are believed to be responsible for the
increase in analyte retention and can be seen as an increase in re-
tention of compounds 1 - 11 in ACN (HILIC-like conditions; ACN
= 90% (v/v); Fig. 3), whereas additional analyte solubility effects
may be attributed to the increased tetrapeptide 1 - 11 retention in
mobile phases with high MeOH (> 80%; Fig. 4) content.

Due to a variety of possible co-existing interactions between
the analyte and crown ether CSP, the exact retention mechanism
of tetrapeptides 1 - 11 is very complex. The studied analytes bind
differently to the chiral selectors in CR-I (+) and (-) phases as their
retention on the latter phase (obtained under the same LC condi-
tions), in general, is weaker. Furthermore, based on U-shape plots,
represented in Fig. 3, sharp increase in tetrapeptide 1 - 11 reten-
tion was observed on CR-1 (+) column, when 95% (v/v) ACN mobile
phase was used, while only moderate increase in retention was ob-
served for the same compounds on CR-1 (-). Similar phenomenon
has been previously reported for 1-amino acid retention on CR-l
(+) column, while p-amino acids showed much smaller increases
in retention within the same range, thus greatly improving the se-
lectivity in organic solvent rich phases [23].

3.2. Approach of employing the opposite chiralities of crown ether
CSPs for evaluation of enantioseparation

Usually, the racemic form of the analyte is easier available com-
pared to its enantiomerically pure form, therefore, common way
of studying, whether the CSP is enantioselective towards the chiral
analyte, employs the analyte in a racemic form and a CSP in a "sin-

gle enantiomeric form". However, especially for amino acids and
their derivatives (amongst them peptides), enantiomerically pure
forms are often easier available than the racemates. Therefore, op-
posite concept, specifically, using a single enantiomer of a chiral
compound and a "racemic form" of the CSPs (with opposite stere-
ochemical configuration as it is in chiral selector in CR-I (+) and
(-) phases) may be used [24]. Based on our previous study, un-
der the same LC conditions, retention times of tetrapeptide 1 Dxxx
enantiomers (fixed in p-tyrosine position) on CR-1 (+) column can
be roughly estimated by injecting their Lxxx antipodes into the
CR-I (-) column (and vice versa) [18]. Furthermore, as shown in
example of tetrapeptide 1 LLLL/DDDD enantiomers represented in
Fig. 5, selectivity «, obtained on CR-l (+) (e.g. 15% (v/v) ACN -
o =2.58; 95% (v/v) ACN - o =6.61), is comparable with the ratio of
: kiyy kiy - _
retention factors £ (15% (v/v) ACN s =2.54; 95% (v/v) ACN

(]
% =6.45), obtained for single LLLL-1 enantiomer on CR-1 (+) and

CR-I (-) columns, and may be used in estimating the “apparent”
enantioselectivity of a specific enantiomeric pair.

3.3. Evaluation of enatioselectivity towards model compounds

The approach, described above, was used to investigate,
whether the chiral selector in CR-I CSPs is enantioselective to-
wards modified tetrapeptide 1 analogues. The :ri: values or “ap-
parent” separation factors (not directly measured by injection of
tetrapeptide 1 - 11 LLLL/DDDD pairs) were used to evaluate the in-
fluence of mobile phase type and composition on enantioselectiv-
ity of LLLL/DDDD pairs. The significant difference in retention ob-
tained on CR-I (+) and CR-1(-) CSPs (Tables 1 and 2) indicates that
the LLLL/DDDD enantiomers of the studied tetrapeptides can be sep-
arated on CR-1 CSPs.

With 50mM HClO4 in ACNfwater containing mobile phases
(overlaid chromatograms, representing model compound 1 - 11
“apparent” separation with ACN mobile phases are summarized
in Fig. 54), increasing the content of organic modifier in mo-

. K, . .
bile phase, calculated kiil values (along with analyte retention,
=)
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Fig. 5. Chromatograms of LLLL/DDDD-Tyr-Arg-Phe-Lys-NH, separation on CROWNPAK CR-1 (+) - represented in black; Retention of LLLL enantiomer of Tyr-Arg-Phe-Lys-NH,
on CR-1 (+) - in blue ; Retention of LLLL enantiomer of Tyr-Arg-Phe-Lys-NH; on CR-l (-) - in red. Mobile phases: ACN (MeOH)/ 50 mM HCIO,.

Table 1) initially decrease (until 50-75% (v/v) ACN). Furlher in-
creasing the amount of ACN imp the app en, -
aration of all eleven tetrapeptides (an example of tetrapeptide 2
is represented by overlaying chromatograms, obtained on CR-I (+)
and (-) columns, under the same chromatographic conditions; Fig.
S3A). From a mechanistic point of view, it can be assumed, that
secondary polar interactions (which are eliminated by competing
water molecules in RP mode) provide such stereospecific environ-
ment where increasingly favourable association can occur between
LiLL-enantiomer of tetrapeptides 1 - 11 and the chiral selector in
CR-1 (+) column, resulting in the improved selectivity m HILIC-like

(> 90% (v/v) ACN) conditions (indicated by increased K values).

Even though a common belief is that MeOH, as a protic solvent
and H-bond donor, may impair the chiral separation, a closer com-
parison of tetrapeptide 1 - 11 chrol hic beh shows
(ch , rep ing model comp d 1 - 11 “apparent”
separation with MeOH mobile phases are summarized in Flg S5),
that, similar to ACN containing mobile phases, the highest ﬁ val-

ues for tetrapeptides 1 - 11 with 50mM HCIO4 in MeOH/water
mobile phases were obtained under organic solvent rich condi-
tions (90% (v/v) MeOH; Table 2). In contrast to ACN (comparison of
tetrapeptide 2 separation, based on organic modifier type shown
in Fig. S3), the apparent enantioseparation of model compounds
steadily improves, with the increase of MeOH content.
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Table 2
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Obtained retention factors k on CR-I (+) and (-} columns and calculated "— values (“apparent” separation factors) for tetrapeptides 1 - 11 (LLLL-enantiomers) with

methanol-containing mobile phases.

MeOH (%) in 50 mM HCIO, in MeOH/water (v/v)

Compound I“' 40 50 & %0
ke ke K
k = k - k = k
Tyr-Arg-Phe-Lys-NH; (1) (+) 4278 285 15.39 340 17.43 3.70 3101
() 15.00 453 471 7.27
Tyr-Arg-His-Lys-NH; (2) (+) 5.80 1.26 336 145 6.20 219 17.95 3.16
() 4861 232 283 5.69
Tyr-Arg-Glu-Lys-NH; (3) (+) 7.87 179 5.55 231 10.26 365 29.99 4.64
(=) 441 2.40 281 6.47
Tyr-Arg-Cys-Lys-NH; (4) (+) 15.93 246 8.47 279 14.04 341 29.08 3.98
() 6.48 3.03 412 731
Tyr-Arg-Leu-Lys-NH; (5) (+) 2838 284 1173 329 13.50 3.46 24.08 3.96
() 10,00 3.56 3.90 6.08
Tyr-Arg-Trp-Lys-NH; (6) (+) 6530 205 2431 393 2642 4.86 5625 6.97
(=) 31.90 6.18 5.43 9.42
His-Arg-Phe-Lys-NH; (7) (+) 20.38 319 9.22 332 16.78 3.50 41.63 453
(=) 6.39 277 431 921
Glu-Arg-Phe-Lys-NH; (8) (+) 28.14 443 17.81 545 27493 6.93 8539 2263
(=) 635 327 4.03 7.35
Cys-Arg-Phe-Lys-NH; (9) (+) 18.77 3.15 11.69 422 18.67 5.13 46.72 5.78
() 5.96 277 3.64 8.08
Leu-Arg-Phe-Lys-NH; (10) (+) 35.60 436 13.20 446 15.43 494 2751 5.75
-) 817 2.96 312 478
Trp-Arg-Phe-Lys-NH; (11) (+) 100.00 218 2991 2.80 27.09 401 57.60 5.25
-) 45.88 10.67 676 1097
25 - 25 -
A Ao B p
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Fig. 6. Plots of log [k jsuacy) Vs log (K gszay) - for 50mM HCIO, in ACNjwater containing mobile phases - A; log (k sumeon) Vs 108 (K agugeon) - for 50mM HCIO, in
MeOHjwater containing mobile phases - B: obtained on CR-I (+) and (-) columns, grouped by the nature of substituents (nonpolar/polar - acidic, polar neutral, basic) in

model compounds 1 - 11.

34. Influence of the amino acid residue on chromatographic
behaviour

To rationalize the relationship between analyte retention and
the nature of amino acid residue on CR-1 CSPs, log k values ob-
tained at 95% (v/v) ACN (90% MeOH) content were plotted against
the log k values at 15% (v/v) ACN (40% MeOH) content and rep-
resented in Fig. 6. In other words, area beneath X=Y trendline
describes hydrophobic interactions as the primary contributor to
the analyte retention, whereas hydrophilic interactions are con-
sidered dominant in the area above the trend line. According to
Fig. 6 data, as a general trend, tetrapeptides containing nonpolar
residues (represented as data points in red) are retained stronger
under RP mode, while, analytes containing polar residues (blue and
green data points), are retained stronger in organic solvent rich

mobile phases. This distribution is even more pronounced, when
using MeOH containing mobile phases.

For characterization of influence of different amino acid residue
(as well as the position of the amino acid residue in tetrapeptide
sequence) in modified tetrapeptide 1 structure, the ratio of “appar-

" . o) . : ks
ent” separation factors = (obtained for tetrapeptide 1) | Ly (2

)
- 11) was introduced ('I'.(able 3). Calculated values below 1 repre-
sents tendencies in increase, while values above 1 indicate a de-
crease in the enantioselectivity, caused by the amino acid residue
in tetrapeptide 2 - 11 structures.

In general, separation can be achieved for all studied com-
pounds, regardless of amino acid (and its position) introduced into
the tetrapeptide structure (Tables 1 - 2). According to Table 3 data,
no clear relationship, between the introduced amino acid polar-
ity and its nature on enantioselectivity can be observed. However,
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Table 3
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Influence of amino acid residue on enantioseparation” of model compounds 2 - 11 in comparison to tetrapeptide 1.

Residual amino Position (in tetrapeptide 1

ACN (%) in 50mM HCIO, in ACN/water (v/v)

MeOH (%) in 50mM HCIO, in MeOH/water (vjv)

acid sequence) 15% 95% 40% o90%
His (2) Phe 131 138 2.26 135
Glu (3) 1.00 085 1.59 092
Cys (4) 116 1.09 116 1.07
Leu (5) 092 1.06 1.00 1.08
Trp (6) 0.94 08 1.39 0.72
His (7) N-terminus 097 095 0.89 094
Glu (8) 0.41 057 0.64 037
Cys (9) 0.73 083 0.90 074
Leu (10) 0.64 063 0.65 0.74
Trp (11) 0.91 087 1.31 0.81

“Effect of different amino acid residue on tetrapeptide enantioseparation is characterized by the ratio of F

the effects, caused by the introduction of a different substituent in
tetrapeptide 1 Phe position seems to be less significant, than modi-
fications at the N-terminus (Table 3). According to assumption, that
N-terminal amino group in tetrapeptide 1 structure is responsi-
ble for the complexation with the chiral crown ether selector [18],
steric effects, caused by the size of substituents at the w-carbon
sidechains at the chiral centre may be an important factor for ana-
Iyte chiral recognition. The 5-membered imidazole ring in His may
provide similar steric environment as the 6-membered phenol ring
in Tyr, explaining the similar enantioselectivity of both tetrapep-
tides. Larger indole cycle at the «-carbon in tetrapeptide 11 seems
to follow this pattern with ACN as the mobile phase modifier,
whereas smaller, noncyclic, flexible substituents in tetrapeptides 8,
9 and 10 seem to improve tetrapeptide synthetic analogue enan-
tioseparation.

Based on these observations it can be concluded, that tetrapep-
tide 1 - 11 enantioseparation on CR-1 (+) and (-) crown ether CSPs
strongly depends on steric effects, caused by the size of the «-
carbon sidechains at the N-terminus, rather than the polarity or
nature (charged/ noncharged) of the residual amino acid itself.

4. Conclusions

The effects of the amino acid residue, as well as the influence
of position of the amino acid residue in tetrapeptide sequence,
on chromatographic behaviour has been investigated for p-opioid
receptor agonist tetrapeptide Tyr-Arg-Phe-Lys-NH; analogues, by
modifying its structure at the N-terminus and Phe position. Reten-
tion dependence of the organic modifier content in mobile phase
showed U-shaped curves for all eleven studied tetrapeptides on
CR-1 (+) and (-) columns indicating, that, based on analyte char-
acteristics and chromatographic conditions, CSPs may act either as
reversed-phase or HILIC-like. As a general trend, tetrapeptides con-
taining nonpolar residues are retained stronger under RP mode,
while analytes containing polar residues are retained stronger in
organic solvent rich mobile phases.

The opposite chirality of selectors in CR-1 (+) and (-) phases
was employed to characterize selectivity of a specific tetrapeptide
LLLL/DDDD enantiomeric pairs, by injecting a tetrapeptide 2 - 11
in single enantiomeric form (LLLL-enantiomer) into LC system and
comparing their retention on both columns.

It was concluded, that modifying tetrapeptide structure at Phe
position has far less significance in enantioselectivity than mod-
ification at the N-terminus. The effect of amino acid residue on
tetrapeptide 1 enantioseparation strongly depends on steric effects,
caused by the size of the o-carbon sidechains at the N-terminus,
rather than the polarity or nature of the residual amino acid itself.

(1)) g2 (2- 1)
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ARTICLE INFO ABSTRACT
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Chiral recognition

Chiral separation of short peptides is of great interest, due to different pharmacological, pharmacokinetic, and/or
toxicological activities often possessed by different sterecisomers of chiral drugs. Crown ether chiral stationary
phases have been successfully used for separating enantiomers of various racemic compounds containing primary
amino groups. Even though chiral recognition hanism for ¢ thers CSPs is g I d d, on a
molecular level, the exact chiral recognition mechanisms for the resolution are still unclear. Furthermore, short
peptide analytes often contain multiple amino moieties capable of binding to the crown ether selector. A research
of relationship between peptide chemical structure and chiral chromatographic interactions was performed, by
comparing the retention profiles of y-opioid receptor agonist tetrapeptide Tyr-Arg-Phe-Lys-NH, and its structural
analogues on two commercially available S- and R-(3,3"-diphenyl-1,1"-binaphthyl)-20-crown-6) stationary phases
[CROWNPAK CR-I (+) and (-)], in order to clarify, which of the potential interaction sites are responsible for

retention and chiral recognition in Tyr-Arg-Phe-Lys-NH, tetrapeptide.

1. Introduction

The growing interest in peptide drug discovery field within the phar-
maceutical industry has become evident over the past decades, reach-
ing the market for a wide range of diseases, including diabetes, cancer,
osteoporosis, multiple sclerosis, HIV and chronic pain [1]. As intrinsic
signalling molecules for a multitude of physiological functions, peptide
drugs (either in their native or modified form) present an opportunity
for therapeutic intervention that closely mimics the natural pathways
[2]. Among the factors that have contributed to this trend are the high
specificity and low toxicity profile (deriving from their extremely tight
binding to their targets), allowing this class of compounds to be an ex-
cellent complement or even a preferable alternative to small molecule
drugs [3].

The essential biological functions of peptides depend on peptide
stereochemistry. Amino acids exist in D and L forms (with an exception
of glycine) and, as a result the peptide can exist as several stereoisomers
with different biological properties [4,5]. However, peptide stereoiso-
mers often experience racemization (or epimerization depending on the
position of the stereogenic centers involved) during synthesis, storage or
metabolic processes [6,7], resulting in complex enantiomeric / epimeric
compositions, therefore, determining enantiomeric purity in peptide an-
alytes is an important challenge in the biological and medical sciences
and is necessary for the pharmaceutical industry.

* Corresponding author. Tel.: +371-67-014-850; fax: +371-67-550-338.
E-mail address: upmanis@osi.lv (T. Upmanis).
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In our previous work [8], we reported on a study on chiral resolu-
tion for model tetrapeptide Tyr-Arg-Phe-Lys-NH, (Fig. 1A; LDLL isomer
is also known as p-opioid receptor agonist DALDA [9]) on two commer-
cially available crown ether chiral stationary phases [S-(3,3"-diphenyl-
1,1"-binaphthyl)-20-crown-6 (CROWNPAK CR-I (+)) and (+)-(18-crown-
6)-2,3,11,12-tetracarboxylic acid (ChiroSil RCA (+)]. It was concluded,
that the chiral selector in CROWNPAK CR-I (+) column (in further text
CR-I (+)) was the most suitable for both Tyr-Arg-Phe-Lys-NH, (1) enan-
tiomer and sterecisomer separations.

