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SUMMARY 

Twenty-one analogues of ACTH, three analogues of LH-RH and four insulins 
have been successfully separated on a commercial reversed-phase material with 
tartrate buffer-acetonitrile systems containing sodium I-butanesulphonate and 
sodium sulphate as the mobile phase. The efiect of the constituent amino acid residues 
on the order of elution has been studied in detail by using a variety of closely.related 
peptides; the order of elution of a series of peptides, which differ by only one amino 
acid residue, can in most instances be explained in terms of the difference in the 
hydrophobicities of the amino acid residues concerned, but in some instances, such 
as in diastereoisomers or positional isomers, the order of elution must be interpreted 
in terms of the hydrophobicity of the whole peptide molecule. This chromatographic 
method has been proved to be very useful for the rapid examination of the purity 
of these peptide hormones and for the separation of closely related peptides with 
mOkCUiar weights up t0 CQ. 600. . 

INTRODUCTiON 

A number of papers describing the separation of native and synthetic peptides 
by high-performance liquid chromatography (HPLC) have been published13, but 
there are only a few papers in which the successful separation of peptides containing 
more than nine amino acid residues has been reportcd2g3*6J. We have recently found 
that reversed-phase liquid chromatography can be applied successfully to the separa- 
tion of close!y related analogues of various peptide antibiotics consisting of 8-13 
amino acid residues and a C,-C,, fatty acid attached to the N-terminal g~oup~~‘~. This 
paper describes the separation of larger peptides, including corticotropins (ACTH), 
insulins and their closely related analogues, by use of an. ion-pair reversed-phase 
liquid chromatographic technique_ 

A large number of peptides related to the amino acid sequence of ACTH have 
been synthesized in order to examine the relationships between structures and 

* Present address: Department of Industrial Chemistry, Faculty of Engineering, Kyoto 
ijniversity, Sakyo-ku, Kyoto 606. Japan. - 
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biological activities (e.g., ref. 11). In the present study ACTH-( I-lS)-octadecapeptide 
amide and its analogues were mainly chosen as test samples in order to explore the 
possibility of the separation of closely related peptides. Experiments on the separation 
of a series of analogues, in which a particular amino acid residue was substituted by 
different amino acids, have provided useful information concerning the effect of 
constituent amino acid residues on the order of elution. 

EXPERIMENTAL 

Reagents and materials 
All of the peptides investigated were synthesized in this laboratory, unless 

otherwise stated. The ACTH peptides and their analogues employed were as follows: 
porcine corticotropin (a,-ACTH)“, human corticotropin (a,-ACTH)“, ACTH- 
( l-26)-NH213, ACTH-( l-27)-NHz13, ACTH-( l-l S)-NH21J*15 and three of its i-sub- 
stituted analogues, [Gly’]-16, [BAla’]-*’ and [Aib1]-ACTH-(1-18)-NH218, four 10- 
substituted analogues of ACTH-(l-i8)-NH1lg, @Ala’, Or@]-ACTH-( 1-l 8)-NHzZO, 
[BAlal, D-Phe’, 0rnr5]-ACTH-( l-l 8)-NHzO, [Aib’, Gm*5]-ACTH-(1-18)-NH~o, 
[Gly’, Pro3]-ACTH-(I-18)-NHZzl, [Aib’, Nle’]-ACTH-( I-18)-NHLzl, [Lys3, Ser”]- 
ACTH-( l-l 8)-NHt2’, [Gly’]-ACTH-(l-lS)-NH2 S-oxideZ2, [Ala’*]-ACTH-(l-lO)- 
NHNH2” and [D-Alalo]-ACTH-(l-lO)-NHNH~lg. Most of the structures of these 
above cited peptides are shown in Figs. 1-5. 

Luteinizing hormone-releasing hormone (LH-RH)= was prepared by the 
solid-phase method with benzhydrylamine resir? as support, and its two analogues” 
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=P-AmH= 
H-Ser-Ty~-Ser-~et-Glu-Bis-Phe-~g-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-~g-ELrg-Pro-Val- 

a, -:sY?z I H-Ser-Tyr-Ser-&et-Glu-His-Phe-Arg-Trp-Gly-Lys- Pro-Val-Gly-Lys-Lys-tig-Pro_Val- __ 

21 22 23 24 25 26 27 23 29 30 31 32 33 34 35 36 37 38 39 

aP-AmEz 
Lys-Vrl-Tyr-Pro-~n-Gly-Ala-Glu-~p-G~u-~-Al~-Glu-Ala-Phe-Pro-~u-Glu-Phe-OH 

ch-ACTH: Lys-Va1-~r-Pro-.~n-Gly-Ala-Glu-Asp-G~u-~-Ala-Glu-Ala-?he-Pro-ieu-Glu-Phe-OH 

Fig. 1. Primary structure-s of porcine corticotropin (a,-ACTH) and humancorticotropin (a,ACTH). 

