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ABSTRACT 

The thermodynamic behaviour of three peptides, bombesin, fl-endorphin and glucagon, was studied under reversed-phase high- 
performance liquid chromatographic conditions. Experimental data related to the interactive surface contact area (S values) and solute 
atfinity (log k0) were derived over a range of temperatures between 5 and 85°C. These experimental conditions allowed changes in the 
secondary structure of the solute to be monitored. The influence of the nature of the stationary phase ligand on the relative conforma- 
tional stability of the three peptides was analysed by acquiring data with n-octadecyl silica (C18) and n-butyl silica (C4) sorbents. Values 
for the relative changes in entropy and enthalpy associated with the interactive process were also determined. The results provide 
further insight into the factors involved with the stabilization of secondary structure and the mechanism of the interaction of peptides 
with hydrophobic surfaces. 

INTRODUCTION 

The development of  interactive modes of  chroma- 
tography to investigate the physico-chemical nature 
of  peptide and protein surface interactions has 
advanced considerably over the past decade. These 
powerful techniques have gained wide recognition as 
rapid and extremely useful procedures for eluci- 
dating, in structural and molecular terms, biopoly- 
mer behaviour at liquid-solid interfaces under a 
wide range of  experimental conditions [2-4]. The 
hydrophobic modes of  chromatography,  namely 
reversed-phase high-performance liquid chromato-  
graphy (RP-HPLC)  and hydrophobic interaction 
chromatography (HIC), have especially been used in 
strategies employed for studies of  the mechanistic 
basis of  chromatographic separations. The useful- 

* For part CXIV, see ref. 1. 

ness of  modern LC techniques stems from the ability 
of  the stationary phase ligands to probe the solute 
surface. Different ligands may be employed to 
explore different physical and chemical properties of  
the interfacial region of  the solute recognized by the 
stationary phase. The fact that this approach,  aptly 
coined chromato- topography [5,6], also enables 
kinetic properties of  the solute to be followed thus 
allows insight into the dynamic nature of  the 
protein-l igand interaction. This attribute of  modern 
LC methods with appropriate on-line detection 
systems clearly represents an advantage over many 
of  the conventional techniques such as X-ray crys- 
tallography and other static methods of  spectro- 
scopic measurement hitherto used to evaluate bio- 
polymer-l igand interactions. 

It was postulated 15 years ago [7] that the 
hydrophobic surface in RP-HPLC may be a useful 
probe for investigating amphipathic helices and 
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other helices of biopolymers induced or stabilized in 
hydrophobic environments and the behaviour of 
peptides and proteins at a hydrophobic interface, 
such as a lipid bilayer. This paper examines the 
potential of this technique and the validity of the 
above considerations by examining the thermo- 
dynamic behaviour of three biologically significant 
peptides, bombesin, fl-endorphin and glucagon. The 
secondary and tertiary structures 6f these peptides in 
solution have been characterized [8-13], and each 
contains significant amounts of a-helical structure 
under certain conditions. The relative stability of the 
secondary structure components within these pep- 
tides was studied by varying the temperature and the 
stationary phase composition upon which they were 
allowed to interact in the RP-HPLC mode. 

EXPERIMENTAL 

Apparatus 
All chromatographic measurements were per- 

formed on a Perkin-Elmer (PE) Series 4 chromato- 
graph (Perkin-Elmer, Norwalk, CT, USA) utilizing 
a PE ISS-100 autosampler, PE LC-95 UV-visible 
spectrophotometer and a PE 7500 professional 
computer with CHROM 3 software. All peak pro- 
files were routinely monitored at 215 nm and stored 
on the Winchester disk of the PE 7500 and processed 
simultaneously by a PE LCI- 100 computing integra- 
tor. Further peak analysis was performed using 
software packages included, in the CHROM 3 
framework. Temperature was controlled by either 
immersing the column in a thermostated column 
water-jacket coupled to a recirculating cooler (FTS 
Systems, New York, USA) or by an ICI TC 1900 
column oven (ICI Instruments, Dingley, Victoria, 
Australia). 