Even though the concept of chiral recognition mechanism for crown-
ethers CSPs is generally understood [10] on a molecular level, the exact
mechanisms for the resolution of primary or non-primary amino com-
pounds on crown ether-based CSPs are still not clear. Tyr-Arg-Phe-Lys-
NH; sequence consists of multiple amino moieties (N-terminal a-amino
group in Tyr; e-amino group in Lys and guanidine fragment in Arg;
Fig. 1A), any of which can theoretically bind to the crown ether se-
lector, therefore, an in-depth investigation is needed in order to clarify,
which of these three potential interaction sites are responsible for the
retention and chiral recognition in Tyr-Arg-Phe-Lys-NH, tetrapeptide.

In this short communication we try to rationalize the chiral recog-
nition mechanism on CR-I (+) and CR-I (-) for tetrapeptide 1, by com-
paring the retention behaviour of the LLLL-isomer of Tyr-Arg-Phe-Lys-
NH; and its structural analogues (or model compounds) 1a-1h (Fig. 1),
which were synthesized with the aim to selectively exclude the inter-

Received 28 September 2021; Received in revised form 8 November 2021; Accepted 14 November 2021
2772-3917/@ 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (hrtp://creativecommons.org/licenses,/by/4.0/)
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Fig. 1. Chemical structure Tyr-Arg-Phe-Lys-NH, tetrapeptide - A; Structures of chiral selectors in CROWNPAK CR-1 (+) [S-(3,3’-diphenyl-1,1"-binaphthyl)-20-crown-6

immobilized on silica] and CROWNPAK CR-1 (-) [R-(3,3"-diphenyl-1,1"-bii
NH, tetrapeptide derivatives.

acting amino groups in tetrapeptide sequence (by replacing them with
OH-groups or excluding them altogether), while maintaining the stere-
ochemistry similar to the tetrapeptide 1 molecule.

2. Material and methods
2.1. Chemicals and materials

Both LLLL and DDDD enantiomers of tetrapeptide 1 (Fig. 1A) and
eight model compounds 1a - 1h (Fig. 1) were synthesized (as hydrochlo-
ride salts) by the authors at the Latvian Institute of Organic Synthesis
(Riga, Latvia). Gradient grade acetonitrile (ACN) and methanol (MeOH)
for LC was obtained from Merck (Darmstadt, Germany). Gradient grade
deionized water (R > 18 M{/cm, TOC < 3 ppb) was produced by Milli-
Q system (Millipore, Darmstadt, Germany). HPLC grade perchloric acid
(60%) was purchased from Fisher Scientific (Loughborough, Leicester-
shire, United Kingdom).

2.2. Instrumentation

Chromatographic measurements were performed on Waters Alliance
(Waters Corporation, Milford, MA, USA) LC systems equipped with 2695
separations module consisting of quaternary pump, degasser, autosam-
pler and column heater, Waters 2489 dual 1 absorbance detector was
used for detection of analytes. The output signal was monitored and
processed using Waters Empower 2 software. CROWNPAK CR-I (+) and
CR-I (-) columns (3.0 mm (i.d.) x 150 mm, 5 pm particle size) based on
S- and R-(3,3-diphenyl-1,1"-binaphthyl)-20-crown-6 immobilized on sil-
ica was purchased from Chiral Technologies Europe (Illkirch, France).
Mixtures of acetonitrile (or methanol) and 50mM HCIO,/ water solu-
tion as acidic modifier were used as a mobile phases (MP). For every
experiment, columns were conditioned with MP for not less than 1 h.
The proportion of each MP component was always measured by volume.
Chromatographic runs were performed at flow rate of 0.4 mL/ min. De-
tection was accomplished via measurement of UV absorption at 220 nm
and injection volume was set at 5 pl.

2.3. Preparation of tetrapeptide derivative standard solutions

The stock solutions were prepared by dissolving 5 mg of each com-
pound in 1mL 50 mM HCIO, resulting solution with a concentration
of 5 mg/mlL. Single tetrapeptide 1 stereoisomer and derivative 1a - 1Th
standard solutions were prepared by diluting 100 ul of stock solution of
each stereoisomer in 1 mL of mobile phase (0.5 mg/ mL).

hthyl)-20-crown-6 i

bilized on silica] - B and structures of studied Tyr-Arg-Phe-Lys-

3. Results and discussion

3.1. Retention of Tyr-Arg-Phe-Lys-NH, tetrapeptide on crown ether
stationary phases

It was considered [8] that the amino acid at the N-terminus - Tyr
may be responsible for chiral complexation between the crown ether
ring of the CSP and the primary ammonium ions (R-NH;") of the ana-
Iyte, which is also supported by chiral recognition model suggested in
[11,12]. The use of 50 mM perchloric acid (pH 1.5) resulted in optimal
retention for the tetrapeptide 1 stereoisomers on CR-I (+). Therefore,
the same mobile phases were chosen for separations on CR-I (-) in this
investigation (Fig. S1).

S- and R-(3,3’-diphenyl-1,1"-binaphthyl)-20-crown-6 chiral selectors
(Fig. 1B) are both each other enantiomers, thus, analysis of the same chi-
ral compound on both CSPs, should result in opposite elution order. It is
well known, that on CR-I (+), the D-form of amino acids always elutes
in the first position and using CR-I (-) will result in an inversion of the
elution order. The same chromatographic behavior was found to apply
for tetrapeptide 1, where under the same LC conditions, stereoisomers,
possessing DXXX configuration (fixed in D-tyrosine position) eluted be-
fore Lxxx sterecisomers on CR-I (+) and vice versa on CR-I (-). This
observation was used to address the weak separation of DXXX tetrapep-
tide 1 stereoisomers previously faced on CR-I (+) [8]. By switching to
CR-I (-) column, all eight bxxX tetrapeptide 1 stereoisomers could be
separated under the same conditions (Fig. 2).

The common way to examine, whether or not a chiral stationary
phase is enantioselective towards a specific chiral analyte, the retention
of a chiral analyte in a racemic form and a CSP in a "single enantiomeric
form" is studied. However, in this work, opposite concept, specifically,
using a single enantiomer of a chiral compound and virtually a "racemic
form" of the CSPs (with opposite stereochemical configuration of a chi-
ral selector) is introduced. Commonly the racemic form of the analyte
is easier available compared to its enantiomerically pure form. How-
ever, sometimes (especially for amino acids and their derivatives, among
them peptides) enantiomerically pure forms are easier available than the
racemates.

According to Fig. 3, retention of DDDD-1 enantiomer (RT = 31.9 min)
on CR-I (+) column (Fig. 3A, 15%ACN) does not differ significantly from
LLLL-1 enantiomer retention time (RT = 32.2 min) observed on CR-I (-)
(Fig. 3B, 15%ACN). It can be seen, that retention of LLLL/DDDD enan-
tiomers of tetrapeptide 1 on CR-I (+) and CR-I (-) CSPs demonstrates
the capability of roughly estimating the retention times of the corre-
sponding enantiomers (Fig. 3C), observed on the opposite CSP.
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Fig. 3. Separation chromatograms of mixed standard solutions of eight DXXX Tyr-Arg-Phe-Lys-NH, stereoisomers on CROWNPAK CR-I(+) and CROWNPAK CR-I(-)

columns. Mobile phase: ACN / 50mM HCIO, = 15/85 (v/v).

It can be assumed that only in case of enantiomeric resolution, re-
tention times of single enantiomer observed on CR-I (+) and CR-I (-)
columns, ran under the same conditions, would differ from each other,
indicating a stereoselective binding. To confirm this hypothesis, model
compounds 1a - 1h (Fig. 1) were synthesized within this study. To ex-
clude potentially interacting N-terminal amino group in tyrosine, the
chemical structure of tetrapeptide 1 was modified by introducing 3-(4-
hydroxyphenyl) p: acid in tyrosine position (c ds 1a -
1d). To avoid the possible interaction sites in lysine (compounds 1a;
1b; 1e and 1f) and arginine (compounds 1a; 1d; 1f and 1g) moi-
eties, these amino acids in tetrapeptide sequence were replaced with
6-hyd leucine. Model ¢ d 1h was synthesized to eval

in chiral recognition were observed by varying mobile phase organic
modifier (ACN vs. MeOH).

Based on the retention data obtained on both columns, three groups
of model compound 1a - 1h retention behavior were characterized. The
first group of ds consists of ide 1 structural analogues
1a and 1b. Compound 1a was synthesized with the aim to exclude all
three interacting NH, groups in the tetrapeptide 1 structure, by replac-
ing Tyr with 3-(4-hy yphenyl) p ic acid and repl Arg and
Lys with 6-hydroxynorleucine (Fig. 1). As the complexation between pri-
mary ammonium ion (R-NH3*) of the analyte and crown ether ring of
the CSP in given case was eliminated, retention times around t, were

p d. As shown in Figs. 4 - 5, retention (k ~ 4) was observed for

y
the effect of the presence of aromatic moieties in tetrapeptide 1 (by re-
placing Tyr and Phe with Leu).

3.2. Retention of model compounds on crown ether stationary phases

Retention of model compounds 1a — 1h was studied on CR-I (+) and
CR-I (-) CSPs by injecting dard of single d into
LC system. Mobile phases, ranging from 15/85 to 95/5 (acetonitrile/50
mM HCIOy; Tables S1 - S2 in electronic supplementary material) and
40/60 to 90/10 (v/v) (methanol/50 mM HCIO,; Tables S3 - S4) were
tested. The key data obtained has been summarized as overlays in Fig. 4
(ACN/50 mM HCIOy; for broader variety of mobile phases see Fig. S2)
and Fig. 5 (MeOH/50 mM HCIO,; see Fig. S3). It can be seen, that for
the studied model compounds, in general terms, no significant changes

both compounds 1a and 1b when lower content of organic modifier in
mobile phases were used. However, retention for both compounds de-
creased, when organic modifier concentration was increased (95% ACN:
k < 1). It can be d, that the hydrophobi of crown ether
selectors could perform the same way as an achiral RP stationary phase
would, considering the relatively non-polar nature of analytes 1a and
1b. Chromatographic behavior observed for compound 1b (Arg position
in tetrapeptide sequence has been replaced with 6-hydroxynorleucine;
Fig. 1), suggests that the guanidine moiety in Arg had no significant
effect on ptide 1 and chiral recogniti

The second group includes compounds 1c¢ and 1d, for which, con-
trary to structural analogues 1a and 1b, stronger retention (15% ACN:
k ~ 18 for 1¢; k ~ 14 for 1d; 95% ACN: k ~ 3.5 for 1¢; k ~ 6.5 for 1d)
was shown (Figs. 4 - 5). Structurally, both compounds share a common
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profiles of LLLL-1 and structural analogues 1a - 1h on CR-1 (+) (in blue) and CR-I (-) (in red) columns.

Fig. 5. Overlay of chromatograms representing reten-
tion profiles of LLLL-1 and structural analogues 1a - 1h
on CR-I(+) (in blue) and CR-1 (-) (in red) columns. Mo-
bile phases: MeOH / 50mM HCIO,.
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primary £-amino group in Lys moiety (Fig. 1), able to form *N-H--O
hydrogen bonds with the crown ether selector and, thus, explaining the
observed retention. However, given the similar retention times within
the studied mobile phase range on both CR-I (+) and CR-I (-) columns,
it can be assumed that this complexation is not stereoselective. Likely,
due to the £-amino group being located four C atoms away from the chi-
ral center, where sterically bulky biphenyl and phenyl groups in crown
ether selectors are unable to provide a chiral environment.

The third group consists of structural analogues 1e - 1h. For these
model compounds, similarly to tetrapeptide 1 enantiomers, different re-
tention times were observed, depending on the CSP used, indicating dif-
ferent chiral interactions between the analyte and the crown selectors in
CR-I (+) and CR-I (-). By comparing chemical structures of model com-
pounds 1e - 1h (Fig. 1), the presence of ¢-amino group at N-terminus
(Tyr) was found to be the unique feature common in all four compounds,
indicating, that the N-terminal amino group could be the driving force
in stereoselective *N-H--0 hydrogen bonding between the crown ether
ring of the CSP and the chiral peptide. Because the interactive site in
Tyr is located next to the chiral center, bulky hydrophobic groups in
crown ether selectors could provide steric hindrance, resulting in chi-
ral environment, where stereoselective binding could occur, explaining
the chiral separation of tetrapeptide 1 previously observed. From the
obtained retention plots of 1h, it can be seen that eliminating the x-
systems in tetrapeptide structure has very irrelevant effect on retention.

4. Conclusions

Enantioseparation of tetrapeptide Tyr-Arg-Phe-Lys-NH; on CROWN-
PAK CR-I (+) and CR-I (-) chiral stationary phases is reported. It was
established, that on CR-I (+), D-form of Tyr-Arg-Phe-Lys-NH, enan-
tiomers always elutes in first position, where an inversion of elution
order was observed on CR-I (-). Under the same LC conditions, reten-
tion of tetrapeptide isomers, possessing DXXX configuration (fixed in
D-tyrosine position) on CR-1 (+) does not differ significantly from their
corresponding LXXX enantiomer retention on CR-I (-) column and vice
versa, demonstrating the capability of roughly estimating the retention
times of the corresponding enantiomer, observed on the opposite CSP.
It was assumed that only in case of enantiomeric resolution, retention
times of single enantiomer observed on CR-I (+) and CR-I (-) columns,
ran under the same conditions, would differ from each other, indicating
stereoselective binding. Retention behavior of eight model compounds
were studied on CR-I (+) and CR-I (-) and it was concluded, that N-
terminal a-amino group in Tyr is responsible for chiral recognition of
Tyr-Arg-Phe-Lys-NH;.
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1 | INTRODUCTION

Eduards Sevostjanovs

| Helena Kazoka

Abstract

Even though chiral recognition for crown-ether CSPs is generally under-
stood, on a molecular level, exact mechanisms for the resolution are still
unclear. Furthermore, short peptide analytes often contain multiple amino
moieties capable of binding to the crown ether selector. In order to extend
the understanding in chiral recognition mechanisms, polar organic mode
separation of Tyr-Arg-Phe-Lys-NH, tetrapeptide Liic/ooop enantiomers on
§- and R-(3,3'-diphenyl-1,1"-binaphthyl)-20-crown-6 stationary phases was
studied with 50-mM perchloric acid in methanol as mobile phase.
Deviation from the generally acceptable 1:1 stoichiometry was supported by
mass spectroscopy analysis of the formed complexes between tetrapeptide
enantiomer and crown ether selectors, which revealed adducts possessing
1:1, 1:2, and 1:3 stoichiometry. Further investigation of complexation
induced shifts by NMR indicated on different binding mechanisms between
wiL/oonn enantiomers of Tyr-Arg-Phe-Lys-NH, and crown ether selectors.
Enantioselective proton shifts were observed in studied tetrapeptide tyrosine
and phenylalanine residues exclusively for Lice enantiomer upon binding
with 5-(3.3'-diphenyl-1,1’-binaphthyl)-20-crown-6 selector (and popp enanti
omer with R-(3,3'-diphenyl-1,1-binaphthyl)-20-crown-6 selector), indicating
that these two amino acid residues contribute to chiral recognition. The
obtained results were in agreement with the LC data.

KEYWORDS

amino acids, chiral recognition, crown cther CSPs, enantioselectivity, tetrapeptide

(commercially available as CROWNPAK CR-I (+) or (-);
Figure 1), are optimal for tetrapeptide 1 chiral separations.”