12345678 9 10 11 12 13 14 15 z.6 17 18 
~i-X-Tvr-Ser-Met-Glu-His-Phe-~g-TrD-Gly-Lys-Pro-Val-Gly-Lys-Lys-~g-Arg-NH2 

Peptide* 1 2 3 4 

C"20H x HH CH 
13 

X NH-C-CO NH-&CO NH-&CO 

B :* &I! 

x+$-CO 

C83 

Ser GUY PAla Aib 

*l: ACTH-(l-18)-m2, 2: [Glyl]-ACTH-cl-18)~NH2, 

3: [Bidal]-ACTH-(l-18)~NH2, 4: CAibl]-ACTH-cl-18)-NH2. 

Fig. 2. Structures of l-substituted analogues of A(JTH-(I-IS)-NHr. 
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J_ 2 3 4 5 6 7 8 9 10 11 l2 13 14 I.5 l6 17 18 
lx-ser-Tyr-Ser-Met-G~%FlIis-Phe-Arg-Trp-X-Lys- Pro-Val-Gly-Lys-Lys-_Axg-Arg-NE2 

Peptide* I 5 6 7 8 

X 

H CH 

NfI- A I3 B $3 
-co NH-C-CO NH-C-CO N?&O 

- - - !I i; 

NH-F-CO 

.,CI13 Ca, A A- 

=Y Ala D-Ala Aib BAla 

"1: ACTH-(l-18)'NFi2, 5: ~Ala10J-ACTH-(l-1F)-‘rTR2, 6: rD-Alal'j-ACTY- 

(l-18)-NH2, 7: [Aib10]-ACT&(1-18)-NH2, a: CBA~~~~~-A~TH-(~-~~)-NEI~. 

Fig. 3. Structures of IO-substituted analogues of ACTH-<l-18)_NHr. 

12345 675 9 10 11 12 13 14 15 16 17 18 
B-X-Tyr-Ser-Het-Glu-ais-Y-~g-Tr~-Gly-Lys-Pro-Val-Gly-Z-Lys-~g-Arg-PSEf2 

Peptide* X Y z 

3 BAla Phe CLX; 

9 i3Ala Phe Orn 
- - 

10 pAla D2 Orn 

4 Aib Phe Lp 
- 

11 Aib Phe 0rn 

*3: IBAla1)-ACTW-(1-18)-NHZ, 9: CoAla', OdS+ACTti- (l-18) --NH*, 

10: CBAla', D-Phe', 0rn15J-ACTH-(1-18)NIf2, 4: [Aibl]-ACTH-(l-lS)-NH2, 

11: [Aib', 0rn15]-ACTH-(l-18)-NFi2. 

Fig. 4. Analogues of ACTH-(1-lS)-NH2. 

12345 6 7 8 9 10 11 12 13 14 15 16 17 18 
H-X-~r-y-2-Glu-His-Phe-~~-T~-Gly-W-Pro-V~~-G~y-Lys-Lys-ILrg-krg-P~2 

PeDtidef X Y 2 w 

. 

2 Gly Ser n&z LYS 

12 Gly Pro Met Lys 
- 

4 Aib Ser _ Met Lys 

13 Aib Ser N& LYS 

1 se?& Ser Met Lys 
- 

14 LYS Ser Net Ser 

l 2: CGly1)-A~T~-(1-18)-NH2, 12: [dry', Pro31-ACTH-(l-18)-NH2, 

4: [Aib1]-ACTfi-(l-18)-h~2r 13: [Aib', Nle43-ACTH-(l-18)-NH2, 

1: ACTH-(l-lE)-NH2, 14: CLYSl, ser"]-AcTEi-(l-lS)-~ 2' 

Fig. 5. Amlogue~ of ACT’H-(~-l8~-NH~. 
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1 2 3 a 5 6 7 8 910 
Pyr-His- X-Y-Z -Gly-Leu-Arg-Pro-Gly-tIE2 

Peptide X v z 

LH-RI! TrP ser Wr 

cG1y4, Phe3'5]-LH-F?H Phe Gly Phe 

[Gly'r Phe5j-LH-Ei ==P Gly Phe 

Fig. 6. Analogues of LH-RH. 

were synthesized by the conventional solution method. These are shown in Fig. 6. 
A preparation of LH-RH synthesized by the solution method was also obtained from 
Protein Research Foundation (Osaka, Japan). 