Chromatography was performed on Bakerbond 
wide-pore butylsilica and octadecylsilica columns (J. 
T. Baker, Phillipsburg, N J, USA) with dimensions 
of 250 × 4.6 mm I.D. and containing sorbents of 5 
~tm nominal particle size and 30 nm average pore 
size. 

All pH measurements were made with an Orion 
(Cambridge, MA, USA) Model SA520 pH meter. 

Chemicals and reagents 
Acetonitrile (HPLC grade) was obtained from 

Mallinckrodt (Paris, KY, USA) and trifluoroacetic 

acid (TFA) from Pierce (Rockford, IL, USA). Water 
was distilled and deionized in a Milli-Q system 
(Millipore, Bedford, MA, USA). N-Acetyl-L-tryp- 
tophanamide, N-acetyl-L-phenylalanine ethyl ester, 
penta-L-phenylalanine, bombesin and glucagon 
were all obtained from Sigma (St. Louis, MO, USA) 
and were of > 95% purity by RP-HPLC and amino 
acid composition analysis, fl-Endorphin (of purity 
> 95%) was obtained from Organon (Oss, Nether- 
lands) and Sigma; both batches gave identical 
HPLC profiles. 

Chromatographic procedures 
Bulk solvents were filtered and degassed by 

sparging with nitrogen. Linear gradient elution was 
performed using 0.1% TFA in water (buffer A) and 
0.09% TFA in acetonitrile-water (65:35) (buffer B) 
over gradient times of 30, 45, 60 and 90 min with a 
flow-rate of 1 ml/min at temperatures of 5, 15, 25, 
37, 45, 55, 65, 75 and 85°C. Peptide solutions were 
prepared by dissolving the solute at a concentration 
of 0.5 mg/ml in 0.1% TFA and the injection size 
varied between 1 to 5 #g. All data points are derived 
from at least duplicate measurements with retention 
times between replicates varying typically by less 
than 1%. 

The column dead volume was taken as the 
retention time of the non-interactive solute, sodium 
nitrate. Various chromatographic parameters were 
calculated using the Pek-n-ese program [14] written 
in Pascal for an IBM PC, and statistical analysis 
involved ANOVA linear regression analysis. In all 
figures presented, the standard deviations of repli- 
cate experiments were as shown, or smaller than the 
data points. 

RESULTS AND DISCUSSION 

Theoretical background 
The retention of a solute in interactive modes of 

chromatography is dictated by the equilibria estab- 
lished for the distribution of the solute in the mobile 
and stationary phases as described by 

K = [P]s (1) 
[P] m 

where [P]s and [P]m are the concentrations of solute 
in the stationary and mobile phases respectively. 
The dependence of the capacity factor, k', on the 
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chromatographic equilibrium constant, K, can be 
equated to 

k' = ~bK (2) 

where ~ is the phase ratio, that is, the ratio of 
volumes of  stationary to mobile phases in the 
chromatographic bed. 

For  linear gradient elution systems, a mathemati- 
cal model known as the linear solvent strength (LSS) 
model has been shown to provide useful information 
associated with the physico-chemical properties of 
the solute [3,14,15]. 

Under regular reversed-phase gradient elution 
conditions, a linear relationship typically exists 
between the medium capacity factor, log k-, and the 
median organic mole fraction, ~, according to the 
empirical equation. 

log k: = log ko - S~  (3) 

The values of  S and log k0 can then be determined by 
multivariate linear regression analysis of log k vs. 
plots according to eqn. 3. 

The significance of  the slope, S, of log k-vs. q7 plots 
in RP-HPLC resides in its relationship to the 
magnitude of the surface contact area and the 
number of interactive sites established at the inter- 
face between the solute and the stationary phase 
ligands. The S value as evaluated through eqn. 3 can 
be related to the hydrophobic contact area as 
derived from the solvophobic theory [7,16] as fol- 
lows: 

1 2 

NAAh  + 4.836N~(x e - 1)V~(4 ) 
log k' = log ko - 7" 2.303RT 

where AAh is the relative hydrophobic contact area, 
is the mobile phase surface tension, which is 

directly related to the organic mole fraction, if, N is 
Avogadro's number, Vis the mean molar volume of  
the solvent, R is the gas constant and T is the 
absolute temperature. The parameter x is defined as 
the ratio of  the energy required for the formation of  
a cavity with the surface area equal to solute surface 
area and the energy required to extend the planar 
surface of  the liquid by the same area. The value of  
log ko is related to the change in free energy 
associated with the adsorption of  the solute in the 
absence of  organic modifier, and can thus be related 
to the affinity of  the solute for the stationary phase 
at ( = 0 (i.e., initial conditions). 