Liguid chromatography (LC) using chiral stationary phases
(C5Ps) is known to be extremely convenient, accurate,
versatile, and widely used technique in diverse fields of
applications.' ™ By choosing a known p-opioid receptor
agonist” tetrapeptide  Tyr-Arg-Phe-Lys-NH, (1; Figure 1),
we have previously observed that CSPs, based on R and 53,
3-diphenyl-1. 1'-binaphthyl)-20-crown-6  chiral = selectors

It was later found out that these stationary phases also work
surprisingly well in other structurally similar tetrapeptide
enantioseparations.”™ Despite being successfully used for the
separation of enantiomers of various racemic compounds
containing primary amino groups,* exact mechanisms
governing the binding and chiral recognition of crown
ethers, incorporating an optically active 1,1'-binaphthyl unit

Chirality. 2024023619,
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wileyonlinelibrany comjoirnal/chis

2023 Wiley Periodicals LLC. I 1 of 19

107



e MRV Chiralicy
HPLC studies

UPMANIS T AL

NMR and MS studies

H‘,N\‘-GMH b,
HM. Iz'
=} o
H
PNt J'L\N.l N._. N'E ~NH;
i TN N
Ho = M2 Lo .
et )
H; NH
;H.\r; hH,
HM. A
,ﬁ\l‘ i %
P SN, | e NHy
SN TR
HE™ HH; =} \-[::ﬂ' Q
cooo-1

FIGURE 1  Chiral stationary phase in CROWNPAK columns: (R-[3.3'-diphenyl-1,1"-binaphthyl]-20-crown-6) for CR-T {—) and (5-
[3,3"-diphenyl-1.1"- binaphthyl]-20-crown-6) for CR-1 (+) immobilized on silica. Structures of tu/oooo-Tyr-Arg-Fhe-Lys-NH,
tetrapeptide (1) enantiomers and crown ether selectors CR (+) and CR (—) used in chiral recognition studies.

first introduced by Cram and coworkers," remain unclear.
Therefore, creating the basis of an in-depth understanding of
chiral recognition mechanisms is equally important as find-
ing the right mobile phase and column to perform a specific
chiral separation.

Many characterization methods have been employed
to rationalize chiral recognition. Among numerous spec-
trascopic techniques,” ' nuclear magnetic resonance
(NMR) has been extensively used to study chiral recogni-
tion of various classes of chiral selectors applied in
LC* " and capillary electrophoresis.”*" Mass spectrom-
etry (MS) can also be useful for the formed host-guest
complex detection, as well as proving stoichiometry of
the complexation between molecules. ™' Another useful
tool for gaining insight into different host-guest binding
modes is X-ray diffraction by providing comprehensive infor-
mation on the structural features of the formed complex
structure in the solid state™* However, obtaining good-
quality crystals, especially co-crystals of specific host-guest
complexes, can often be problematic. Lately, computational
methods have started gaining more acceptance in the com-
munity and various molecular modeling methods, together
with other experimental techniques have been employed to
characterize different selector-selectand complexes. ™

In the present work, application of high-resolution
MS and NMR is employed to study the complexes formed
between crown ethers CR (4) and () (Figure 1) with
the enantiomers of Tyr-Arg-Phe-Lys-NH, tetrapeptide,
with the aim to better understand the intermolecular
processes behind our previously observed enantiomeric
separation of tetrapeptide 1 on CROWNPAK CR-1 CPSs."

To simplify our proposed chiral recognition model,
only two tetrapeptide 1 enantiomers (Liin/popp) were
chosen as model compounds for the study. To replicate
similar conditions in NMR tube and compare the
obtained chromatographic separations with the NMR
chiral recognition data, experiments were performed in
MeOH containing 50-mM HCIO,. Chiral separations under
such conditions, also known as polar organic elution mode,
are not typical for crown ether CSPs, and to our knowledge,
no studies have been published on such applications.
However, since the immobilization of chiral selector in
CROWNFAK CR CSPs, no limits regarding mobile phase
solvent choice exist, making the CR-1 phases more versatile.
To clarify which of the potential interaction sites are respon-
sible for the retention and chiral recognition in tetrapeptide
1. structure-enantioselectivity relationship — experiments
were performed by comparing the retention behavior of the
wrr-isomer of Tyr-Arg-Phe-Lys-NH, and its structural
analogues, synthesized with the aim to selectively exclude
the interacting amino groups in tetrapeptide sequence
(by replacing them with OH-groups or excluding them
altogether), while maintaining the stereochemistry similar to
the tetrapeptide 1 molecule.

2 | MATERIALS AND METHODS
21 | General procedures

Chemicals, reagents, and solvents were obtained from com-
mercial suppliers (Acros, Sigma-Aldrich, Fluorochem, Alfa
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Aesar, TCI with purity >95%) and were used without further
purification. Both tetrapeptide 1 rii/oopn enantiomers and
all tetrapeptide 1 structural analogues la-1g were synthe-
sized (as hydrochloride salts) by solution phase peptide
synthesis in place according to synthesis Schemes $1-510.
Chiral selectors CR (+) and CR (-) were synthesized
following the procedure previously developed by Cram's
group™ (Scheme $11). Reactions were monitored by LCMS
on a Waters Aoquity H-Class UPLC system connected to a
Waters Acquity QDa detector quadrupole mass spectrometer
operating in the electrospray ionization (ESI) positive and
negative ion mode and Waters Acquity PDA detector using
reverse-phase Acquity UPLC BEH CI18 column (L7 pm,
21 » 50 mm). 'H and “C NMR spectra were recorded at
ambient temperature on a 400-MHz Bruker Avance Neo
spectrometer (Bruker Biospin Gmbh) equipped with a 5-mm
Double-Resonance Broadband CryoProbe with Z-gradients.
Chemical shifts are referenced to the residual solvent signal.
HRMS (ESI) was performed on a Waters Synapt G2-Si Mass
Spectrometer in positive ionization mode. Reversed-phase
chromatographic purifications of the synthesized compounds
were performed using Biotage SNAP Ultra C18 cartridges on
a Biotage Isolera One purification system.

211 | General procedure P1 for C-terminal
dipeptide building block synthesis

To a suspension of appropriate configuration N*-Boe-lysi
namide (1 eq) and the appropriate N*-protected amino
acid (1.1 eq) in acetonitrile (MeCN, 10 mL per 1-mmol
amino acid), hydroxybenzotriazole hydrate (HOBt.-H,0,
1.1 eq) is added. Reaction mixture is cooled to 0°C and
1-ethyl-3-(3-dimethylaminopropyljcarbodiimide  hydro-
chloride (EDC'HCL 2 eq) and N-methylmorpholine
(NMM, 3 eq) are added. Reaction mixture is stirred at
0°C for 30 min and then at room temperature for addi-
tional 18 h. Distilled water is then added to the reaction
mixture to precipitate the product, which is then filtered,
washed with distilled water, and dried.

2.1.2 | General procedure P2 for N-terminal
dipeptide building block synthesis

To a solution of appropriate N“-protected amino acid (1 eq)
in dry tetrahydrofuran (THF, 10 mL per 1-mmol amino
acid), N-hydroxysuccinimide (HOSu, 1.2 eq) is added.
Reaction mixture is cooled to 0°C and NN -dicyclohexyl
carbodiimide (DCC, 1.2 eq) is added. Reaction mixture is
stirred at room temperature for 4 h. The appropriate con-
fipuration arginine (1 eq) is dissolved in saturated NaHCO,
water solution (2 mL/1-mmol arginine) and added to the

reaction mixture at 0°C. Reaction mixture is then stirred for
additional 12 h, acidified with glacial acetic acid and concen-
trated in vacuo. Product was purified by reverse-phase flash
chromatography.

213 | General procedure of desalting
tetrapeptide 1 HCI salts

To a solution containing tetrapeptide 1. equal amount by
mass of Amberlite IRN-78 (OH form) ion-exchange
resin was added. The solution was stirred for 30 min, the
resin separated by filtering, and the solvent was evapo-
rated under reduced pressure, resulting in tetrapeptide
1in its free base form.

2.2 | Synthesis of Tyr-Arg-Phe-Lys-NH,
(tetrapeptide 1) enantiomers

221 | Tert-butyl ((5)-6-amino-5-((S)-
2-(((benzyloxy)carbonyl)amino}-
3-phenylpropanamido)-6-oxohexyl) carbamate
(re-1.1)

Synthesized following procedure P1 for C-terminal dipeptide
building block synthesis from 1000 mg N'-Boc-L-lysinamide
hydrochloride 1-1ab (3.55 mmol), 1160 mg N*-Chz-L-pheny
lalanine r-1aa (3.90 mmol), 543 mg HOBt H,0 (3.55 mmol),
1360 mg EDC HCI (7.10 mmol) and NMM (1.0 mL, 10.01 m
mol) yielded 1200 mg (60%) product Li-1.1 as white solid.
'H-NMR {400 MHz, CD,0D]) &: 7.36-7.16 (m, 10H), 5.03 (s,
2H), 440 (dd, 7 = 8.9, 5.9 Hz, 1H), 4.30 (dd, J = 9.1, 49 Hz,
1H), 3.13 (dd, J = 13.6, 6.1 Hz, 1H), 3.00 (1, f — 6.8, 2H), 2.89
(dd, J = 138, 89 Hz, 1H), 1.86-175 (m, 1H), 1.69-1.56 (m,
1H), 1.42 (s, 11H), 1.39-1.27 (m, 2H) ppm. HRMS (ESI/Q-T
OF) m/fz: [M + Na'| calculated for CygH N, 0 Na': 54936
&0, found: 549.2708.

222 | Tert-butyl ((R)-6-amino-5-({R)-
2-(((benzyloxycarbonyl)amino)-
3-phenylpropanamido)-6-oxohexyl)carbamate
(pp-1.1)

Synthesized following procedure P1 for C-terminal dipeptide:
building block synthesis from 400 mg N'-Boc-o-lysinamide
o-lab (1.31 mmol), 430 mg N*-Chz-o-phenylalanine n-laa
(144 mmol), 200 mg HOBt-H,0 (1.31 mmol), 503 mg EDC-
HCI (2.62 mmol) and NMM (0.4 mL, 3.93 mmol) yielded
850mg (81%) product po-L1 as white solid. 'H-NMR
(400 MHz, CD,0D) é: 7.37-7.17 (m, 10H), 5.04 (s, 2H), 4.39
(dd, J = 89, 59 Hz, 1H), 430 (dd, J = 9.1, 49 Hz, 1H), 3.13
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(dd. J = 13.6, 6.1 Hz. 1H), 301 {t, J = 6.8, 2H), 2.89 (dd,
J= 138, 8.9 Hz, 1H), 1.87-1.74 (m, 1H), 1.68-1.56 (m, 1H),
142 (s, 11H), 1.39-1.27 (m, 2H) ppm. HRMS (ES[/Q-TOF)
m/z: [M + Na'] calculated for CoHy N0 Na™: 5492689,
found: 549.2703.

223 | (tert-butoxycarbonyl)-i-tyrosyl-1-
arginine acetate (11-1.2)

Synthesized following procedure P2 for N-terminal dipeptide
building block synthesis from 1000 mg N*-Boc-L-tyrosine
t-lac (3.50 mmol), 480 mg HOSu (4.20 mmol}, 860 mg
DCC (4.20 mmol) and 674 mg L-arginine 1-1ad (3.01 mmaol).
Product was purified by reverse phase flash chromatography
(C18, MeCN/0.1% AcOH in water, 10%-90%) to give 780 mg
(445 ) N-terminal building block 11-1.2 acetate as white solid.
'H-NMR {400 MHz, CD,0D) & 7.06 (d, J = 8.5 Hz, 2H),
6.70 (d, J = 8.4 Hz, 2H), 428-417 (dd, 2H), 3.29-3.13 (m,
2H), 3.06 (dd, J = 14.0, 47, 1H), 2.74 (dd, J = 14.0, 9.6, 1H),
195-1.82 (m, 1H), L80-167 (m, 1H), 1.66-154 (m, 2H),
137 (s, 9H) ppm. HRMS (ESI/Q-TOF) m/z [M + H']
caleulated for CaHNe0, "0 438.2353, found: 4382361

224 | (tert-butoxycarbonyl)-p-tyrosyl-p-
arginine acetate (pp-1.2)

Synthesized following procedure P2 for N-terminal dipeptide
building block synthesis from 1000 mg N*-Boc-p-tyrosine p-
lac (3.50 mmol), 480 mg HOSu (4.20 mmol), 860 mg DCC
(420 mmol) and 670 mg p-arginine i-lad (3.01 mmol)
Product was purified by reverse phase flash chromatography
(C18, MeCN/0.1% AcOH in water, 10%-90%) to give
1130 mg (65%) N-terminal building block pp-1.2 acetate as
white solid 'H-NMR (400 MHz, CD,0D) & 7.06 (d, J = 8.4
Hz 2H), 6.70 (d, J = 8.5 Hz. 2H), 429-4.17 (dd, 2H), 3.29-3.
13 (m, 2H), 3.06 (dd, J = 14.0, 48, 1H), 274 (dd, J = 14.0,
9.5, 1H), 1.95-1.82 (m, 1H), 1.80-1.67 (m, 1H), 1.66-1.57 (m,
2H), 1.37 (s, 9H) ppm. HRMS (ESI/Q-TOF) m/z: [M + H']
caleulated for C. HuNoO, 1 4382353, found: 438.2365.

225 | (S)6-amino-2-((S)-2-((S)-2-((S)-
2-amino-3-(4-hydroxyphenyl)propanamido)-5-
guanidino-pentanamido)-
3-phenylpropanamido)

hexanamide hydrochloride {(1rie-1)

A suspension of 200-mg (0.38 mmol) C-terminal building
block 11-1.1 and 100-mg 10% Pd/C in 20-mL isopropanol
was stirred under H, atmosphere for 90 min, and then the
mixture was filtered through a PTFE filter. The filtrate was

concentrated in vacuo to vield 138 mg (92%) product, which,
without any further purification, was used in the next step.
To a solution of 138 mg (0.35 mmol) previously afforded
dipeptide in 5-mL dry DMF, 153-mg N-terminal dipeptide
1-1.2 (0.35 mmol} and 60-mg HOBt H,O (0.38 mmol) were
added. Reaction mixture was cooled to O°C, and 134-mg
EDC-HCI {0.70 mmol) was added. Reaction mixture was stir-
red at room temperature for 2 h, diluted with 10 mL distilled
water, and extracted with 3 » 35 mL EtOAc. The combined
organics were washed 1 x 50 mL with brine and concen-
trated in vacuo. After evaporation, the residue was purified
by reverse phase flash chromatography (C18, MeCN/0.1%
AcOH, 10%-80%) to give 187-mg Boc-protected tetrapeptide
acetate (66% ), which was then suspended in 5-mL dry DCM.
0.1-mL TFA (1.3 mmol) was added to the solution, and the
reaction mixture was stirred at room temperature for 90 min.
Product was concentrated in vacuo and purified by
reverse phase flash chromatography (C18, MeCN/0.1% HC,
5%~55%) to give 138 mg (98%) 1ui-1 hydrochloride as white
solid. 'H-NMR (400 MHz, CD,0D) &: 7.34-7.22 (m, 4H),
7.20 {m, 1H), 7.05 (d, J = 8.0 Hz, 2H), 6.76 (d, J = &5 Hz,
2H), 461 (dd, J = &35, 62 Hz, 1H), 437 (dd, J = 8.1, 5.6 Hz
1H), 4.28 (dd, J = 8.9, 5.1 Hz, 1H), 408 (dd, J = 86, 5.5 Hz,
1H), 3.23-3.12 (m, 3H), 3.09 (dd, J = 144, 5.5 Hz, 1H), 3.02
(dd, J =138, 87 Hz, 1H), 297-289 (m, 2H), 286 (dd,
J =143, 87 Hz, 1H), 1.92-1.73 (m, 2H), 1.73-1.59 (m, 4H),
159-1.56 (m, 2H), 1.51-133 (m, 2H) ppm. “C-NMR
(101 MHz, CD,0OD) & 176.29, 17363, 17001, 15871,
138.23, 13181, 13056, 12976, 12810, 12610, 11658,
56.59, 5587, 5446, 5424, 4208, 4059, 3861, 3764
3245, 30,35, 28.01, 26.17, 23.68 ppm. HRMS (ESI/Q-TOF)
m/z [M+ H'] calculated for C,H, N, 6123616,
found: 612.3623.