The structures of the four insulins investigated are shown in Fig. 7. Bovine 
insulin was obtained from Calbiochem (San Diego, Calif., U.S.A.). Porcine insulin 
was kindly donated by Dr. M. A. Root of Lilly Research Laboi-atories. These two 
insulins were dezinced and purified on a QAE-Sephadex A-25 column according to 
Schlichtkrull er ~1.‘~. Human insulin”*= and phrBZo]-bovine insulin= were prepared 
by a semi-synthetic method from porcine and bovine insulin, respectively. 

r- s-s -I 
A-Chain: H-Gly-ile-Val-Glu-Gln-Cys-Cys-X-Ser-Y-~s-Ser-~u-~-r_Gln-Le~~~~-~n-~~s-~n-O~ . 

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2p 21 
I 
z 7 

B-Chain: 
1 s 

ri-Phe-Val-Asn-Gln-Sis-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-~a-Leu-~~-~u-Val-Cys-Gly~lu- 
1 2 3 4 5 6 7 I3 9 10 11 12 13 14 15 16 17 18 19 20 21 

Arcj-Gly-Phe-Phe-Tyr-'ihr-Pro-Lys-Z-OH 
22 23 24 25 26 27 28 29 30 

Insulin 
A-Chain B-Chain 

X Y Z 

Huzmn Tiir 1le Thf 

Porcine Thr Ik Ala 

Sovine Alz va1 Al.3 

LT_hPO)-Bovil¶e Ala VA. ?lT:hx 

Fig. 7. Structures of insulins. 

HPLC-quality acetonitrile (Wako, Osaka, Japan) and reagent-grade sodium 
I-butanesulphonate (Eastman-Kodak, Rochester, NY., U.S.A.) were used. Reagent- 

-grade L (t)-tartaric acid (Kanto, Tokyo, Japan) was used as a constituent of the 
mobile phase. Water was purified by means of an idn-exchange column, reverse 
osmosis and finally single distillation_ 

Apparatus 
The apparatus consisted of a Waters Assoc. Model 6000A pump, a Rheodyne 

Model 7120 injector and a Japan Spectrooptics UVIDEC-100 variable-wavelength 
UV detector. The column (20 cm x 4 mm I.D.) was packed with Nucleosil 5C18, 
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particle size 5 ,m~ (Macherey, Nagel.& Co., Diiren, G.F.R.) by the ?ecbQique .+ecom- 
mended by the manufacturer with S&y Solvent B (Macherey, Hag&I & Co.). 

ACFH, LH-M and their anafogues were dissolved in d&i&d water to g&e 
concentrations of 0.1-l mg/mf. Insulins were dissolved in 0.005 M tartrate buffer 
(pH 3.0) to the same concentration. The solutions wece kept at -20” when not iQ use. 
Amol:nts of sanrple injected were usu&y of the order of micrograms, 

AU experiments were carried out at room temperature_ The flow-rate was 
1.0 mt/min throughout and the inlet pressures were MB-2500 p.+., depending oQ 
the content of acetonitrile. The detector was operated at 220 Qm and at ati attenuation 
range of O.OOS-O.002 a.u.f.s. 

The mobile phase was prepared by mixing the following two soltitions in an 
appropriate ratio to obtain a desired content of acetonitrik: solution A, 0.005 M 
tartrate buffer (pH 3.0) containing 0.005 Af sadium E-butanesufphonate and 0.05 M 
&urn sulphate; solution B, a mixture of equal vofumes of acetonitrile and 0.005 M 
tartrate buffer (pH 3.0) containing O.Oi _W sodium I-butanesulphonate and 0.1 1w 
sodium sulphate. The Mobile phase w,~ &zzd through a E- OF O.Epm membrane 
filter and degassed prior to use. The content of aizetonitriEe in the inobile phase Was . 
adjusted in order to control the reteQtioQ tiimes of the samples. The contenti of &et& 
nitrile in the eluting agent are given in the figure captions. _ , :. _. 