The determination of  these parameters at differ- 
ent temperatures allows a detailed analysis of  the 
thermodynamic behaviour of  the solute during the 
interaction with the stationary phase. The thermo- 
dynamic equilibrium constants can be equated to 
the overall standard unitary free-energy changes 

0 (AG,sso¢) associated with the transfer of  the solute 
from the mobile phase to the stationary phase, such 
that 

0 AG ..... 
log K = (5) 

R T  

Solute retention under equilibrium binding condi- 
tions can therefore be described as 

log~  -- A/'/~s~oc A S~sso¢ 
R T  + ~ + log ~b (6) 

where d/-/~oc and A S~so¢ are the changes in enthal- 
py and entropy, respectively, for the association 

TABLE I 

PHYSICAL DATA FOR THE SOLUTES STUDIED 

Solute Sequence d Molecular 
weight 

N-Acetyltryptophanamide N-Ac-W-NH 2 230 
N-Acetylphenylalanine ethyl ester N-Ac-F-OEt 210 
Pent a-L-phenylalanine H2N-FFFFF-OH 760 
Bombesin H 2N-XQRLGNQWAVGHLM4)H 1640 
f l - E n d o r p h i n  H2N-YGGFMTSEKSQTPLVFKNAIIKNAYKKGE-OH 3470 
Glucagon H 2N-HSQGTFTSDYSKYLDSRRAQDFVQWLMNT--OH 3520 

" Ac = Acetyl. 
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process. The A/at~,~so~ and A~,~o¢ values can then be 
derived from the slope and intercept values deter- 
mined by regression analysis of  Van 't Hoffplots  (i.e. 
log Kvs. l/T). Linear relationships in such plots are 
generally obtained for small organic molecules with 
no significant secondary or tertiary structure. How- 
ever, the interactive surface of  a peptide or protein 
solute in RP-HPLC will consist of  sequentially and 
non-sequentially linked amino acids brought to- 
gether spatially as a result of the secondary or 
tertiary constraints of  the solute structure, For 
solutes with well developed secondary structure, 
chromatographed over a wide range of tempera- 
tures, significant deviation from linearity has been 
observed in Van 't Hof f  plots [3]. This behaviour 
is a result of  temperature-induced conformational 
changes which affect the molecular composition of 
the interactive surface of  the solute and will there- 
fore be reflected in both the retention behaviour 
of  the solute and the thermodynamic parameters 
derived from Van 't Hof f  plots, 

Dependence of  S and log ko on temperature 
The retention behaviour of  a range of peptide 

solutes with known a-helical structure [8-13] was 
studied to provide further information on the fac- 
tors which influence the chromatographic behaviour 
of  peptides and proteins. The gradient elution 
behaviour of  two amino acid derivatives, N-acetyl- 
t ryptophanamide and N-acetylphenylalanine ethyl 
ester and four peptides, penta-L-phenylalanine and 
the peptide hormones bombesin, /~-endorphin and 
glucagon, was measured under a range of experi- 
mental conditions. The molecular weights and se- 
quences of  these solutes are summarized in Table I. 

As solution conformation is substantially influ- 
enced by environmental temperature, and can be 
generally perturbed within the temperature range 
available in chromatographic studies, the influence 
of  temperature on the RP-HPLC behaviour of  these 
peptides was studied. Gradient  elution data were 
accumulated at gradient times between 30 and 90 
rain at a flow-rate of  1 ml/min and at temperatures 
ranging between 5 and 85°C. In order to study the 
influence of  different hydrocarbonaceous ligands, 
samples were chromatographed on C4 and C~8 
silicas. Plots of log k-vs. ~ were used to derive S and 
log ko values for each solute and the temperature 
dependencies of  these values are represented graph- 
ically in Figs. 1-5. 
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Fig. l. Top, dependence of S values on temperature for the 
control solutes (@) penta-L-phenylalanine, (O) N-acetylphenyl- 
alanine ethyl ester and ( ck ) N-acetyltryptophanamide chromato- 
graphed on the C~s stationary phase. Bottom, dependence of log 
ko on temperature for the same solutes chromatographed on the 
C~s stationary phase. 