226 | (R)6-amino-2-((R)-2-((R)-2-((R)-
2-amino-3-{4-hydroxyphenyl)propanamido)-
S-guanidino-pentanamido)-
3-phenylpropanamido)hexanamide
hydrochloride (ppop-1)

A suspension of 200-mg (0.38 mmol) C-terminal building
block poll and 100 mg 10% Pd/C in 20-mL isopropanol
was stirred under H, atmosphere for 90 min, and then the
mixture was filtered through a PTFE filter. The filtrate was
concentrated in vacuo to vield 145-mg (97%) product, which,
without any further purification, was used in the next step.
To a solution of 145-mg (0.37 mmol) previously afforded
dipeptide in 5-mL dry DMF, 184-mg N-terminal dipeptide
po-1.2 (0.37 mmol) and 61-mg HOBt-H,0 (0.40 mmol) were
added. Reaction mixture was cooled to 0°C, and 142 mg
EDC-HC! (0.74 mmol) was added. Reaction mixture was
stirred at room temperature for 2 h, diluted with 10-mL
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distilled water, and extracted with 3 » 35 mL EtOAc. The
combined organics were washed 1 = 50 mL with brine and
concentrated in vacuo. After evaporation, the residue was
purified by reverse phase flash chromatography (C18,
MeCN/0.1% AcOH, 10%-80%) to give 153-mg Boc-protected
tetrapeptide acetate (48%), which was then suspended in
5mL dry DCM. 0.1-mL TFA (1.3 mmol) was added to the
solution, and the reaction mixture was stimed at room
temperature for 90 min. Product was concentrated in vacuo
and purified by reverse phase flash chromatography (C18,
MeCN/0.1% HCI, 5%-35%) to give 126 mg (99%) poop-1
hydrochloride as white solid. "H-NMR {400 MHz, CD,0D)
&1 7.34-7.22 (m, 4H), 7.25-7.15 (m, 1H), 7.05 (d, J = 8.5 Hz,
2H), 6.75 (d, 7 = 8.5 Hz, 2H), 461 (dd, J = 8.5, 6.2 Hz, 1H),
4.37 (dd, f = 8.1, 5.5 Hz, 1H), 428 (dd, J = 89, 51 Hz, 1H),
408 (dd, J =86, 55 Hz 1H), 3.26-3.13 (m, 3H), 3.09
(dd, J = 144, 5.5 Hz, 1H), 3.02 (dd, J = 138, 8.7 Hz, 1H),
2.99-2.89 (m, 2H), 2.86 (dd, J = 14.3, 8.7 Hz, 1H), 1.92-1.73
(m, 2H), 1.73-1.61 {m, 4H), 1.60-1.55 (m, 2H), 1.50-1.36 (m,
2H) ppm. HRMS (ESI/Q-TOF) m/z: [M + H'] calculated for
CipbyNy0; 'z 612.3616, found: 612.362.

23 | Synthesis of tetrapeptide
1 structural analogues la-1g

231 | (8)-2-({(benzyloxy)carbonyl)amino)-
6-((tert-butyldimethylsilyl Joxy)hexanoic acid
(c-1af)

N-Chz-L-lysine (2.5 g, 8.92mmol) was dissolved in
100 mL of MeCN/H,0 (40:60) followed by 1 mL of glacial
acetic acid. The solution was cooled to 0°C with ice-water
bath. Sodium nitrite (2.5 g, 89.2 mmaol) in 10-mL water
was added dropwise to stirring N*-Che-1-lysine solution
over 30 min. The reaction was heated to 70°C over 20 min.
The cooled reaction was concentrated in vacuo to a yellow
oil, dissolved in Hy0, and acidified with glacial acetic acid.
The agueous solution was extracted 3 < 75mL with
EtOAc. The combined organics were washed 1 x 75 mL
with brine. The organic phase was dried over Na,SOh,
filtered, and concentrated in vacuo yielding 1.1 g (44%)
technical N*-Chz-1-6-hidroxynorleucine, which was further
used without purification. 1.1 g (3.91 mmeol) of previously
afforded N*-Cbz-1-6-hidroxynorlencine was suspended in
50-mL dichloromethane followed by addition of 800 mg
(11.73 mmol) of imidazole and 650 mg (4.30 mmol) of tert-
butyldimethylsilyl chloride. After stirring for 16 h, reaction
mixture was concentrated in vacuo to a pale yellow solid,
dissolved in H;O, and acidified with glacial acetic acid.
The aqueous solution was extracted 3 = 25 mL with ethyl
acetate. The combined organics were washed 1 x 75 mL
with brine, dried over Na 80y, filtered, and concentrated
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in vacuo. After evaporation. the residue was purified by
reverse phase flash chromatography (C18, MeCN/H,0,
35%-95%) to give the product 1-1af as white solid (942 mg,
61%). 'H-NMR {400 MHz, CD,0OD) & 7.40-7.31 (m, 4H),
7.31-7.25 (m, 1H), 509 (d. J=16 Hz 2H), 415
(dd, F = 9.1, 4.8 Hz, 1H), 3.64 (t, J = 6.0 Hz, 2H), 1.93-1.80
(m, 1H), L.75-1.62 (m, 1H), 1.60-1.51 {m, 2H), 1.51-1.39
(m, 2H), 0.90 (s, 9H), 0.05 (s, 6H) ppm.

232 | Benzyl (S)(1-amino-6-{(tert-
butyldimethylsilyl)oxy)-1-oxohexan-2-yl)
carbamate (L-1ag)

To a stirring solution of (8)-2-({|benzyloxy |carbonyljami
na)-6-([ tert-butyldimethylsilyl Joxy)hexanoic  acid vr-1laf
(1 g, 253 mmol) in 5-mL dry dimethylformamide was
added 451 mg 1,1'-carbonyldiimidazole (279 mmol)
in one portion. The mixture was stirred at room
temperature for 3 h, and then agueous ammonia (25%
solution, 0.1 mL, 3.80 mmol) was added dropwise. After
stirring for an additional 1 h, reaction mixture was
extracted 3 x 25 mL with ethyl acetate. The combined
organics were washed 1 x 35 mL with brine, dried over
Naz80,, and concentrated in vacuo. After evaporation,
the residue was purified by reverse phase flash
chromatography (C18, MeCN/H.0, 15-75%) to give
482-mg product 1-lag as white solid (48%). 'H-NMR
(400 MHz, CD.OD) & 740-7.21 (m, 4H), 7.31-7.24
(m, 1H), 5.09 (d, J =64 Hz, 2H), 409 (dd, J=09.1,
5.0 Hz, 1H), 3.63 (¢, J = 6.1 Hz, 2H), 1.87-1.74 (m, 1H),
1.70-1.58 {m, 1H), 1.57-1.49 (m, 2H), 1.50-1.35 (m, 2H),
0.89 (s, 9H), 0.05 (5, 6H) ppm.

233 | Benzyl ((S)-1-(((5)-1-amino-6-([tert-
butyldimethylsilylJoxy)-1-oxohexan-2-yl)
amino)-1-oxo-3-phenylpropan-2-yl)carbamate
(L-1.1a)

A suspension of 370-mg (1.1 mmol) benzyl (SH1-amino-
6-(] tert-butyldimethylsilyl]oxy)-1-oxchexan-2-yl)carbamate
L-lag and 100-mg 10% Pd/C in 15 mL isopropanol was stir-
red under H, atmosphere for 90 min, and then the mixture
was filtered through a PTFE filter. The filtrate was concen-
trated in vacuo to yield 284-mg (99%) product, which, with-
out any further purification, was used in the next step. To a
suspension  of previously afforded 284-mg  product
(Lo mmol) in  25mL  MeCN, 326mg N-Chzr-
phenylalanine 1aa and 167-mg HOBt H,0 (1.09 mmol) were
added. Reaction mixture was cooled to 0°C, and 419-mg
EDC.HCI (218 mmol) and 0.3-mL NMM (3.27 mmol) were
added. Reaction mixture was stirred at 0°C for 30 min and
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then at room temperature for additional 18 h. Distilled water
was then added to the reaction mixture to precipitate the
product, which was then filtered, washed with distilled
water, and dried, yielding 471-mg (80%) C-terminal dipeptide
building block 1la as white solid. '"H-NMR (400 MHz,
CD,0D) &: 7.37-7.16 (m, 10H), 5.03 (d, J = 3.0 Hz, 2H). 4.40
(dd, J = 8.9, 5.8 Hz, 1H), 4320 (dd, J = 89, 5.2 Hz, 1H), 3.62
(t, J=63 He, 2H), 312 (dd, /=138, 8.8 Hz 1H), 289
(dd, J=13.8, 8% Hz, 1H), 191-1.76 (m, 1H), 1.70-157
(m, 1H), 1.57-1.45 (m, 2H), 1.45-1.31 (m, 2H), (.89 (s, 9H),
0.06 (5, 6H) ppm.

234 | (3-(4-hydroxyphenyl)propanoyl)
arginine (1-1.2a)

Synthesized following procedure P2 for N-terminal dipeptide
building block synthesis from 500-mg 3-(4-hydroxyphenyl)
propanoic acid 1ah (3.01 mmol), 415-mg HOSu (3.61 mmaol),
T44-mg DCC (361 mmol), and 524-mg r-arginine -lad
(301 mmol). Product was purified by reverse phase
flash chromatography (C18, MeCN/0.1% AcOH in water,
105-90%) to give 527-mg (48%) N-terminal building block
1.2a acetate as white solid. "H-NMR (400 MHz, CD,0D) &:
7.03 (d, J = 8.5 Hz. 2H), 6.69 (d, J = 8.5 Hz, 2H), 4.25 (dd,
J =177, 51), 3.22-3.04 (m. 2H), 282 (t, J = 7.6 Hz, 2H), 2.50
(. J= 7.6 Hz, 2H), 1.85-1.72 {m, 1H), L68-1.55 (m, 1H),
1.53-1.35 (m. 2H) ppm. HRMS (ESI/Q-TOF) m/z: [M + H"]
calculated for C)H,N,0, "2 3231719, found: 323.1725.

235 | (8)-2-((S)-2-((S)-5-guanidino-
2-(3-(4-hydroxyphenyl)propanamido)
pentanamido)-3-phenylpropanamido)-
6-hydroxyhexanamide hydrochloride (1b)

A suspension of 225-mg (0.47 mmol) C-terminal building
block vi-1.1a and 100-mg 10% Pd/C in 20-mL isopropanol
was stirred under H, atmaosphere for 90 min, and then
the mixture was filtered through a PTFE filter. The filtrate
was concentrated in vacuo to yield 152-mg (83%) product,
which, without any further purification, was used in the next
step. To a solution of 152-mg (0.39 mmol) previously
afforded dipeptide in 3-mL dry DMF, 147-mg N-terminal
dipeptide 1-1.2a (039 mmol) and 60-mg HOBtH,0
(0.39 mmol) were added. Reaction mixture was cooled to
0°C, and 150-mg EDC-HCL(0.78 mmol) was added. Reaction
mixture was stirred at room temperature for 2 h, diluted
with 10 mL distilled water, and extracted with 3 x 35 mL
EtOAc. The combined organics were washed 1 x 50 mL
with brine and concentrated in vacuo. After evaporation, the
residue was purified by reverse phase flash chromatography
(C18, MeCN/0.1% AcOH, 10%-B0%) to pive 112-mg

protected tetrapeptide acetate (61%). which was then sus-
pended in 5-mL dry DCM. 0.1-mL TFA (1.3 mmol) was
added to the solution, and the reaction mixture was stirred
at room temperature for 90 min. Product was concentrated
in vacuo and purified by reverse phase flash chromatography
(C18, MeCN/0L1% HCL, 5%-55%) to give 90-mg (91%) tetra-
peptide analogue 110-1b hydrochloride as white solid. "H-
NMR (400 MHz, CD,OD) & 7.32-718 (m, 5H), 7.02 (d,
J =85 Hz, 2H), 670 (d, J = 8.5 Hz, 2H). 462 (dd, J = 8.,
6.0 Hz, 1H), 428 (dd, 7 = 11.1, 5.2 Hz, 1H), 4.24 (dd, T = 7.9,
6.2 Hz, 1H), 3.55 (t, J= 65 Hz, 2H), 316 (dd, J =139,
60 Hz, 1H), 3.10 (t, J=7.1 Hz, 2H), 2.97 (dd, J = 140,
8.6 Hz, 1H), 278 (t, J = 7.6 Hz, 2H), 247 (td. J = 74, 1.7 Hz,
2H), 1.90-1.76 (m, 1H), 1.74-1.62 (m, 2H), 1.61-1.47 (m,
3H), 1.45-1.32 (m, 4H) ppm. HRMS (ESI/(-TOF) m/z: [M
+H'] caleulated for CyH N0, 5983353, found:
598.3367.

236 | (8)-2-((8)-2-((5)-2-((S)-2-amino-
3-(4-hydroxyphenyl)propanamido)-
5-guanidinopentanamido)-
3-phenylpropanamido)-6-hydroxyhexanamide
(1e)

A suspension of 280-mg (0.51 mmol) C-terminal building
block Li-L1a and 100-mg 10% Pd/C in 20-mL isopropanol
was stirred under H, atmosphere for 90 min, and then
the mixture was filtered through a PTFE filter. The
filtrate was concentrated in vacuo to yield 200-mg (95%)
product, which, without any further purification,
was used in the next step. To a solution of 200-mg
(0.49 mmol) previously afforded dipeptide in S-mL dry
DMF, 214-mg N-terminal dipeptide 1i-1.2 (0.49 mmol)
and 75-mg HOBt-H,0 (0.49 mmol) were added. Reaction
mixture was cooled to 0°C, and 188-mg EDC-HCI
(0.98 mmol) was added. Reaction mixture was stirred at
room temperature for 2 h, diluted with 10-mL distilled
water, and extracted with 3 x 35 mL EtOAc. The com-
bined organics were washed 1 x 50 mL with brine and
concentrated in vacuo. After evaporation, the residue was
purified by reverse phase flash chromatography (C18,
MeCN/0.1% AcOH, 15%-65%) to give 197-mg protected
tetrapeptide acetate (49%), which was then suspended in
5-mL dry DCM. 0.1-mL TFA (1.3 mmol) was added to the
solution, and the reaction mixture was stirred at room
temperature for 90 min. Product was concentrated in
vacuo and purified by reverse phase flash chromatogra-
phy (C18, MeCN/0.1% HCI, 5%~55%) to give 50-mg (40%)
tetrapeptide analogue Lie-le hydrochloride as white
solid. "H-NMR (400 MHz, CD,0D) &: 7.35-7.24 (m, 4H),
7.24-715 (m, 1H), 707 (d, J=85 Hz, 2H), 676
(d, J = 85 Hz, 2H), 4.66 (dd, J = 8.4, 6.4 Hz, 1H), 4.37
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(t, J= 68 Hz, 1H), 428 (dd, J=19.0, 50 Hz, 1H),
4.07 (dd, J = 8.6, 5.4 Hz, 1H), 3.55 (t, J = 6.4 Hz, 2H),
3.22-3.15 (m, 3H), 3.09 (dd, J = 14.5, 5.4 Hz, 1H), 3.00
(dd, J = 13.9, 8.4 Hz, 1H), 2.84 (dd, J = 14.4, 8.8 Hz, 1H),
1.89-1.76 (m, 2H), 1.76-1.63 (m, 2H), 1.62-1.56 (m, 2H),
1.58-1.51 (m, 2H), 149-134 {m, 2H) ppm. m/z
|IM + H'| calculated for Ci,HaNgO, "1 613.34594, found:
A13.3488.

237 | Benzyl ((95,125155)-12-benzyl-
9-carbamoyl-2,2,3,3,21,21,22,22-octamethyl-
11,14-dioxo-4,20-dioxa-10,13-diaza-
3,21-disilatricosan-15-yljcarbamate (1.1b)

A suspension of 315-mg (0.58 mmol) C-terminal dipep-
tide building block rti-Lla and 100-mg 10% Pd/C in
20-mL isopropanol was stirred under H, atmosphere for
90 min, and then the mixture was filtered through a
PTFE filter. The filtrate was concentrated in vacuo to
yield 180-mg (79%) product, which, without any further
purification, was used in the next step. To a suspension
of 180-mg (0.46 mmol) previously afforded dipeptide in
25-mL MeCN, 180-mg (0.46 mmaol) (5)-2-({|benzyloxy]
carbonylJamino)-6-{[ tert-butyldimethylsilyl Joxy)-hexanoic
acid 1-lab and 70-mg HOBt-H,O (046 mmol) were
added. Reaction mixture was cooled to 0°C, and 177-mg
EDC-HCI (0.92 mmol) was added. Reaction mixture was
stirred at 0°C for 30 min and then at room temperature
for additional 18 h. Distilled water was then added to the
reaction mixture to precipitate the product, which was
then filtered, washed with distilled water, and dried,
vielding 250-mg (70%) C-terminal tripeptide building
block L1b as white solid."H-NMR (400 MHz, CD,0D) &:
7.40-7.29 (m, 5H), 7.29-7.14 (m, 5H), 5.08 (d.] = 16.4 Hz,
2H), 4.58 (dd, J = 8.3, 6.2 Hz, 1H), 4.13-4.01 (dd, 2H),
3.63-3.50 (t, 4H), 3.17 (dd, J = 14.0, 6.1 Hz, 1H), 2.98 (dd,
J =140, 6.1 Hz, 1H), 1.8&8-1.75 (m, 2H), 1.72-1.59 (m,
2H), 1.58-1.43 (m, 6H), 1.42-1.28 (m, 2H), 0.89 (s, 18H),
0.05 (s, 12H) ppm.