RESULTS AND DISCWSSEON 

As shown in Fig. 1, %-ACTS and ah-ACM are both QOQatriaCOQtapeptides 
with molecuEar weights of CQ. 4500. The only structural difGerence between the two 
lies in the amino acid residue in position 31, which is Lea iQ’ s&AClX and Ser in 
a,-PkcTH. The iMp&ZZQt StrQCtud characteristic Of these hOXTQdtieS fdk CfrrOlIIatO- 
graphy is that they have a &ster of basic amino- acid residues in posi&ns 8, IL, 
15-B and 21, whereas no basic amino acid residues are contained in the C-t&@iaf 
half (positions 22-39) of theii moIecuIes_ -. _ ‘. 

Chromatog&ms of synthetic %-ACTH, &&as and & tit&e 5f them are 
given in Fig. 8. The reproducibilities of the pe2k heights dnd‘iretenti& ties~fo~ 
repiicate injections of ideQti&l amo?m% were good provided that the C&Q&X& Gf 
acetonitile .in the mobile phase was strictly con&o&d_ The chromatogra&s -Of 
a,-ACTR and &-Am reveal that the purity of these synthetic hom&Qes iS fairly 
good, if not very satisfactory. A preparation .of natural %-ACEIE puti?& from 
Sigma (Sf. Louis, MO., U.S.A.) was of much lower purity, even-after purific&iOn~by 
carboxymethylcelluEose coEumn chromatogGphy, although the HPLC patter& is II&% 
shown here. .a,-ACTH was eluted’muchmfaster thaQ %,-Am& (Fig. SC). T@isres~~~ 
indicates that the separation of &se two: hormones is at&ibUtZfbb to the differericp: 
by a singie amino acid residue in position 31 between their 39 amino-acid seqie~ces. 
The order of e!ution of a,-ACFH and a,-ACEH a&m with that’ predicted firoQ&x 
dEereme_ between Ser and Leu in- reversed-phase. ctiomatography:, -. _ L ’ 

The hexacbsa- Bnd heptacosapeptides corresp&tding to the : first 26. arid 21 .- 

amino acid r&idues of ACTH had retention t&es of IW and 19.8 tin, respectke~y, 
under the conditions’empfoyed. En this iQs&QCX2 an ad&itional A& r&siduereSuIt& in 
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a6AC-iH 

a,,-ACTH 

I O.ONAU 

I I I t 

0 5 10 1Sti 

Fig. S. HPLC of synthetic ACXHs. A, a,-ACTH (56 yrg); B, c,-ACTH (2.0frg); C, a mixture of a,- 

ACTH and &-ACTH. Content of acetonitrile in the mobile phase: 30%. 

the separation of ACTH-(I-27)-NH, from ACTH-(1-26)-NHz, although the separa- 
tion was not complete_ The content of acetonitrile in the mobile phase used (18 7;) 
was much lower than that used for the separation of a,-ACTH and a,-ACTH. This 
means that the amino acid residues in positions 22-39 make the whole molecule of 
ACTH more hydrophobic than the shorter peptides. 

Chromatograms of a mixture of four l-substituted analogues of ACTH- 
(l-l 8)-NHz are given in Fig. 9. When the acetonitrile content of the-mobile phase was 
17 %, [Gly’]-ACTH-(I-IQ-NH, and [BAla’]-ACTH-(1-i8)-NH, could not be 
separated and only [Aib’]-ACTH-( l-18)-NH1 was completely separated from the 
other three. On reducing the content of acetonitrile to 16 %, a slightly better resolution 
between [Gly’]-ACTH-(l-IS)-NH2 and [j3Ala’]-ACTH-( l-18)-NH, was obtained, as 
shown in Fig. 9B. The structural differences among these four peptides are shown in 
Fig. 2. The main chain in [/3Ala’]-ACTH-(1-18)-NH, is one methylene unit longer 
than that in [Gly’]-ACTH-(I-IS)-NHz. The elution times of these four peptides 
incrased in the order Ser < Gly 2 @Ala 4: Aib with respect to the N-terminal 
residue. This order agrees with that expected from the hydrophobicity of the amino 
acid residue concerned. 