N-Acetyltryptophanamide, N-acetylphenylala- 
nine ethyl ester and penta-L-phenylalanine were 
chromatographed as control solutes. These solutes 
are small molecules with no secondary structure. 
Changes in retention behaviour over the tempera- 
ture range studied will therefore not be related to 
conformational changes in the interactive structure. 
N-Acetyltryptophanamide was only retained on the 
Cls  stationary phase. These three solutes on the Cls  
stationary phase had essentially constant S values 
over the range of  temperatures examined and the 
corresponding affinity (log k0) demonstrated a 
constant or small uniform decrease in value with 
increases in temperature (Fig. 1). Similar trends in 
the temperature dependencies of  the S and log k0 
values were also observed for these solutes when 
chromatographed on the C4 phase, as depicted in 
Fig. 2. However, the magnitude of the affinity of  the 



HPLC OF AMINO ACIDS, PEPTIDES AND PROTEINS. CXV. 107 

1 0  

.._o._..-o 

2 i . i . i i i i i i 

4 . 0  , , , , , , , 

3 . 5  

3 . 0  

o 

° = 2.5 
_ i  

2 . 0  

1 . 5  

1 . 0  

- "--------e----~NN, x ° 

,', ;o :0 5'o ;0 7'0 ;0 , 0  

Temperoture ( o c )  

Fig. 2. Top, dependence of S values on temperature for the 
control solutes (e)  penta-L-phenylalanine and ((3) N-acetyl- 
phenylalanine ethyl ester chromatographed on the C4 stationary 
phase. N-Acetyltryptophanamide was not retained at high tem- 
peratures on this phase. Bottom, dependence of log k0 on 
temperature for the same solutes chromatographed on the C4 
stationary phase. 

control solutes chromatographed on the C~s sta- 
tionary phase was generally higher than that on the 
C4 stationary phase. Thus, for these solutes chroma- 
tographed over a wide range of  temperatures, the 
two stationary phases behaved as would be empiri- 
cally predicted on the basis of  the relative hydro- 
phobicity of  the ligands when conformationally 
rigid solutes are chromatographed.  It  would also 
appear that similar interactive regions are involved 
in the interaction between the control solutes and the 
two stationary phase types, which is reflected in the 
similar magnitude for the derived chromatographic 
S-values for both the C~s and C4 phases. 

As these control solutes are small organic mole- 
cules, the results in Figs. I and 2 represent the degree 
of  change in S and log ko which would be expected 
for solutes which undergo no structural perturba- 
tion with increased temperature. Penta-L-phenyl- 
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Fig. 3. Top, dependence ofSvalues on temperature for bombesin 
chromatographed on the ((3) C18 and (e) C4 stationary phases. 
Bottom, dependence of log ko on temperature for bombesin on 
these two stationary phases. 

alanine displays some minor fluctuations with tem- 
perature, as would be expected for a molecule of  
greater conformational flexibility. However, similar 
S values were obtained with both C4 and Cla 
ligands. Moreover,  these solutes represent useful 
probes for the changes in n-alkyl ligand structure 
which may occur at different temperatures. 

Fig. 3 illustrates the relationship between S values 
and temperature for bombesin on the two different 
stationary phases studied. A transition at ca. 25°C 
corresponding to two different interactive structures 
with high and low contact areas was observed on the 
Cla phase. The affinity vs. temperature plot (Fig. 3) 
also indicates a similar transition with significantly 
elevated log k0 values in the 5-25°C range for 
bombesin on the C18 phase. Thus, at higher temper- 
ature, bombesin is interacting through a much 
smaller proport ion of  its molecular surface area and 
with a diminished affinity. 