2.3.8 | (8)FN-((S)-1-(((S)-1-amino-6-hydroxy-
1-oxohexan-2-yl)amino)-1-oxo-3-phenylpropan-
2-y1)-6-hydroxy-2-( 3-(4-hydroxyphenyl)
propanamido}hexanamide (1a)

A suspension of 125-mg (0.16 mmel) C-terminal tripep-
tide building block rii-Lba and 100-mg 10% Pd/C in
15 mL isopropanol was stirred under H, atmosphere for
90min, and then the mixture was filtered through a
PTFE filter. The filtrate was concentrated in vacuo to
yield 20-mg (87%) product, which, without any further
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purification, was used in the next step. To a suspension
of 90-mg (0.14 mmol) previously afforded tripeptide in
20-mL MeCN, 23-mg (0.14 mmol) 3-(4-hydroxyphenyl)
propanocic acid lah and 21-mg HOBt-H,0O (0.14 mmol)
were added. Reaction mixture was cooled to 0°C, and
54-mg EDC HCI (0.28 mmol) was added. Reaction mix-
ture was stirred at 0°C for 30 min and then at room tem-
perature for additional 18 h. Distilled water was then
added to the reaction mixture to precipitate the product,
which was then filtered, washed with distilled water, and
dried, yielding 40mg (36%) protected tetrapeptide
analogue, which was then suspended in 3-mL dry DCM.
0.1-mL TFA (1.3 mmol) was added to the solution, and
the reaction mixture was stirred at room temperature for
90 min. Product was concentrated in vacuo and purified
by reverse phase flash chromatography (C18, MeCN/0.1%
HCI, 5%-55%) to give 21-mg (74%) tetrapeptide analogue
ti-la as white solid. "H-NMR (400 MHz, CD,0D)
8 7.32-7.15 (m, 5H), 7.01 (d, J =85 Hz 2H), 6.69
(d, J = 85 Hz, 2H), 4.59 (dd, J = 8.3, 6.1 Hz, 1H), 4.27
(dd, J = 9.2, 49 Hz, 1H), 4.16 (dd. / = 8.7, 5.5 Hz, 1H),
3.54 (1, J = 6.5 Hz, 2H), 3.49 (t, J = 6.6 Hz, 2H), 3.15 (dd,
J =138, 61 Hz, 1H), 208 (dd, J = 139, 8.3 Hz, 1H),
278 (t, J =81 Hz 2H), 245 (td, J = 7.7, 1.9 Hz, 2H),
L.90-1.77 (m, 1H), 1.74-1.56 (m, 2H). 1.57-1.31 {m, TH),
1.30-1.12 (m, 2H) ppm. HEMS (ESI/Q-TOF) m/z
|8+ H'] calculated for CyH N0, 571.3126, found:
5713122,

239 | (8)-2-((S)-2-amino-
3-(4-hydroxyphenyl)propanamido )-N-((S)-
1-(((S)-1-amino-6-hydroxy-1-oxohexan-2-yl)
amino)-1-oxo-3-phenylpropan-2-yl)-
6-hydroxyhexanamide (1f)

A suspension of 125-mg (0.16 mmol) C-terminal tripep-
tide building block Lie-Lba and 100-mg 10% Pd/C in
15-mL isopropanol was stirred under H, atmosphere for
90 min, and then the mixture was filtered through a
PTFE filter. The filtrate was concentrated in vacuo to
yield 90-mg (87%) product, which, without any further
purification, was used in the next step. To a suspension
of 90-mg (0.14 mmol) previously afforded tripeptide in
20 mL MeCN, 33-mg (0.14 mmol) N*-Boc-L-tyrosine
-1 ac and 21-mg HOBtH,O (0.14 mmol) were added.
Reaction mixture was cooled to 0°C, and 54-mg EDC-HC]
(0.28 mmol) was added. Reaction mixture was stirred at
0°C for 30 min and then at room temperature for addi-
tional 18 h. Distilled water was then added to the reaction
mixture to precipitate the product, which was then fil-
tered, washed with distilled water, and dried, yielding
70-mg (50%) protected tetrapeptide analogue, which was
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then suspended in 3-mL dry DCM. 0.1-mL TFA (1.3 mmol)
was added to the solution, and the reaction mixture was
stirred at room temperature for 90 min. Product was con-
centrated in vacuo and purified by reverse phase flash
chromatography (C18, MeCN/0.1% HCl, 5%-80%) to give
30 mg (70%) tetrapeptide analogue Liee-1f hydrochloride
as white solid. "N-NMR (400 MHz, CD,0D) & 7.33-7.24
(m, 4H), 7.24-7.17 (m, 1H), 7.08 {(d, T = 8.5 Hz, 2H). 6.77
(d, J = 86 Hz, 2H), 4.65 (dd, J = 8.1, 6.5 Hz, 1H), 4.35 (dd,
J =86, 5.7 Hz, 1H), 429 (dd, J = 89, 51 Hz, 1H), 404
(dd. Jf = 8.9, 5.2 Hz, 1H), 3.54 (t, J = 6.4 Hz, 4H), 3.15 (dd,
J =138, 6.5 Hz, 1H), 3.11 (dd. J = 14.4, 5.1 Hz, 1H), 3.00
(dd, J = 13.9, 8.2 Hz, 1H), 2.84 (dd, J = 14.5, 8.8 Hz, 1H),
1.89-1.70 (m, 2H), 1.70-1.64 (m, 1H), 1.64-1.46 (m, 5H),
1.46-1.31 (m, 4H) ppm. HRMS (ESI/Q-TOF) m/z: [M

+H'] caleulated for CyH, N,O.": 5863241, found:
586.3235.
2310 | (8)-6-amino-2-((S)-2-((5)-

5-guanidino-2-(3-(4-hydroxyphenyl)
propanamido)pentanamido)-
3-phenylpropanamido)hexanamide (1c)

A suspension of 200-mg (.38 mmol) C-terminal building
block 11-1.1 and 100-mg 10% Pd/C in 20-mL isopropanol
was stirred under H, atmosphere for 90 min, and then the
mixture was filtered through a PTFE filter. The filtrate was
conecentrated in vacuo to yield 136 mg (92%) product, which,
without any further purification, was used in the next step.
To a solution of 136-mg (0.34 mmol) previously afforded
dipeptide in 3-mL dry DMF, 136-mg N-terminal dipeptide
11-1.2a (0.34 mmol) and 52-mg HOBt-H,0 (0.34 mmol) were
added. Reaction mixture was cooled to 0°C. and 131-mg
EDC-HCI (0.68 mumol) was added. Reaction mixture was stir-
red at room temperature for 2 h, diluted with 10-mL distilled
water, and extracted with 3 x 35 mL EtOAc. The combined
organics were washed 1 = 50 mL with brine and concen-
trated in vacuo. After evaporation, the residue was purified
by reverse phase flash chromatography (C18, MeCN/0.1%
AcOH, 10%-80%) to give 130-mg protected tetrapeptide
acetate (51%), which was then suspended in 5-mL dry DCM.
0.1-mL TFA (1.3 mmol) was added to the solution, and the
reaction mixture was stirred at room temperature for 0 min.
Product was concentrated in vacuo and purified by
reverse phase flash chromatography (C18, MeCN/0.1% HCI,
5%-55%) to give 51-mg (40%) tetrapeptide analogue 1ir-lc
hydrochloride as white solid. *H-NMR (400 MHz, CD,0D)
& 732-7.06 (m, SH), 701 (d, J=85 Hz 2H), 670
(d, J =85 Hz, 2H), 459 (dd, J =87, 59 Hz, 1H), 4.29
(dd, J = 94, 48 Hz, 1H), 418 (dd, J = 8.5, 5.7 Hz, 1H), 3.15
(dd, J =139, 6.0 Hz, 1H), 3.08 (t, J= 7.0 Hz 2H), 299
(dd, J =139, 87 Hz, 1H), 291 (t, J = 7.6 Hz, 2H), 2.78

{t, J = 7.6 Hz, 2H), 249 (td, J = 7.4, 2.0 Hz, 2H), 1.95-1.80
{m, 1H), 1.76-1.60 (m, 4H), 1.59-149 (m, 1H), 148-132
(m, 4H) ppm. HRMS (ESI/Q-TOF) m/z [M+H']
calculated for CyH N0, "t 597.3313, found: 597.3520.

2311 | Bengzyl tert-butyl ((95,125,155)-
12-benzyl-15-carbamoyl-2,2,3,3-tetramethyl-
10,13-dioxo-4-oxa-11,14-diaza-
3-silanonadecane-9,19-diyl)dicarbamate (1.1c)

A suspension of 225-mg (0.43 mmol) C-terminal dipep-
tide building block rr-1.1 and 100-mg 10% Pd/C in 20-mL
isopropanol was stirred under H, atmosphere for 90 min,
and then the mixture was filtered through a PTFE filter.
The filtrate was concentrated in vacuo to yield 161-mg
{95%) product, which, without any further purification,
was used in the next step. To a suspension of 161-mg
(0.41 mmol) previously afforded dipeptide in 25-mL
MeCN, 160-mg (0.41 mmol) (5)-2-((|benzyloxy Jcarbornyl)
amino)-6-(| tert-butyldimethylsilyl Joxy)-hexanoic acid
t-lab and 63-mg HOBtH,O (0.41 mmol) were added.
Reaction mixture was cooled to 0°C, and 157-mg
EDC HCI (0.82 mmol) and 0.15-mL NMM (1.23 mmol)
were added. Reaction mixture was stirred at 0°C for
30 min and then at room temperature for additional 18 h.
Distilled water was then added to the reaction mixture to
precipitate the product, which was then filtered,
washed with distilled water, and dried, yielding 240-mg
(76%) C-terminal tripeptide building block L1lc as white
solid. '"H-NMR (400 MHz, CD.OD) &: 7.39-7.28 (m, 5H),
7.29-7.14 (m, 5H), 507 (d, J = 16.8 Hz, 2H). 4.61 (dd,
J =83, 6.1 Hz, 1H), 427 (dd, J = 9.2, 4.8 Hz, 1H), 4.02
(dd, J = 8.5, 5.2 Hz, 1H). 3.58 (t J = 6.4 Hz, 2H), 3.16
(dd, J = 14.0, 6.0 Hz, 1H), 3.05-2.95 (m, 3H), 1.83-1.78
(m, 1H), 1.70-1.60 (m, ZH), 1.59-1.52 (m, 1H), 1.52-1.44
(m, 4H), 1.41 (s, 9H), 1.36-1.26 (m, 4H), 0.89 (s, 9H), 0.05
(s, 6H) ppm.

2312 | (S)N-((S)-1-(((5)-1,6-diamino-
1-oxohexan-2-yl)amino)-1-oxo-3-phenylpropan-
2-yl}-6-hydroxy-2-(3-(4-hydroxyphenyl)
propanamido}hexanamide (1d)

A suspension of 140-mg (0.18 mmol) C-terminal tripep-
tide building block ri-1.1e and 100-mg 10% Pd/C in
15-mL isopropanol was stirred under H, atmosphere for
90 min, and then the mixture was filtered through a
PTFE filter. The filtrate was concentrated in vacuo to
yield 102-mg (88%) product, which, without any further
purification, was used in the next step. To a suspension
of 102-mg (0.16 mmol) previously afforded tripeptide in
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20-mL MeCN, 27-mg (0.16 mmol) 3-(4-hydroxyphenyl)
propanoic acid v-lah and 25-mg HOBt-H,0 (0.16 mmaol)
were added. Reaction mixture was cooled to 0°C, and
63-mg EDC-HCl (0.32 mmol) was added. Reaction
mixture was stirred at 0°C for 30 min and then at room
temperature for additional 18 h. Distilled water was then
added to the reaction mixture to precipitate the product,
which was then filtered, washed with distilled water, and
dried, yielding 65-mg (51%) protected tetrapeptide ana-
logue, which was then suspended in 3-mL dry DCM.
0.1-mL TFA (1.3 mmol) was added to the solution, and
the reaction mixture was stirred at room temperature for
90 min. Product was concentrated in vacuo and purified
by reverse phase flash chromatography (C18, MeCN/0.1%
HCl, 5%-55%) to give 36-mg (72%) tetrapeptide analogue
tee-1d hydrochloride as white solid. "H-NMR (CD,0D)
& 7.32-7.17 (m, 5H), 7.02 (d, J= &5 Hz, 2H), 6.70
(d, J = 8.5 Hz, 2H), 457 (dd, J = 8.5, 6.3 Hz, 1H), 4.30
(dd, J = 9.6, 4.6 Hz, 1H), 4.12 (dd, J = 8.7, 5.6 Hz, 1H),
3.50 (t, J = 6.6 Hz, 2H), 3.15 (dd, J = 13.8, 6.2 Hz, 1H),
3.01 (dd, J = 13.8, 8.6 Hz, 1H), 2.92 (t, J = 7.5 Hz, 2H),
279 (t, J = 7.6 Hz, 2H), 2.50 (td, J = 7.4, 2.1 Hz. ZH),
1.94-1.81 (m, 1H), 1.76-1.55 (m, 4H}, 1.55-1.49 (m, 1H),
149-136 (m, 4H), 1.28-112 {m, 2H) ppm. HRMS
(ES/QQ-TOF) m/z: |M + H'] calculated for CapHy 4N,
0g": 570.3292, found: 570.3302.

2313 | (8)-2-((5)2-amino-
3-(4-hydroxyphenyl)propanamido)-N-((S)-
1-(((S)-1,6-diamino-1-oxohexan-2-ylJamino)-
1-0x0-3-phenylpropan-2-yl)-
6-hydroxyhexanamide (1g)

A suspension of 300-mg (0.39 mmol) C-terminal tripep-
tide building block rie-Lle and 100-mg 10% Pd/C in
15-mL isopropancl was stirred under H; atmosphere for
90 min, and then the mixture was filtered through a
PTFE filter. The filtrate was concentrated in vacuo to
yield 216-mg (87%) product, which, without any further
purification, was used in the next step. To a suspension
of 216-mg (0.34 mmol) previously afforded tripeptide
in 30-mL MeCN, 96-mg (0.34 mmal) N*-Boc-L-tyrosine
-1 ac and 52-mg HOBt-H,O (0.34 mmol) were added.
Reaction mixture was cooled to 0°C, and 130-mg
EDC HCl {0.68 mmol) was added. Reaction mixture was
stirred at 0°C for 30 min and then at room temperature
for additional 18 h. Distilled water was then added to the
reaction mixture to precipitate the product, which was
then filtered, washed with distilled water, and dried, yield-
ing 150-mg (44%) protected tetrapeptide analogue, which
was then suspended in 4-mL dry DCM. 0.1-mL TFA
(1.3 mmol) was added to the solution, and the reaction
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mixture was stirred at room temperature for 90 min. Prod-
uct was concentrated in vacuo and purified by reverse
phase flash chromatography (C18, MeCN/0.1% HCI, 2%~
55%) to give 60-mg (68%) tetrapeptide analopue Lii-1g
hydrochloride as white solid. "H-NMR (400 MHz, CD,0D)
& 7.34-725 (m, 4H), 7.25-715 (m, 1H), 7.10
(d, f=81 Hz 2H), 677 (d. J=85 Hz 2IH), 460
(dd, J = 8.2, 6.5 Hz, 1H), 435 (dd, J = 84, 5.7 Hz, 1H),
430 (dd, J = 9.3, 49 Hz, 1H), 411 (dd, J = 8.9, 5.2 Hz,
1H), 355 (t, J = 6.3 Hz, 2H), 3.20-3.11 (dd, 2H), 3.03
(dd, J = 13.8, 8.2 Hz, 1H), 292 (t, J = 7.5 Hz, 2H), 2.86
(dd, J =144, 8.6 Hz, 1H), 1.93-1.82 (m, 1H), 1.82-1.71
{m, 1H), 1.70-1.59 {m, 4H), 1.59-1.49 (m, 2H), 1.48-1.32
(m, 4H) ppm. HEMS (ESI/Q-TOF) m/z [M+ H'|
calculated for CyHysN Oy "2 5853401, found: 585.3422.