Fig. iOA shows the separation of five lo-substituted analogues of ACTH- 
(1-lS)-NH2 (Fig. 3) with mobile phase containing 18% of acetonitrile. They were 
almost completely separated from one another, except for ACTH-(l-18)-NH2 and 
[Ala”‘]-ACTH-(I-18)-NH2. The last two peptides were well separated, as shown in 
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A [G(y’i-ACW(l-18)-N& 
If3Als’j -ACl-K-(l-lS)-Ny 6 

ACT&(I-IBFNf 

i 

o.oaAu 

WA’)-ACM-(l-18)-N% I Gly’l-AClH-O-W-NY 

O.OXAU 
ACTH-O-W-NY 

1 I 

f I , I 
I , , 

L 

0 5 K) b z#min 
0 l0 20 33 min 

Fig. 9. Chromatogrmns of mixtures of l-substituted analogues OF AC’lTH-(l-lS)-NH2. Content. of 
acetonitrile in the &bile phase: A, 17%; B, 16o/a. [Aib’&ACnt-(1-IQ-NH2 was not injected in 
run B. 

A A 6 
ACW-(I-18WNy 

T 
O.oo(Au 

!, IL 
1 

[o-Ala’q-AClH-(‘-l8tNb 
. 

[Aib'q-AClH-(l-l8)_NY 

JLL. 
I I I t I , , 
0 10 20 mm&_ 0 5 IO 15 M 25 3opomin 

Fig. 10. Cbromatograms of mixturks of lO-substituted analogues of ACTH-<l-lS)-XHz. Content.of 
acetonitrile in the mobile phase: A, 18%; B, 16%. 

Fig. lOl3, when the acetonitrile content of the mobile phase was reduced to 16%. The 
structural relationship between these two peptides may be similar to that between 
[Gly’]-ACTH-(I-IS)-NH, and @Ala’]-ACTH-(I-IS)-NH, (Fig. 9) with respect to 
the extra methylene group which is positioned outside the peptide &ah 
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The chromatogram shown in Fig. IOA reveals two interesting points. One is 
concerned with the separation of diastereoisomers, [Ala”]-ACTH-(l-18)- NH2 and 
[D-Ala”]-ACTH-(1-18)-NH2, and the other with the order of elution of [#?Ala’O]- 
ACTH-( l-1 @-NH,, ACTH-( I-IQ-NH, and [Ala”]-ACTH-(l-l S)-NHz. The former 
will be’ discussed later in comiection with another separation experiment on diastereo- 
isomers. [13Ala’“]-ACTH-(l-lS)-NH, was eluted faster than ACTH-(I-!8)-NH?, 
which has a.glycine residue in position 10, despite the fact that the former has one 
more methylene unit than the latter. This order of elution is reversed in comparison 
with the pair [Gly’]-ACTH-(I-18)-NH, and [j3Ala’]-ACTH-(1-18)-NH2 (Fig. 9). 
This suggests that the order of elution is affected not only by the difference of a 
particular amino acid residue but also by the whole molecule. Insertion of an extra 
goup in an endo position in a peptide causes a so-called “frame shift” and alters the 
steric relations of the side-chains of peptide. This would lead to a significant confor- 
mational change in the molecule, and could be a reason why the addition ofa methylene 
group makes @Ala10]-ACTH-(1-18)-NH, less hydrophobic than ACTH-(1-18)- 
NH?. The difference in the chromatographic behaviours of the two isomers [Ala”]- 
ACTH-!I-18)-NH2 and ~Ala*“]-ACTH-(l-18)-NH, also may not be explained 
solely by hydrophobicity of the residue in position 10. There must be an additional 
effect combined with some conformational difference in the peptides. 

Fig. 11 shows three chromatograms of the successful separation of peptide 
epimers. HPLC permitted for the first time the detection and determination of [Ala*‘]- 