In contrast to the Cls  phase, bombesin shows 
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Fig. 4. Top, dependence of S values on temperature for /~- 
endorphin chromatographed on the (©) C18 and (0) C4 
stationary phases. Bottom, dependence of log ko on temperature 
for/~-endorphin on these two stationary phases. 

marked increases in S value on the C4 phase at 
temperatures above 50°C, which coincided with a 
decrease in affinity for this region of temperature. 
This result implies that whilst a larger surface area is 
exposed by bombesin to the C4 ligands at these 
higher temperatures, the affinity of  the peptide for 
the sorbent at high temperatures is lower than when 
the solute exists with a more compact  interactive 
structure at the lower temperature range. These 
observations suggest that at higher temperatures 
bombesin presents a more diffuse surface distribu- 
tion of  hydrophobic amino acids to the probing C4 
stationary phase ligands. 

The relative changes in affinity and chromato-  
graphic contact area with temperature for bombesin 
are much greater compared with the control solutes. 
In particular, on the C~8 phase, the S value for 
bombesin changes from 12.5 to 7.0 at ca. 25°C, 
whereas the S value for penta-L-phenylalanine re- 
mained constant. The results for these two solutes 
chromatographed on the C4 phase indicate an 
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Fig. 5. Top, dependence of S value on temperature for glucagon 
chromatographed on the (©) C18 and (e)  C4 stationary phases. 
Bottom, dependence of log ko on temperature for glucagon on 
these two stationary phases. 

opposite trend, where at temperatures below 50°C 
similar S values are observed both for penta-L- 
phenylalanine and bombesin, but at the higher 
temperatures significantly higher S values and hence 
contact areas are observed for bombesin. Penta-L- 
phenylalanine also had a relatively constant S-value 
over the temperature range investigated on the C4 
phase. 

The affinity values also reflect these differences 
in chromatographic behaviour between penta-L- 
phenylalanine and bombesin. On the C~s phase, 
bombesin has a lower affinity compared with the 
control solute at high temperatures, whereas similar 
values for both solutes are observed at the low 
temperatures. Penta-L-phenylalanine demonstrated 
a small but uniform decrease in affinity with in- 
creasing temperature, whereas transitions were ap- 
parent for bombesin. Comparison of log ko values 
determined for both solutes on the C4 phase indicate 
that bombesin has overall lower affinity values than 
the control solute over the temperature range stud- 
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ied, but both solutes demonstrated a uniform de- 
crease in affinity with temperature. These significant 
changes in chromatographic behaviour of bombesin 
are consistent with changes in the interactive struc- 
ture of bombesin relative to penta-L-phenylalanine 
and the other control solutes. Hence it appears that 
bombesin adopts, in the presence of n-alkyl ligands, 
some degree of secondary structure, which may be 
helical as bombesin is known to possess an ~-helical 
structure in hydrophobic conditions [8,9]. 

The differences in the behaviour of bombesin on 
the C4 and C18 stationary phases also indicates that 
the two structurally disparate ligands are either 
probing different areas of the solute surface or that 
bombesin adopts a different structure in the pres- 
ence of the two ligands. The difference in dynamic 
behaviour of the two stationary phases is well 
documented [17,18], with the C4 ligands tending to 
be more sterically rigid than the C18 ligands, which 
have the potential to self-associate owing to their 
higher degree of flexibility. The C4 stationary phase 
has been described as a "picket-fence" with C4 
ligands projecting away from the silica surface [19] 
into the mobile phase whereas the C18 stationary 
phase comprises a "lawn" of alkyl chains forming a 
hydrophobic surface that coats the silica particles. 
Other workers have shown that transitions occur in 
the structure of longer chain alkyl ligands. These 
phase transitions have been shown to cause non- 
linear relationships between solute retention and 
temperature. Gilpin and Squires [20] studied phase 
transitions for Ca-, C9- and C~o-alkylsilicas and 
determined phase transition temperatures of ca. 40, 
50 and 60°C, respectively. The temperature incre- 
ment of 10°C in the phase transition with each 
additional methylene group added suggests that the 
theoretical transition for the C~8 stationary phase 
would be well outside the experimental temperature 
range utilized in this study, and that changes in the 
ligand structure do not account for the observed 
changes in retention behaviour of bombesin. 