2.4 | Synthesis of crown ether selectors
CR (+) and CR ()

241 |
(R-3)

(R)-2,2"-dimethoxy-1,1"-binaphthalene

To a solution of 5 g (R)-[1,1"-binaphthalene|-2,2-diol R-2
(17.0 mmol) in 100-mL dry acetone, 18.8-g K,CO,
(136 mmol} was added. Reaction mixture was brought to
70°C, and 4.200omL methyl iodide (68 mmol}) was
added dropwise and then refluxed for 16 h. After full
conversion, the reaction mixture was cooled to ambient
temperature and volatile compounds were removed in
vacuo. To the resulting white solid, 50-mL distilled water
was added and extracted with 3 x 45 mL DCM. The
combined organics were washed 1 x 35 mL with brine,
dried over Na,50,, and concentrated in vacuo to yield
4.0 g (75%) product R-3, which, without any further puri-
fication, was used in the next step. 'H-NMR (400 MHz,
CDCly) & 7.98 (d, J = 9.3 Hz, 2H), 7.87 (d, J = 7.7 Hz,
2H), 7.46 (d, J=9.0 Hz 2H), 7.32 (ddd, J =81, 6.7,
1.3 Hz, 2H), 7.21 (ddd, J = 8.2, .7, 1.3 Hz, 2H), 7.11 (d,
J =138 Hz, 2H), 3.77 (s, 6H) ppm. HRMS (ESI/Q-TOF)
mfz: |[M+ H"] calculated for C,.Ho0.": 3151385,
found: 315.1390.

242 | (R)-3,3-dibromo-2,2"-dimethoxy-1,1'-
binaphthalene (R-4)

In a Schienk-flask, 2.2-mL TMEDA (14.6 mmol) was dis-
solved in 100-mL diethyl ether and 6.4-mL n-BuLi
(c=25 M in hexane, 14 mmol) was added at room
temperature. The solution was stirred for 20 min, and 2 g
(R)2,2-dimethoxy-1,1-binaphthalene  R-3 (6.36 mmaol)
was then added in one portion and stirred for 16 h. The
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resulting brownish suspension was cooled to —78°C, and
0.81-mL bromine (159 mmaol) was slowly added. The
reaction mixture was warmed to room temperature and
stirred for additional 5 h. A saturated Na,$:0y solution
was added cautiously, the reaction was acidified with
HCl and extracted with with 3 = 45 mL DCM. The
combined organics were washed 1 x 35 mL with brine,
dried over Ma.80,, concentrated in vacuo, and purified
by column chromatography (PE: Et,0 = 90:10) to afford
1.7-g (57%) product R-4 as white solid. "H-NMR
(400 MHz, CDCly) &: 8.28 (s, 2H), 7.83 (ddd, J = 8.7, 1.2,
0.5 Hz, 2H), 7.43 (ddd, J = 8.1, 6.8, 1.2 Hz, 2H), 7.27
(ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.09 (d, J = 8.5 Hz, 2H),
3.52 (s, 6H) ppm. HRMS (ESI/Q-TOF) m/z [M + H"]
calculated for C,.H,.Br,0,": 469.9517, found: 469.9514.

243 | (R)-2,2'-dimethoxy-3,3"-diphenyl-1,1'-
binaphthalene (R-5)

In a Schienk-flask, 1.7-g (R}-3,3'-Dibromo-2,2'-dimethoxy-1,
1'-binaphthalens R-4 (3.6 mmol) was dissolved in 40-mL
1,2-dimethoxyethane and 0.62 g Pd (PPha)s (0.54 mmol) was
added. After the reaction mixture was stimed for 30 min,
1.3-g phenylboronic acid (10.8 mmol} and agueous NaHCO,
{4 g in 40 mL water) were added. The resulting suspension
was then refluxed at 90°C for 16 h. Once cooled to room
temperature, the mixture was extracted with 3 x 45 mL
ethyl acetate. The combined organics were washed with
brine, dried over Na,S0,, filtered, and concentrated in vacuo.
The crude product was purified by column chromatography
(PE: Et;0 =97:3), and 090-g (53%) product (R}S was
isolated as white solid. '"H-NMR (400 MHz, CDCl,) &: 798
(s, 2H), 792 (d, / = 8.3 Hz, 2H), 7.81-7.74 (m, 4H), 7.51-744
(m, 4H), 7.44-7.36 (m, 4H), 7.32-7.20 (m, 4H), 3.19 (s, 6H)
ppm. HRMS (ESL/Q-TOF) m/z [M + H'| caleulated for
CyyHy0, - 467.2011, found: 467.2010.

244 | (R)-3,3-diphenyl-[1,1"-
binaphthalene]-2,2"-diol (R-6)

Solution of 0.87-g (R)-2,2"-dimethoxy-3,3"-diphenyl-1,1"-bi
naphthalene R-5 (1.80 mmol) in 30-mL DCM was cooled
to —78°C, and 6.7-mL BBEry (c=1 M in hexane,
6.7 mmol) was slowly added. The reaction mixture was
warmed to room temperature and stirred for 16 h and
quenched with distilled water. The organic phase was
separated, and the aqueous layer was extracted with
3 x 25mL DCM. The combined organics were washed
with brine, dried over MgS0,, filtered, and concentrated
in vacuo. The crude product was purified by column
chromatography (PE: Et;0 =97:3) and 0.85-g (99%)

product (R)-6 was isolated as pale yellow solid. "H-NMR
(400 MHz, CDCly) &: 803 (s, 2H), 7.93 (d, /=79 Hz,
2H), 7.78-7.70 (m, 4H), 7.55-7.45 (m, 4H), 745-7.36
(m, 4H), 7.33 (ddd, J = 8.2, 68, 1.4 Hz 2H), 7.24 (d,
J =81 Hz, 2H), 535 (s, 2H) ppm. HRMS (ESI/Q-TOF)
m/z: [M+ H'] calculated for CyH.a0,': 4391698,
found: 439.1691.

245 | (R)}(3,3- diphenyl-1,1"-binaphthyl)-
20-crown-16 (CR (-))

Under Ar atmosphere, to a solution of 0.40-g (R)-3,3'-dip
henyl-[1.1"-binaphthalene]-2,2-diol R-6 {0.90 mmol) in
14-mL dry THF, 0.50-g pentaethylene glycol di(p-tolue
nesulfonate) (0.90 mmol) and 0.22-g potassium tert-buto
xide (1.80 mmol) were added. The resulting bright yellow
suspension was refluxed at 70°C for 72 h and then cooled
to room temperature and extracted with 35-mL DCM.
The extract was washed 1 = 35 mL with brine, dried over
MgS0y, filtered, and concentrated in vacuo. The crude
product was  purified by volume chromatography
(DCM/EtOAC 10:90), and 0.167-g (29%) product CR (—)
was isolated as white solid. "H-NMR (400 MHz, CD,0D)
& B.O1 (s, 2H), 7.97 (d, J=80 Hz 2H), 7.83-7.72
(m, 4H), 7.53-744 (m, 4H), 7.44-7.35 (m, 4H), 7.25
(ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.11 (d, J = 9.0 Hz, 2H),
3.73 (ddd, 7 = 10.1, 6.3, 48 Hz, 2H), 3.61-3.50 (m, 2H),
3.47-3.37 (m, 4H), 3.36-3.30 (m, 4H), 3.25 (ddd, J = 1.11,
6.6, 2.9 Hz, 2H), 3.16 (ddd, J = 11.1, 5.6, 2.9 Hz, 2H), 3.06
(ddd, J = 106, 5.6, 4.8 Hz, 2H), 293 (ddd, 7 = 11.1, 6.4,
4.8 Hz, 2H) ppm. HRMS (ESI/Q-TOF) m/z: [M + Na'|
calculated for Cy,HyNaO, " 663.2717, found: 663.2739,

246 | (S)(3,3"- diphenyl-1,1"-binaphthyl)-
20-crown-16 (CR (+))

Under Ar atmosphere, to a solution of 0.50-g commenrcially
obtained (5)-3,3-diphenyl-[1,1'-binaphthalene]-2,2'-dicl 56
(114 mmol) in 25-mL dry THF, 0.62-g pentaethylene glycol
di(p-toluenesulfonate) (1.25 mmol) and 0.14-g potassium
hydroxide (250 mmol) were added. The resulting bright
vellow suspension was refluxed at 70°C for 72 h and then
cooled to room temperature and extracted with 35-mL
DCM. The extract was washed 1 x 35 mL with brine, dried
aver Mgs0,, filtered. and concentrated in vacuo. The crude
product  was purified by volume chromatography
(DCM/EtOAe 10:90), and 0.205-g (26%) product CR (+) was
isolated as white solid. "H-NMR (400 MHz, CD.0D) &: 8.01
(s, 2H), 7.96 (d. J = 8.1 Hz, 2H), 7.83-7.72 (m, 4H), 7.53-744
(m, 4H), 7.44-7.36 (m, 4H), 7.25 (ddd, F = 8.2, 6.8, 1.3 Hz,
2H), 7.11(d, J = 8.2 Hz, 2H), 3.72 (ddd. J = 10.1, 6.4, 4.8 Hz,
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2H), 3.66-3.50 (m, 2H), 347-3.37 (m, 4H), 3.36-3.30 (m,,
4H), 3.25 (ddd, J = 111, 6.6, 2.9 Hz, 2H), 3.16 (ddd, J = 111,
5.6, 2.9 Hz, 2H), 3.06 (ddd, J = 106, 5.6, 4.8 Hz, 2H), 2.92
(ddd, 7 = 1L1, 64, 48 Hz, 2H) ppm. HREMS (ESI/Q-TOF)
m/z: |[M + Na'| calculated for CaHyNaO,': 663.2717,
found: 663.2736

25 | Chromatographic conditions
Experiments were performed on Waters Alliance (Waters
Corporation, Milford, MA, USA) instrument equipped
with 2695 separations module, consisting of quaternary
pump, degasser, autosampler, and column heater. Waters
2489 dual wavelength absorbance detector was used for
detection of analytes. The output signal was monitored
and processed using Waters Empower 2 software.

CROWNPAK CR-I (+) and CR-I (—) columns
(3.0 mm [LD.] x 150 mm, 5 pm particle size) based
on 8- and R-(3,3-diphenyl-1,1"-binaphthyl)-20-crown-6
immobilized on silica were purchased from Chiral
Technologies Europe (lllkirch, France). Gradient grade
methanol (MeOH) for LC was obtained from Merck
(Darmstadt, Germany). HPLC grade perchloric acid
(60%) purchased from Fisher Scientific (Loughborough.
Leicestershire, United Kingdom) was used as the acidic
additive with a constant concentration of 50 mM in
maobile phase (corresponding to 0.5% of 60% perchloric
acid to the total volume) to ensure full protonation of the
amino functionalities in studied compounds. Columns
were conditioned with MP for no less than 3 h, prior to every
experiment. Chromatographic muns were performed at a flow
rate of 0.4 mL/min, and the injected volume of tetrapeptide
sample solutions was set at 5 pL. The column oven was
maintained at 25°C, and the UV absorption was measured
at 220 nm.

251 |
solutions

Preparation of tetrapeptide standard

The stock solutions were prepared by dissolving 5 mg of
each compound in 1 mL in methanol, giving a solution
with a concentration of 5 mg/mL. Tetrapeptide 1 and its
structural analogue la-1g standard solutions were pre-
pared by diluting 100 pL of stock solution of each com-
pound in 1 mL of 50-mM HCIO, in MeOH (0.5 mg/mL).

2.6 | Mass spectroscopy

All data were obtained using Waters Synapt G2-Si
(Waters Corporation, Milford, MA, USA) high-resolution

T Chiralicy  RYRTR VS ELE

electrospray mass spectrometer operated in positive ESI
mode. The critical instrument settings that yield adduct
formation include capillary voltage of 3.0 V and source
temperature of 120°C. Desolvation temperature was kept
at 500°C with the desolvation gas flow set to 800 L/h and
cone voltage of —40 V with cone flow set to 100 L/h. Full
scan MS was acquired in the m/z range of 50-1300 Da.
MassLynx 4.1. software with the QuanLynx 4.1. module
(Waters, Milford, MA, USA) was used for data acquisition
and processing.

2.6.1 | Preparation of tetrapeptide—crown
selector MS standard solutions

Four stock solutions for tetrapeptide 1 LiiL/poon enantio-
mers and CR (+) and (—) selectors were prepared by dis-
solving approximately 6.1 mg of the appropriate
tetrapeptide 1 enantiomer and 6.4 mg of CR (+) or (-)
crown selector in 1-mL methanol containing 50-mM
HCIO, with the resulting concentration of 10 mM.
100 pL of the appropriate tetrapeptide 1 enantiomer stock
solution was mixed with 200 pL (to achieve 1:2 stoichi-
ametry) or 500 pL (for 1:5 stoichiometry) of each crown
selector CR (+) or (-) stock, and the mixture was
diluted to the total volume of 1 mL of 50-mM HCLO,/
MeOH. Prior injection, 5 pL of the formed complex
solution was transferred to 1-mL MeOH/0.1% formic acid
(1:1) to create eight MS standard solutions of tetrapeptide
1-crown selector complexes containing 5 pM of each tet-
rapeptide 1 enantiomer, together with the appropriate
crown ether selector CR (+) or {(~) in 10- or 25-uM
range.

2.7 | NMR spectroscopy

NMR spectra were recorded at 25°C on a 400-MHz
Bruker Avance Neo spectrometer (Bruker Biospin Gmbh,
Rheinstetten, Germany) equipped with a 5-mm Double-
Resonance Broadband CryoProbe Prodigy probe using
TMS or the residual solvent peaks as internal reference
{methanol-d,;: 3.31 ppm for 'H nuclei and 49.0 ppm for
YC nuclei). All spectra were processed in MestReNova
v. 12.0.2 (Mestrelab Research).

271 | Preparation of tetrapeptide NMR
standard solutions
The stock solutions were prepared by dissolving 12.8 mg

of CR (+) or (—) crown selector and 12.2 mg of tetrapep-
tide 1 enantiomer in 1-mL methanol-d, containing
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50-mM HCIO, resulting in 20-mM solution. Mecessary
concentrations and ratio for NMR analytical samples
were prepared by pipetting the appropriate amounts of
the studied compounds: 200 pL (for 10-mM sample con-
centration) and 100 pL (for 5-mM sample concentration)
directly to 5-mm NMR tubes and diluting the mixture
with methanol-d, containing 50-mM HCIO, to a total
volume of 400 pL.

3 | RESULTS AND DISCUSSION
31 | Polar organic mode separation of
Tyr-Arg-Phe-Lys-NH; LLiL/poop
enantiomers

In general, retention of primary amino compounds is
achieved through inclusion complexation, driven via triple
"N-H" O hydrogen bond formation between the ammo-
nium ion in the protonated analyte and oxygens of the
crown ether selector.”” From a mechanistical perspective,
retention of a certain chiral analyte depends on its ability
to bind to the chiral selector in the CSP creating transient
diastereomeric complexes. Usually, CSPs are designed to
create a steric environment, where one of the isomers bind
maore favourably than the other. The weaker bound isomer
eludes first, thus allowing us to separate the mixture. An
important variable in chiral recognition is the interaction
medium (mobile phase in LC), where, based on the
solvent nature, mobile-phase modifiers not only compete
for chiral bonding sites with the chiral solutes but also
may alter the steric environment of the chiral selector.

0 CROWNPAK CR-l (-)

We have previously reported’ on Tyr-Arg-Phe-Lys-N
H, tetrapeptide U-shape retention dependency against
organic modifier content in binary MeOH containing
mobile phases with constant HCIO, concentration of
50 mM, ranging from 40/60 to 90/10 (v/v) methanol/
water on CR-1 phases. Thus, as a logical follow-up, we
extended our investigation into how complete removal of
water from the mobile phase would affect the chromato-
graphic behavior of tetrapeptide 1 1LL/DDpD enantiomers
on both CR-1 CSPs by assessing the application of polar
organic conditions (mobile phase: 50 mM HCIO4 in
MeOH: Figure 2).

Decrease in retention of tetrapeptide 1 enantiomers
occurred when MeOH content was first increased from
40 to 70% (Figure S1A for CR-I (+) and Figure S1B for
CR-I (—)). reaching a minimum in the 70% to 80% range.
However, increasing the mobile phase organic modifier
content further (80%-90% MeOH range) leads to a steady
increase in analyte retention pointing toward different
retention mechanisms in aqueous and organic-rich
mobile phases. Analyte retention can be considered as a
function of balance between hydrophilic (dominant in
high organic modifier content) and hydrophobic (at lower
organic madifier concentration) interactions taking place
hetween the chiral selector and the solute, therefore,
based on analyte characteristics and chromatographic con-
ditions, CSPs may act either as reversed-phase (RP) like or
HILIC-like stationary phases.