A 

, D-Al&, -AClH-(I-lS)_NY 
95 -75% 

B [Ala’? -AN-(I-10)4UtiNt~ 

I D-Ala’q -AClH-(I-1 CO- 

I NHNy 

t 
O.OO(AU 

I I I 

0 5 10 1Smin 

-I 

Fig. Ii. Separation of some peptide epimers. A, Determination of the content of [Ala”‘&ACTH- 
(l-lS)-NHz in 2 Io-Alalol-ACTH-(l-IS)-NH, preparation_ B, Separation of [AIa’“]-ACTH-(I-lO)- 
NHNH2 and [o-Alalo]-ACTH-(l-lO)-NHNH,. The peak on the shoulder of the [AlaLo]-ACTH- 
(l-lO)-NHNH2 peak is due to an impurity in [Ala’“]-ACXH-(i-IO)-NHNH,. C, Separation of 
@Ala’, D-Phe’, 0m1S]-ACTH-(1-15)-NH1 and j$Ala*, 0m15]-ACTH-(I-18)-NHz. Minor peaks 
other than those of two epimers are due :o impurities present in the UAIa’, D-Phe’, OrrP]-ACTH- 
(l-l&NH2 preparation. Content of acetonitrile in the mobile phase: A. 18%; B, 22.5%; C, 18%. 
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ACTH-( l-l 8)-NH2 in a preparation of [D-Ala”]-ACTH-( l-l 8)-NHL. Thus far, no 
spectroscopic or other chromatographic method has ever been useful for this purpose. 
It seemed likely that the 4-S”/, of [Ala’O]-ACTH-( l-l 8)-NH, found in the [D-AlarO]- 
ACTH-(I-18)-NH, preparation originated from the D-alanine used as starting 
material, because the content of the L-isomer in [D-Ala*“]-ACTH-(l-18)-NH, was 
almost the same as that of r-alanine in the D-alanine used. The different retention 
times observed for [Ala’O]-ACTH-( l-l 8)-N H, and [D-Alalo]-ACTH-(I-l 8)-NH2 in 
Figs. 10 and 11 may be explained as a result of a small change in the acetonitrile 
content of the mobile phase. [Ala’“]-ACTH-(l-10)-NHNH2 and [D-Aialo]-ACTH- 
(I-IO)-NHNH? are intermediates in the syntheses of [Ala10]-ACTH;(l-18)-NHL and 
[D-A~J’~]-ACTH-(I-~~)-NH,, respectively, and the epimeric position is at the C- 
terminal amino acid residue. The acetonitrile content of the mobile phase had to be 
increased to 22.5 “/‘,, as shown in Fig. 11 B, although there are eight less constituent 
amino acids in these epimers than in the octadecapeptides mentioned above. The order 
ofelution of these two decapeptide epimers was similar to that of the octadecapeptides 
derived from these two, i.e., the L-isomer was eluted faster than the D-isomer:. 

[ Gly’] -4CRb(1-18)-Nk$ 

I I 9 I 

5 10 15 20 min 

Fig. 12. Separation of [Gly’]-ACTH-(I-IS)-NH2 and [Gly’, Pro’]-ACTH-(I-IS)-NH?. Content of 
acetonitrile in the mobile phase: 16%. 

The separation of @Ala’, D-Phe’, OrnlS]-ACTH-( l-l 8)-NH,. and VAla’, 
0mx5]-ACTH-(I-I8)-NH2 (Fig. 4) was also possible with 18 % of acetonitrile, as is 
clearly shown in Fig. 11C. In this instance the D-isomer was eluted faster than the 
L-isomer. The DPhe analogue prepared was now found by HPLC to be impure, but 
the impurities could not easily be detected by thin-layer chromatography (TLC) 
with I-butanol-acetic acid-pyridine-water systems as solvent. Peptide epimers 

- The use of a o(-)-tartrate bufier did not alter the order of elution. 
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consisting of more than ten amino acid residues are generally very diEcult to separate 
by other methods. The same kind of separation of peptide diastereoisomers by the 
reversed-phase HPLC has recently been published&. Although the conformational 
differences between these epimers are not known, the easy separation of these epimers 
by reversed-phase chromato_mphy suggests that the replacement of an amino acid 
residue With its optical isomer appreciably affects the molecular conformation even 
if the epimeric position is terminal, because in reversed-phase chromatography the 
hydrophobicity of the molecule is the most important factor governing the order of 
elution. 

[Gly’]-ACTH-(l-IQ-NH, and its 3-substituted analogue (Fig. 5) were 
separated with 18 o/0 of acetonitrile, as shown in Fr,. -m 12. The different retention times 
observed for (GIy’]-ACTH-(I-IS)-NH, in Figs. 9 and 12 may he attributable to a 
smali difference in the acetonitrile content of the mobile phase, as mentioned above. 
Pro substituted for Ser in position 3 is considered to be more hydrophobic than the 
latter_ [Aibr]-ACTH-(l-lS)-NH, and [Aib’, Nle*]-ACTH-(I-IQ-NH2 (Fig. 5) were 
also easily separated under the same conditions and the retention times were 13.2 
and 27.7 min, respectively. The Nle-containing analogue, which was shown to be 
considerably more hydrophobic than the parent peptide, is prepared by the replace- 
ment of sulphur by a methylene group in the 2-methylthioethyl side-chain of Met in 
position 4. 