Jinno et al. [21] recently conducted a study on a 
series of polymeric C~8 stationary phases and ob- 
served a non-linear retention dependence on temper- 
ature for planar polycyclic aromatic hydrocarbon 
solutes for some of the stationary phases investi- 
gated. This retention behaviour was attributed to 
changes in the ligand structure between 40 and 50°C. 
Although this transition range is not in accordance 

with the work of Gilpin and Squires, different 
solvent systems were employed. Jinno et al. [21] used 
an organic solvent system of methanol-dichloro- 
methane (80:20, v/v), whereas Gilpin and Squires 
used a totally aqueous system. 

Although it is possible that a phase transition may 
occur in the experimental temperature region used in 
this study, several observations suggest that this 
phenomenon does not significantly influence the 
retention behaviour of the solutes employed in this 
study. First, a linear dependence of the derived 
retention parameters on temperature was obtained 
for the control solutes, which strongly suggests that 
should changes occur in the structure of the station- 
ary phase ligand, they are not responsible for the 
observed peptide transitions. Additionally, of the 
peptides studied only bombesin shows a significant 
transition in S value on the Cls stationary phase. 
Hence, if a significant change occurred in the 
structure of the ligand, it should be manifested in the 
retention properties of all solutes. These observa- 
tions strongly suggest that the observed non-linear 
temperature dependence of the derived retention 
parameters is due to solute-specific structural 
changes and not phase transitions of the immobi- 
lized ligands. 

The dependence of S and log ko on temperature 
for the two larger peptides, fl-endorphin and glu- 
cagon, on the C18 phase are shown in Figs. 4 and 5, 
respectively. The behaviour observed on the C18 
phase for both fl-endorphin and glucagon indicates 
a gradual increase in chromatographic S value with 
increasing temperature. The magnitude of this 
change was smaller than that observed for bombesin 
(Fig. 3) with the same phase. The plots of log ko vs. 
temperature indicate a small, uniform decrease in 
affinity between fl-endorphin or glucagon and the 
Cls phase over the temperature range examined. 

For both fl-endorphin and glucagon on the C4 
stationary phase, a sharp decrease in S values 
between 50 and 85°C was observed (Figs. 4 and 5 for 
/~-endorphin and glucagon, respectively), as op- 
posed to bombesin, which underwent a rapid in- 
crease in S value over this temperature range. This 
decrease in chromatographic contact area for both 
of these solutes also corresponded to a large decrease 
in affinity (Figs. 4 and 5), which is consistent with a 
decrease in the number of amino acid residues 
participating in the interaction at these higher 
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TABLE II 

GIBB'S FREE ENERGY CHANGES FOR THE SOLUTES STUDIED ON BOTH PHASES 

Temperature 
(of) 

Change in Gibb's free energy (AG°ssoc) (kJ mol-  1) 

Bombesin fl-Endorphin Glucagon 

C18 C4 C18 C4 C18 C4 

5 --9.4 --6.6 -12 .9  -17 .2  --12.2 -15 .7  
15 -10 .3  - 5 . 8  -12 .2  -12 .3  - t 2 . 1  -12 .3  
25 -8 .3  --5.7 -13 .8  -15 .6  -13.3  -15.1 
37 - 6 . 8  -6 .1  -13 .7  -13 .6  -12 .9  --13.7 
45 -7 .1  --5,5 -14 .8  -12 .7  -14.1 -12 .7  
55 - 6 . 4  --5,8 -14 .5  --16.0 -13 .7  -15 .0  
65 - 6 . 7  --6.4 -14 .6  -12 .2  --13.9 -12.1 
75 - 6 . 3  - 6 , 9  -14 .5  --9.9 -14 .5  -10 .2  
85 - 6 , 5  --4.2 --14.5 --7.7 -13.1 -7 .3  

TABLE III 

CHANGES IN ENTHALPY A N D  ENTROPY FOR THE SOLUTES STUDIED 

Solute qY C 18 -silicaa Ca-silica ~ 

(kJ tool -1) (J mo1-1 K -1) (kJ tool -1) (J tool -1 K -1) 

N-Acetylphenylalanine ethyl ester 0.1 - 5.4 - 5.9 - 4.6 - 5.3 
0.3 - 6 . 0  -14 .7  - 8 . 4  -25.3  