By switching to polar erganic conditions, it was estab-
lished that tetrapeptide 1 Lii/pooo enantiomer chro-
matographic behavior follows the previously observed
trend and the complete exclusion of water from mobile

> 3
2 @
> 8 T
< 010 b 3
3 8
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{+) {in blue) and (—) CSPs {in red);
Mobile phase: 50-mM HCIO, in MeOH.
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phase has led to even greater analyte retention as well as
the highest enantioselectivity (e; Table 1) with MeOH
containing mobile phases. Moreover, « values steadily
increase with the increase of MeOH concentration in
mobile phase, and it is not affected by the decrease in
retention in the 50% to B0% MeOH range (Figure 51).
This observation might indicate on the complex compet-
ing interaction profiles between the chiral selector and
tetrapeptide 1 enantiomers, based on the mobile phase
composition within the whole studied range.

As a result of the reversed chirality of the selectors in
CR-I C8Ps, tetrapeptide 1 1iiu/popn enantiomers eluted
in the opposite order: poop-1 was eluted first on CR-I
(+) CSP, whereas npon-1 was retained stronger than its
antipode on CR-I (—) CSP (Figure 2). The near identical
I values obtained for Liee-1 and poop-1 {k = 70.7 on CR-I
(+) vs. k = 72.7 on CR-1 (—); Table 2), as well as poop-1
(k=133) on CR-1 (+) and we-1 (k= 13.7) on CR-I
(—) CSP, indicate on similar binding patterns between
the of the stronger formed complexes (larger k values) of
|Li-1-CR-I {+)] and |[poop-1-CR-1 {(—)] and the
weaker complexes of [pooo-1-CR-I (+)] and [Leie-1-C
R-1(-)].

This observation can be particularly useful in cases
where the analyte in its enantiomerically pure form is
much easier accessible than racemate (e.g., amino acids,
peptides, and their derivatives). Considering that other
related compounds may follow similar binding patterns,
retention times obtained from injecting a single enantio-
mer of a chiral compound separately on both CR-I CSPs
with opposite stereochemical configuration can provide
us with useful insight of the chromatographic behavior
for a specific enantiomeric pair (Liiz/ooon in this study).
By assuming that only in the case of enantiomeric resolu-
tion, retention times of single enantiomer observed on
CR-I (+) and CR-I (—) columns, under the same chro-
matographic conditions, would differ from each other

TABLE 1
contents on CROWNPAK CR-I (+) and () CSPs.

(thus, indicating a stereoselective binding), the described
approach also allows us to determine whether a CSFP is
enantioselective toward a specific chiral analyte.”™

3.2 | Employing the opposite chiralities
of crown ether CSPs for evaluation of
chiral recognition

To determine which of the three possible binding sites in
Tyr-Arg-Phe-Lys-NH; (N-terminal a-amino group in Tyr;
e-amino group in Lys and guanidine fragment in Arg,
any of which can theoretically bind to the crown ether
selector) are responsible for tetrapeptide 1 LiL/oeoo chi-
ral resolution, retention behavior of seven tetrapeptide
1 structural analogues 1a-1g (as single enantiomers) was
evaluated, by directly injecting standard solutions on
opposite stereochemical configuration CSPs CR-I (+)
and (—) under polar organic conditions (Figure 3) and
comparing it with the known results obtained for tetra-
peptide 1 Lrie enantiomer. Similar set of experiments was
performed by our group previously,” by studying tetra-
peptide 1 structural analogues la-1g retention behavior
in binary MeOH containing mobile phases, ranging from
40760 to 90/10 (v/v) methanol/50 mM HCIO, in water.
However, we believe that the newly obtained results
under polar organic conditions contain some important
unpublished information that adds to the current under-
standing on tetrapeptide 1 chiral recognition.

Compounds 1a-1g were synthesized with the aim to
systematically exclude potentially interacting amino groups,
while maintaining stereochemistry of the molecule similar
to that of tetrapeptide 1. To exclude N-terminal amino
group in Tyr, chemical structure of tetrapeptide 1 was
altered by introducing 3-(4-hydroxyphenyl) propanoic acid
in Tyr position (compounds la-1d). To avoid the possible
interaction sites in Lys (compounds 1a.1b, 1e, and 1f) and

Obtained retention factors (k) and selectivity (@) of tetrapeptide 1 tiis/noon enantiomers in mobile phases of different MeOH

MeOH (%) in mobile phase®
40 S50 a0 70 20 a0 100
CSP Enantiomer k o k @ k o k o k o k s k o
CRI(+) -l 426 330 224 350 147 3469 129 408 145 437 06 491 T07T 531
moon-1 129 6.4 4.0 iz i3 6.2 133
CR-I(-) -1 131 1l6 64 347 41 3715 32 39l 32 445 65 485 117 53
oopo-1 41.6 221 154 127 14.5 il4 TLT

Nore: Column dimensions: 20 = 150 min; the elutbon tme of the 18t unretalned peak was set as a 1, for each chiromatoegram; temperature: 25°C; flow rate:

d mLfmin.
“Mobile phases conslst of constant 50-mM HC10, by MeOH fwater mixiures.
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TABLE 2 'H chemical shifts (ppm) of pseudoracemic Tyr-Arg-Phe-Lys-NH, (1) tuu/ooen enantiomers in the absence and presence of
CR {+) chiral selector at 25°C in methanol-d, with 50-mM HCIO,.
Residue Atom* Free* [Liie-1-CR (+)]° Abpaay [poDD-1-CR (+)] Abyuenn FT T
Tyr H4 411 4.06 —0.05 410 —0.01 0.04
HS ER ] 292 —0.18 309 —0.01 017
H3" 2485 251 —0.34 282 —0.03 031
HT T.O8 704 —0.04 T07 —0.01 003
HE 6.T6 675 —0.01 674 —0.02 0.01
HI11 676 6.75 —0.01 6.74 —0.02 001
H12 T.O8 704 —0.04 T07 —0.01 003
Arg H16 438 4.38 0.00 438 000 000
H17" 131 179 —0.02 18l 000 0.02
H17" 174 1.70 —0.04 171 —0.03 0.01
HI18 1.62 157 —0.05 16l —0.01 .04
H19 119 315 —0.04 318 —0.01 0.03
Phe H2? 461 4.68 0.07 463 0.02 0.05
H2g' ila in 005 ila 0.03 0.02
H28" 103 .08 0.02 104 0.01 0.01
Hin 730 7.38 005 731 0.01 0.04
Hil T.30 7.35 0.05 731 0.01 004
H32 720 721 0.01 7.200 0.01 0.01
H33 730 7.38 005 731 0.01 0.04
Hi4 T30 7.38 0.05 7.31 0.01 0.04
Lys H38 429 4.30 0.01 428 —0.01 002
Hig" 138 1.78 —0.10 181 —0.07 0.03
H39" 170 165 —0.05 Le4 —0.06 0.01
H40 144 131 —0.13 129 —0.15 .02
H41 167 14 —0.23 Bt —0.29 006
H42 294 2.65 —029 261 —0.13 .04
~see Figure 5.
Aeac-1] = 5 mM.

“The chemical ghifis were based on the spectrum of preudoracemate {LULLDo00
“Oivained by subtracting [oooo-14{CR+)] value from the [L-1-(CR+]] ones.

Arg (compounds 1a, 1d, 1f, and 1g) moieties, these amino
acids were replaced with 6-hydroxynorleucine.

No retention (tp ~ t,) was observed for tetrapeptide
1 structural analogue 1a as the complexation between
primary ammonium ion (R-NH;") of the analyte and
crown ether ring of the CSP in the given case was elimi-
nated by excluding all three NH; groups in the tetrapep-
tide 1 structure. The lack of chromatographic retention
observed for compound 1b suggests that the guanidine
moiety in Arg has no significant effect on tetrapeptide
1 retention or chiral recognition accordingly.

In contrast to 1a and 1b, stronger retention was shown
for compounds 1 (k ~ 8.9; retention factors k of tetrapeptide
1 structural analogues la-1h are summarized in Table 51)

= 1) of 1(5 mM} in the presence of CR (+) (10 mM).

and 1d (k ~ 6.0). Both compounds share a common primary
e-amina group in Lys moilety (Figure 3), able to participate
in hydrogen bonding with the crown ether selector, thus
explaining the observed retention. However, given the simi-
lar retention behavior obtained on both CR-I (+4) and CR-I
(—) columns, it appears that this binding is non-sterecse
lective. Likely, because of the e-amino group being located
four C atoms away from the chiral center, where sterically
bulky aromatic groups in crown ether selectors (Figure 1)
are unable to provide a chiral environment.

A possible stereoselective binding occurred for tetra-
peptide 1 analogues le-1g, where, similarly to tetrapep-
tide 1 enantiomers, different retention behavior on CR-1
(+) and () CSPs was observed for the injected single
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FIGURE 3  Overlay of chromatograms representing retention
profiles of Luie-1 and tetrapeptide stroctural analogues 1a-1g on
CR-I (+) {in blue) and CR-I (-} (in red) columns. Mobile phase:
50 mM HCIO, in MeOH.
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enantiomers. By comparing chemical structures of le-1g
{Figure 3), the presence of N-terminal a-amino group in
tyrosine was found to be the unique feature common in
all three compounds, that way indicating the importance
of this amino group in tetrapeptide 1 LLLL/DDDD enantio-
mer chiral recognition.

Interestingly, out of these three compounds, different
retention behavior can be seen between le (k = (.53 on
CRI (-) and k =328 on CRI (+)); If (k =044
on CR-I (-) and k = 3.15 on CR-1 (+)) and 1g (k = 7.67
on CR-I () and k = 56.2 on CR-1 (+)). where the
apparent introduction of e-amino group in Lys have led
to significant increase in retention, even comparable with
that of tetrapeptide 1 {(k = 1371 on CR-I (-) and
k = 70.8 on CR-I (+)). This observation may indicate a
deviation from the generally acceptable 1:1 stoichiome-
try, meaning that both N-terminal «-amino group in Tyr
and e-amino group in Lys may participate in tetrapeptide
1 chiral recognition.

This hypothesis is further supported by closer inspec-
tion of retention behavior of all Lys residue containing
tetrapeptides rtiee-1, 1e, 1d, and 1g. Based on analyte
retention (6 < k < 14), we can assume that similar
hydrogen bonding pattern through NH," in Lys moiety
occurs for all four compounds on CR-1 (—) CSP. In con-
trast, on CR-I (+) CSP, increased retention (36 < k < 70)
was observed for compounds containing additional active
site - o- NH," in Tyr moiety (in teee-1 and 1g), whereas
only Lys containing tetrapeptide analogues 1c and 1d elu
ted within the same range (ason CR-I(-); 6 < k < 9).

Analysis of tetrapeptide 1 analogue la-1g retention
behavior on CR-I (+) and (-} CSPs indicates that enan-
tioseparation of LiiL/ooon-1 may be achieved because of
the significant differences in binding patterns of each
enantiomer. For the stronger formed [1i1i-1-CR-1 ()]
and [pooo-1-CR-I (—)], complexes, NH, " in Tyr and Lys
moieties may be involved in simultaneous binding with
two crown ether selector molecules, whereas only NH,'
in Lys moiety is responsible for binding (and therefore
retention) of the weaker [ppop-1-CR-I (+)] and [i11-1
and CR-I ()] complexes. To support this theory, further
experiments were performed.

3.3 | High-resolution MS experiments
for tetrapeptide—crown selector complex
determination

In order to confirm whether complexes responsible for chi-
ral recognition of tetrapeptide 1 can be formed outside chro-
matographic column, high-resolution mass spectrometry
(HRMS) operated in positive ESI mode was used. Optically
pure 8- and &-(3,3-diphenyl-1,1"-binaphthyl}-20-crown-6
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(CR (+) and (—) respectively) chiral selectors were mixed
in two-fold (2:1) and five-fold (5:1) excess with the appropri-
ate tetrapeptide 1 enantiomers and injected directly into
mass spectrometer. As shown in Figure 4, the excess of the
crown ether selector corresponds to intense signals at m/z
641 and 663 (for the sodium adduct).

A closer look to the obtained spectra reveals a number
of low abundance signals, from which the most important
can be found at m/z 626 and 631, corresponding to 1:1
and 1:2 complexes between tetrapeptide 1 enantiomers
and crown selectors (Figure 4A). Furthermore, signal
corresponding to 1:3 stoichiometry was observed at m/z
845 (Figure 4B), indicating that in gas phase, crown ether

selector can simultaneously bind to all three amino moie-
ties in tetrapeptide 1 structure. Interestingly, the formation
of all three above-mentioned complexes also occurs for
pono-1 enantiomer upon complexation with CR (+) selec-
tor and further comparison of the intensity ratios for the
formed complexes (Table 52) reveals that ratios between
1:1, 1:2, and 1:3 complexes remain similar irrespective of
the quantity of the crown selector added. This may point
to a different (non-stereospecific) binding pattern in gas
phase than the one observed on LC columns, therefore
limiting the use of this technique to study chiral recogni-
tion. Nonetheless, the use of ESI-HRMS proved the forma-
tion of non-covalent complexes between tetrapeptide

LLLL-1 + CR (+) (1:5) A [14CRe2HP i
[CR+Na]* E‘IDD 623.32:25?.33 1 1 TOFME‘E&S;? :
5 [1+2CR+2H]2" “ ;
100+ 663.3098 s €27 8292 531.9815 :
1 | : 628.3364 BI164T0. | 5323157 H
i 054,247 Lin er o e sk e em e ol
| B [1+3CR+3H*
[CR+H]* 100 845.4084
B‘E‘ 2457418 1: TOF MS ES+
| 641.2980 e
<~ [665.2813 o 8450716 gag o711
1 845.401
] Ir\l 6662846 B | 8w e s e ed”
B i LM RS s e s A A ey s R na s sy naans nana il 11174
600 700 800 900 1000 1100 1200
pooo-1 + CR (+) (1:5) A ;
100, 528 BT 627 3347 pToFMSESs |
" 1 1.60e7 H
663.3187 P ;
100 A : H
00 ] 664.3007 P mr:gaa.“wu 531-5434..531'9%%2.3170 :
1 ' E‘_;E‘_%ﬁ___Q%E____3?‘_3____‘3_2_9____9_5?9____5_32‘____3_-‘?____!’;‘?33____0_3_"-_1‘:
] B
8454038
= 665.2839 " R unorusem,
1 # B45,0850 B4B.0E92
1 641.2975 i ssdote
| Ale283 B (G e W el
0 .,....,.‘.—,....,....,....,...:_._,J:....,....,.. ARBRERRREEnassseaazsnsassnnns sl ]/4
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FIGURE 4 Partial ESI-HRMS spectra of tetrapeptide 1 111 enantiomer upon complexation with CR (+) chiral selector (in five-fold

excess) (top); nooo enantiomer with CR (+) chiral selector (in five-fold excess) {bottom). Mass signals corresponding to 1:1 and 1:2 complex
adducts are represented in cut-out A; mass signals corresponding to 1:3 adduct are represented in cut-out B
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1 and crown selectors as well as provided us with valuable
information on the different possible stoichiometry of
complexes that was used in further research.