Attempts were also made to separate two pairs of ACTH peptides, each 
differing by only one methylene group in position 15, IYz., a mixture of [BAla’]- 
ACTH-(l-18)-NHz and [BAla’, 0rn15]-ACTH-(l-18)-NHz and a mixture of [Aib*]- 
ACTH-(l-18)-NH2 and [Aib’, 0rn15]-ACTH-(l-lS)-NH, (see Fig. 4). They were 
subjected to HPLC under the same conditions as above. In both instances, however. 
the f.wo peptides could not be separated even when the content of acetonitrile was 
reduced to 16 %. The retention time of the former mixture was 10.8 min and that of 
the latter was 13.2 min with 18 “/o of acetonitrile. The relationship between the 
4-aminobutyl and 3-aminopropyl side-chains of Lys and Orn is similar to that between 
&4la in vAla’]-ACTH-(l-18)-NH, and Gly in [Gly’]-ACTH-(I-IS)-NH,. The 
mixture of ACTH peptides with Lys and Orn in position 15 was the only example 
that showed no separation under the conditions used. 

The chromatogram shown in Fig. 13 indicates that ACTH-(l-18)-NH1 and 
[Lyss, Ser”]-ACTH-(l-IQ-NH, are separable; the latter has the structure obtained 
by exchanging the. amino acid residues in positions 3 and 11 of the former (Fig. 5). 
The separation of these two isomers cannot be explained in terms of the difierence in 
the hydrophobic properties of their constituent amino acid residues but in terms of 
the difference in their molecular hydrophobicities. 

As ACTH has one Met in position 4 which is liable to be oxidized to Met 
S-oxide (Fig. 1), the S-oxide could be one of the impurities observed in the chromato- 
grams of ACTH analogues. The S-oxide of [Gly’]-ACTH-(l-lS)-NH, was eluted 
much faster than its parent compound, as shown in Fig. 14. Judging from this obser- 
vation the minor peaks observed between 5 and 6 min in Fig. 9A may be assigned to 
the S-oxides. 

There are two methods for the synthesis of polypeptides, the solution and the 
solid-phase techniques. Preparations of LH-RH synthesized by the two methods were 
subjected to HPLC in order to establish whether there are any differences between 
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Fig. 13. Separation of two isomeric octadecapeptides with the same amino acid compositions but 
diRerent sequences. Content of acetonitrile in the mobile phase: 16%. 
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Fig. 14. Separation of [Glyl]-ACTH<l-18~NH2 and its S-oxide. Content of acetonitrile in the 
mobiie phase: 18%. 
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Fig. 15. Chromatograms of LH-RH and analogues. Content of acetonitrile in the mobile phase: 
21%. A, LH-RI-i synthesized by the solid-phase method (1.7 pg); B, LH-RH synthesized by the 
solution method (0.96 pg.); C, a mixture of LH-RH, [GIy’,Phe3*s]-LH-RH and [Glf,PheS]-LH-RH. 

them. Fig. 15A is a chromatogam of LK-RH which was synthesized by the solid- 
phase method and purified very carefully and extensively. Fig. 15B shows an HPLC 
pattern of LH-RH synthesized by the solution method_ 

Fig. 15A shows that the solid phase-synthetic product is of high purity. 
Numerous but small amounts of impurities were detected only when a large amount 

- of sample was injected on to the column. In contrast, Fig. 15B reveals that the product 
of the solution method contains a relatively small number of impurities but their 
amounts are not always small. These observations clearly indicate that in the synthesis 
of peptides with about ten amino acid residues the carefully controlled solid-phase 
method can replace the solution method. However, the biological activities ofimpurities 
are not always proportional to their amounts and it is not easy to judge which method 
is generally better. 

Fig. 15C shows the separation of three analogues of LH-RH (Fig. 6). These 
peptides proved to be very pure compared with the ACTH analogues examined 
above. The order of elution of the three analogues suggests that Trp is more hydro- 
phobic than Phe _ 

Both. bovine and porcine insulins are usually commercially available as 
crystals containing zinc. In this study it was found that an insulin containing zinc and 
the corresponding zinc-free insulin gave identical chromatograms, indicating that the 
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Fig. 16. Chsormtogmms of insulins. Content OF acetotitrile in the mobile phase: 29.2%. A. Bovine 
insulin (Calbiochem, 3 pg); B, purified bovine insulin (3 yg); 62, a mixture of purikd ~Ebovine, 
bovine, human and porcine insulins. 