3.4 | NMR study of complexation
induced shifts upon enantioselective
binding between Tyr-Arg-Phe-Lys-NH,
enantiomers and crown ether selectors

To study the binding properties of the formed diastereomeric
complexes between synthesized CR (+) and (—) (chiral
selectors in CR-I C5Ps; Figure 1) and the wy/poon
enantiomers of tetrapeptide 1, several 1D and 20 NMR
experiments were carried out. To generate conditions similar
to those used in the chromatographic separations, all
complexation experiments were carried out in 50 mi HCIO,
in methanol-d,, where tetrapeptide 1 pseudoracemate (L
popp = 21 for identification) in its free base form
(preparation procedure in Section 2.1.3) was mixed with
crowm ether selectors CR (+) and (—) in two-fold excess
(Figure 5). Increasing the amount of crown selector, past the
2:1 stoichiometry did not lead to any significant changes in
the observed chemical shifts {Figures 52 and 53).
Tetrapeptide 1 NMR signals (referred to according to
the numbering scheme shown in Figure 5) were assigned
by combination of "H-"H correlation spectroscopy (COSY),

'H-"C heteronuclear single quantum correlation (HSQC),
and heteronuclear multiple bond correlation (HMBC)
experiments (Figures $4-86). Further, complexation-indu
ced shifts of the Tyr-Arg-Fhe-Lys-NH, signals upon enan-
tioselective binding were assessed to discuss the possible
intermolecular interaction profile, leading to the chiral
recognition of tetrapeptide 1 tiw/ooon enantiomers.
Migration of tetrapeptide 1 proton signals, shown in
Figure 5, indicates a successful formation of diastereomeric
complexes between tetrapeptide 1 enantiomers and crown
ether selectors. Upon complexation with CR (+) selector,
tetrapeptide 1 Lii-isomer exhibited greater chemical shift
changes (A8, relative to the free form of tetrapeptide 1)
than its opoo antipode. The opposite behavior was
abserved for CR (—) selector, where. upon complexation,
greater chemical shift changes were shown by opop-L
Muoreover, both obtained spectra (Figure 5) are each other
mirror images, supporting our previous assumption of
identical binding patterns between 1iie-1 and CR (+), and
ppop-1 and CR () selectors and vice wversa, observed
in LC. Therefore, only the case of complexation between
ruie-1 and CR (4) is addressed in the following discussion.
Overlapped signals were assigned with the help of total
correlation spectroscopy (TOCSY; Figure 57) and the 'H
shifts are summarized in Table 2. Pronounced upfield shifts
(negative AS values; ~—0.3 ppm) were observed for H42
proton in tetrapeptide 1 Lys residue for both enantiomers.

HN, e

1+CR(-)

1 contain LLLL + 0000=1 (1)

1+CR(+)

1 contain L, + o001 {21} ‘
|

Rac-1

Jl | l'_" ?I‘J.'l' A

LL NI - ‘E WL WP S

14 92 90 83 BE B4 B2 &0 7B 76 74 72 70 68 6%

FIGURE 5

46 44 42 40 38 35 34 32 10 2B 26 24
4 {pom)

LR 16 L4 13 10

"H-NMR (400 MHz) spectra of free pseudoracemic tetrapeptide 1 (5 mM; tuwooon = 2:1) (bottom); complex with 10 mM

CR (+) (middle), and 10 mM CR {-) (top). All spectra are obtained in methanol-dy containing 50-mM HCIOy. Signal splitting of the Tyr
aromatic protons is highlighted in cut-out A; signal splitting for the o-protons in Phe in Tyr residues are highlighted in B; chemical shift
changes in fi-protons in Tyr residue and Lys e-protons are highlighted in C.
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The shielding effect was the strongest in close proximity to
the e-NH; group and weakened (Table 2, A8 weakens in
order H42 > H41 > H40 = H39" > H39' > H38) as the
chiral center (H38, A& ~ 0, Table 2) was approached. This
behavior indicates on some sort of intermolecular binding,
possibly a hydrogen bonding between tetrapeptide 1 and
crown ether selector. This assumption is supported by older
studies,™ where shielding effect has been observed for amino
acid complexes upon hydrogen bonding with CR (+)
selector. However, according to the near identical proton
chemical shift differences (AAS;,,,, o) ~ 0) of formed com-
plexes between i and poop enantiomers of tetrapeptide 1,
represented in Table 2, it could be speculated that both enan-
tiomers undergo similar {non-enantioselective) hydrogen
bonding pattern between protonated e-NH, group in Lys
moiety and the oxygens of crown ether selectors.

A significant difference (Figure 5C; Table 2) in proton
chemical shifts (AA8g,, quey) Upon complexation between
i and opoop enantiomers of tetrapeptide 1 and the
crown  ether selector was observed for [i-protons HS"
(AASL peny ~ 0.3 ppm)  and  HY  (AASLL, o)
~ 0.2 ppm} in w1 Tyr residue, which, similarly to protons
in Lys moiety, shifted upfield. Weaker upfield shifts for e
enantiomer in presence of CR (+) were also observed in
Tyr a-proton H4 (Figure 5B; A&, = —0.05ppm in
Table 1) and aromatic protons H7 and H12 (Figure 5A;
Afigyyy = —0.04 ppm in Table 2), whereas the same proton
shifts in popp enantiomer Tyr moiety were practically
unaffected (Ady, .. ~ 0 ppm in Table 2). These observations
strongly suggest, that in addition to non-enantioselective
hydrogen bonding between tetrapeptide 1 Lys moiety and
CR (+) selector, a secondary hydrogen bonding interaction
occurs between protonated o-NH, in Tyr residue exclusively
between 111-1 and second CR (+) selector molecule (noon-
1 and second CR (—) selector molecule) that might be
responsible for chiral recognition. This is also in agreement
with the data obtained from chiral separations of tetrapep-
tide 1 and chromatographic behavior analysis of structural
analogues 1a-1g (see Section 3.2).

Minor differences in proton chemical shifts (AAS, . ..
Table 2) upon complexation between LirL and popn enantio-
mers of tetrapeptide 1 and crown ether selectors were also
observed for Phe residue of 1ie-1. However, unlike previ-
ously discussed upfield shifts, induced by hydrogen bond-
ing, weak deshielding (positive Ady,,,,; values in Table 2) of
Phe o-proton H27 (Figure 35B; A#f,,,, = 0.05ppm in
Table 2), [bprotons H28" (A&, ~ 0.02 ppm), H28
(Ady,,, ~ 0.05 ppm), and aromatic H30, H31, H33, and
H34 protons (A&, ~ 0.05 ppm) occur exclusively for tet-
rapeptide 1 11 enantiomer in presence of CR (+) and
likely also contribute to chiral recognition. Based on the dif-
ferent character of chemical shift change, we can speculate
that a different type of intermolecular interaction, possibly

involving n-systems of Phe moiety in LiLL enantiomer and
the aromatics of CR (+) selector, occurs.

4 | CONCLUSIONS

Analysis of tetrapeptide 1 analogue 1a-1g retention behavior
on CR-I (+) and (—) CSPs with 50 mM perchloric acid in
methanol as mobile phase indicates that enantioseparation
of L/ooon-1 may be achieved because of the significant
differences in binding patterns of each enantiomer. Two
amino moieties present in tetrapeptide Tyr and Lys residues
may participate in complexation for the stronger retained
enantiomer, whereas only the amino moiety in Lys may be
responsible for the retention of the opposite enantiomer.
This hypothesis was supported by HEMS experiments,
where adducts corresponding to 1:1, 1:2, and 1:3 complexes
between tetrapeptide 1 enantiomers and crown ether
selectors were observed. Further study by NMR revealed
complexation induced chemical shifts in Lys protons for both
tetrapeptide 1 enantiomers, whereas enantioselective proton
shifts were observed in Tyr and Phe exclusively for coe-1
upon binding with CR (+) selector {(and pooo-l with CR
(—) selector), indicating that these two amino acid
residues contribute to chiral recognition. These data are in
agreement with the obtained LC data and suggest deviation
from the generally acceptable 1:1 stoichiometry in chiral
chromatography.

ACKNOWLEDGMENTS
Studies were supported by the Latvian Institute of Organic
Synthesis internal grants (1G-2021-05 and 1G-2022-08).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ORCID
Toms Upmanis

https://orcid.org/0009-0003-0642-6176

REFERENCES

1. Teixeira I, Tiritan ME, Pinto MMM, Fernandes C. Chiral station-
ary phases for liquid chromatography: recent developments.
Molecules. 2019;24(51:865. doi:10.3390/molecules24050865

2. Chankvetadze B. Application of enanticselective separation tech-
nigues to bivanalysis of chiral drugs and their metabolites, TrAC
Trends Anal Chem. 2021;143:116332. doiz10.1016/ rac. 2021 116332

3. Tong 5. Liguid-liquid chromatography in enantioseparations.
T Chromatogr A. 2020;1626:461345, doi:10.1016/j.chroma. 2020,
461345

4. lanni F, Pucciarini L, Carottii A, MNatalini 5, Raskildina GZ,
Sardella R. Last ten years {2008-2018) of chiral ligand-eschange
chromatography in HPLC: an updated review. S Sep Sci. 2019;
42(1):21-37. doi:10.1002/ jssc. 201800724

124



UPMANIS 1 as.

10,

11

12

13

14,

15

16,

17

18

19.

. Dumitrascuta M. Bermudez M, Ballet 8, Wolber G, Spetea M.

Mechanistic understanding of peptide analogues, DALDA,
[Dmtl]DALDA, and KGOFO1, binding to the Mu opioid recep-
tor. Molecules. 2020;25(9):2087. doi:10. 2390/ molecules2509 2087

. Upmanis T, Kazoka H, Arsenyan P. A study of wirapeptide enan-

tinmeric separation on crown ether based chiral stationary phases. 7
Chromatogr A. M20:1622:461152 dai:1001016/j.chroma 2020461152

. Upmanis T, Kazoka H. Mechanistic insights in chiral recogni-

tion of p-opioid receptor agonist tetrapeptide on crown ether
chiral stationary phase. J Chromatogr Open. 2021:1:100016. doi:
10.1016/j jeoa. 2021100016

. Upmanis T. Kazoka H. Influence of amino acid residue on chro-

matographic behaviour of p-opioid receptor agonist tetrapeptide
analogue on crown ether based chiral stationary phase. J Chro-
matogr A, 2022;1673:463059_ doi:10.1016,j.chroma 2022 463059

. Carenzi G, Sacchi S, Abbondi M, Pollegioni L. Direct chro-

matographic methods for enantioresolution of amino acids:
recent developments, Amino Acids. 2020052(6-71849-862, doi:
10.1007/s00726-020-02873-w

Upmanis T, Kazoka H. Application of commercially available
crown cther chiral stationary phases for separation of tetrapep-
tide stereoisomers. Acta Pharm Hung. 2021;91(3-4):324-325_
doi:10.33892/aph.2021.91(3-4).324-225

Kyba EE, Kenji K, Sousa LR, Siegel MG, Cram DI. Chiral rec-
opnition in molecular complexing. J Am Chem Soc. 1973958 )
2692-2693. doi:10.102 1/jan07E9a051

Avilés-Moreno JR, Quesada-Moreno MM, Lépez-Gonzilez 11,
Martinez-Haya B. Chiral recognition of amine acid enantio-
mers by a crown ether: chiroptical IR-VCD response and com-
putational study. £ Phys Chem B, 2013 117(32):9362-9370. doi:
10.1021/jp4050275

He 1, Zheng Z-F, Zhu ), Guo F, Chen 1. Encapsulation mecha-
nism of oxyresveratrol by f-oyclodextrin and hydrocypropyl-
freyclodextrin and  computational analysis. Molecules. 2007;
22(11)1801. doi:10.3390/molecules22111801

Ma 8, Shen S, Lee H, et al. Vibrational circular dichroism of
amylose carbamate: structure and solvent-induced conforma-
tional changes. Tetrahedron Asymemetry. 2008:19(185:2111-2114.
doi:10. 1016/ tetasy 2008.08.027

Bang E, Jung J-'W, Lee W, Lee DW, Lee W. Chiral recognition
of (18-crown-6-tetracarboxylic acid as a chiral selector deter-
mined by NMR spectroscopy. J Chem Sec, Perkin Trans 2. 2001;
W 9):1685-1692. doi: 101039, b102026i

Yashima E. Yamamoto C, Okamoto Y. NMR studies of chiral
discrimination relevant to the liquid chromatographic enantio-
separation by a cellulose phenylearbamate derivative. J Am
Chem Soc. 1996; 11817 4036-4048. doi: 10,1021/ ja%60050x
Crerwvenka C. Zhang MM, Eshlig H, Maier NM, Lipkowitz KE,
Lindner W. Chiral recognition of peptide enantiomers by cinchona
alkaloid derived chiral selectors mechanistic investigations by lig-
uid chromatography, NMR spectroscopy, and molecular modeling.
T Ovg Chem. 2003,68{22)8315-8327. doi: 101021 0346914
Chankvetadze B. Combined approach wsing capillary electro-
phoresis and NMR spectroscopy for an understanding of enan-
tinselective recognition mechanisms by cyclodextrins, Chem
Soc Rev. 2004;336):337-347. doi:10.1039/b111412n

Fejis 1, Varga E, Benkovics G, et al. Comparative evaluation of
the chiral recognition potential of single-isomer sulfated beta-
cyclodextrin synthesis intermediates in non-agueous capillary

20.

21

22,

23,

24,

25,

26.

27.

28,

T Chirality  MYGPRSVEELL

clectrophoresis. §F Chromatogr A, 2016;1467:454-362. doi:10.
1016/} chroma_2016.07.033

Gerbaux P, De Winter 1, Cornil D, et al. Noncovalent interac-
tions between ([18]Crown-6)-tetracarbosylic acid and amino
acids: electrospray-ionization mass spectrometry investigation
of the chiral-recognition processes. Chem a Eur J. 2008:14(35):
11039-11049. doi:10.1002/chem. 200801372

Schug KA. Maier NM. Lindner W. Deuterium isotope effocts
observed during competitive binding chiral recognition electro-
spray ionization—mass spectrometry of cinchona alkaloid-based
systems. T Mass Spectrom. 2006:41{ 21 57-161. doi:10.1002/jms 953
Czerwenka C, Lammerhofer M, Maier NM, Rissanen K,
Lindner W. Direct high-performance liquid chromatographic
separation of peptide enantiomers: study on chiral recognition
by systematic evaluation of the influence of structural features
of the chiral selectors on enantioselectivity, Anal Chem. 2002;
74(217:5658-5666. doi:10.1021/ac0203721

Magata H, Nishi H, Kamigauchi M, Ishida T. Structural scaffold
of 18-crown-6 tetracarboxylic acid for optical resolution of chi-
ral amino acid: X-ray crystal analyses and energy calculations
of complexes of D- and L-somers of tyrosine, isoleucine,
methionine and phenylglycine. Org Biomol Chem. 2004;2(23):
3470-3475. doi:10.1039/b4094524

Feluso P, Chankvetadze B. Recognition in the domain of
molecular chirality: from noncovalent interactions to separa-
tion of enantiomers. Chem Rev. 2022;122(16):13235-41300. doi:
10,1021 /acs.chemrev. LeD0846

De  Caugquier P, Vanommeslseghe K, Vander HY,
Mangelings I Modelling approaches for chiral chromatogra-
phy on polysaccharide-based and macrocyclic antibiotic chiral
selectors: a review. Anal Chim Acta. 2022;1198:328861. doi:10.
1016/j.aca. 2021 335861

Lingenfelter DS, Helgeson RC, Cram DI, Host-guest complexa-
tion. 23. High chiral recognition of amino acid and ester guests
by hosts containing one chiral element. F Org Chem. 1981;
46(23:393-406. doi:10.1021/jo00315a033

Liammerhofer M. Chiral recognition by enantioselective liguid
chromatography: mechanisms and modern chiral stationary
phasc-s. T Chromatogr A. 2010;1217(6):814-856. dci:ln.lﬂlﬁ,-'j.
chroma 2009.10.022

“Weinstein SE, Vining MS, Wenzel T1. Lanthanide-crown ether
NMR  shift reagents  for
acid esters, amines and amino alcohols. Magn Reson Chem.
1997;35(4):273-280. doi:10.1002/(SICI1097-458X(199704)35:4%
IC2TIAID-OMRTIEIEI0.CO2-C

mixtures  as  chiral amino

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Upmanis T,
Sevostjanovs E, Kazoka H. Chiral recognition
mechanism studies of Tyr-Arg-Phe-Lys-NH,
tetrapeptide on crown ether-based chiral stationary
phase. Chirality. 2024;e23619. doi:10.1002/chir.
23619

125



Promocijas darbs “Hiralas atpaziSanas mehanismu pétjumi Tso peptidu
hromatografiskajai sadalei uz krauna &teru stacionarajam fazeém.” izstradats Latvijas
Organiskas Sintgzes institiita.

Ar savu parakstu apliecinu, ka petfjums veikts patstavigi, izmantoti tikai taja noraditie
informacijas avoti un iesniegta darba elektroniska kopija atbilst izdrukai.

AUtors: T. UPManis .....oououiieieiii i
(personiskais paraksts) (datums)

Rekomendgju darbu aizstavésanai
Vaditaja: Dr. chem. Heléna KazoKa .............cocoiiiiiiiniiiiiiiiieea,
(personiskais paraksts) (datums)

Darbs iesniegts Latvijas Universitates Medicinas un dzivibas zinatnu fakultates Kimijas
nozares promocijas padome

(datums)

Padomes Sekretare: ..........coooviiiiiiiiii i, V. Rudovica
(personiskais paraksts)

126