zinc insulin was dissociated into free insulin under the chromatographic conditions. 
The chromatogram of bovine insulin purchased from Calbiochem (Fig. I6A) showed 
the presence of at least two minor components. Bovine insulin purified on a QAE- 
Sephadex A-25 column (monocomponent in~ulir?~) is shown in Fig. E6;B, wherk the 
insulin is found to be almost free of impurities. Insulins (Fig. 7) consist of two 
peptide chains, the A-chain containing 21 amino acid residues and the B-chain tin- 
taking 30 amino acid residues, connected by two disulphide bridges. Their mokcuIar 
weights are CQ. 6000. Human insulin differs from porcine insulin by. a single amino 
acid residue in position B30. Ala occupies position B30 in porcine insulin, and Thr 

in human hormone. Bovine insulin differs from porcine hormone by two amino acid 
residues on the A-chain. Positions AS and Al0 are the sites of difference; Aia and 
Yal are present in bovine insulin and Thr and Ele are in porcine hormone. Fig. 16C 
shows a good separation of four kinds of pure insulins, mB30]-bovine. bovine, 
human and porcine insulins, thus demonstrating that our HPLC system cam separate 

these closely related polypeptides which di&r from each other by one out of 51 
amino acid residues. Porcine insulin shows a retention time considekly longer &tin 
that of bovine insulin. This seems to be partly due to the difference in hydrophob&ity. 
between the IIe and Val in position Al0 rather than the Thr and Ala in position AS, 
because Thr has an extra methylene group compared w&b Ma, but it also has a 
hydroxyl group. 

The relationship between the orders of elution and structures of peptides have 
been discussed above with reference to each chromatogram. In most chromatograrns 
the order of elution of closely related peptides can be explained-in terms of the 
hydrophobicity of the amino acid residues which lead to differences among these 
peptides. In some instances, however, this interpretation is invalid. For instark 
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[Gly*]-ACTH-(I-I8)-NH, is eluted faster than [BAla’]-ACTH-(I-IS)-NH, (Fig. 9B), 
and this order of elution is reversed with ACTH-(I-IS)-NH2 and [BAlalOEACTH- 
(I-18)-NH, (Fig. lOA). The replacement of one amino acid residue by its enantiomer 
may alter the conformation of the molecule, thus making a large difference in the 
partition coefficients of the epimers (Fig. 11). A pair of peptides such as that shown in 
Fig. 13, with the same amino acid composition but different sequences, should also 
have different conformations and, therefore, may have clif2rent aflinities to the 
stationary phase. 

All ACTH peptides and their analogues investigated were synthesized by the 
solution method and carefully purified by CM-cellulose column chromatography 
and/or partition chromatography. Most of them were found to be homogeneous on 
TLC (see references cited above). In the present HPLC analyses of these peptides, 
however, a few minor peaks other than the main peak were observed in every chroma- 
togrEm, indicating that HPLC is a very useful means for evaluating in 2 short time 
the purity of peptides with molecular weights up to CQ. 6000. In Fhe chromatopms 
the peak areas must be approximately proportional to the amounts of peptides if the 
elution is monitored at 220 nm, because the relative absorbances of a series of 
analogues should be very similar. However, the amounts of samples indicated in the 
figure captions are not very accurate and have not been corrected for the water _ 
content of the samples. Therefore, one should not estimate the absoluFe purity of the 
peptide samples from their peak areas. 

Ion-pair reversed-phase chromatographic conditions were chosen because 
ACTH contains many basic amino acid residues. Simple reversed-phase chromate 
graphic conditions can also be applied to LH-RHs and insulins. In fact, 2 triakyl- 
ammonium phosphate buffer-acetonitrile system has been used successfully as a 
mobile phase for various peptides including LH-RH and insulins. Some other elutjng 
agents, e.g., phosphate buffer (0.01 M, pH 3.0)-acetonitrile and tartrate buffer 
(0.005 1ci, pH 3-O)-acetonitrile, were tested for the separation of insulins, but the 
resolution was poorer than that obtained with the mobile phase used throughout 
this study. It should be noted that the retention times varied considerably unless the 
relative content of acetonitrile in the mobile phase was carefully kept constant, but 
slight changes in pH or the concentration of the buffer were not critical. These 
observations are similar to those reported by RivieP. 

CONCLUSION 

It has been shown that the separation of closely related peptides such as ACTH, 
LH-RH, insulin and their analogues can be effected successfuily by use of 2 chemically 
bonded C,, stationary phase and a mixture of acetonirrile and tartrate buffer con- 
taining sodium 1-butanesulphonate and sodium sulphate as the mobile phase. This 
technique is also very useful for the rapid examination of the purities of peptides. 
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