N-Acetyltryptophanamide b 0.1 - 8.2 - 20.7 
0.3 -12 .2  -45 .0  

Penta-L-phenylalanine 0.1 -- 5.8 -- 7.7 -- 8.6 -- 5.0 
0.3 --5.1 7.3 --7.9 --17.0 

Bombesin 0.1 9.85-1 s 58.6 
-36.315-37 -102.1 - 5 . 6  -4 .5  
--11.045-8s --19.1 

0.3 1.05-ss 6.2 -- 1.8 ~'-~5 - 5 . 2  
- -  16.865-85 --47.5 --29.945-ss --94.4 

fl-Endorphin 0.1 - 0 . 8  T M  30.7 _15.625 55 -18 .3  
- 15.845-85 - 16.0 -69 .4  $5-85 - 180.0 

0.3 - 5 . 0  T M  -7 .3  - 5 . 9  T M  -15 .2  
--27.24s-85 --82.4 

--14.445-85 --36.6 _17.855 8s --4.8 

Glueagon 0.1 -- 1.9 T M  26.1 --39.925-45 --97.6 
--17.0 '~5-8s --23.7 --65.65s-85 --169.0 

0.3 --7.2 T M  -13 .0  -1.715-25 2.1 
-- 15.925-75 --45.4 

- -  18.245-85 --47.4 4.3 vs-s5 12.6 

a Superscripts denote the temperature region (°C) of the Van 't Hoff  plot used to derive the corresponding parameters. 
b N-Acetyltryptophanamide was not fully retained over the temperature studied on the C4 stationary phase. 
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temperatures. As the compositional properties of 
the interactive region will determine both the affinity 
and the magnitude of the contact area for a particu- 
lar solute, the results of this study suggest that the 
changes in retention behaviour with increasing 
temperature for these three peptidic solutes are due 
primarily to the conformational changes. These 
conformational changes over the temperature range 
investigated will in turn dictate the accessible inter- 
active surface that will be presented to the probing 
stationary phase ligands. 

Dependence of thermodynamic parameters on tem- 
perature 

Consideration of the thermodynamic parameters 
underlying the biomolecular structural characteris- 
tics [22] of peptide and protein-surface interactions 
provides further insight into the chromatographic 

A Ga~oc were calculated at the process. Changes in o 
individual temperatures from log ko values accord- 
ing to eqn. 5. As adsorption is a favourable process, 
the derived o A Ga,~oc values which are given in Table II 
are all negative. Van 't Hoffplots (log Evs. l/T) were 
also examined in order to derive the changes in 
enthalpy (A/-/~o=) and entropy (AS~o¢) for the 
association process by regression analysis of the 
dependence of log k- on 1 / T (as described by eqn. 6). 
In order to assess the influence of the organic 
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Fig. 7. Van 't Hoffplot for p-endorphin chromatographed on the 
( V , • )  C4 and ( © , • )  C18 stationary phases at the two log k- 
values (i~ = 0.1 and 0.3, closed and open symbols, respectively). 

modifier concentration on the structure of the solute 
and on the interactive process, log E values extrap- 
olated from two different regions of the retention 
plots (log k-vs. if) were examined. Log E values 
extrapolated to ff = 0.1 and 0.3 were determined 
and the corresponding A S~ssoc and A/-/~ssoc values are 
given in Table III. 

Van 't Hoff plots for bombesin,/~-endorphin and 
glucagon are shown in Figs. 6-8. Non-linear rela- 
tionships were found to exist for the three large 
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Fig. 8. Van 't Hoff plot for glucagon chromatographed on the 
(~7,V) C4 and ( (3 ,0 )  Cls stationary phases at the two log k- 
values (ff = 0.1 and 0.3, dosed nd open symbols, respectively). 
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peptidic solutes. This result is in contrast to the Van 
't Hof f  plots for the control solutes, which generally 
gave linear relationships for both stationary phases 
examined (data not shown). The non-linear be- 
haviour of  the larger polypeptides correlates with 
changes observed for these solutes in retention 
parameters discussed in the previous section, and 
also provides further support for the existence of 
conformational changes that occur during chroma- 
tographic migration. 

Two important generalizations about the entropy 
of the interactive process can be made [3], namely 
that positive values for the change in entropy for the 
association process (AS~s~oc) indicate an increase in 
the total disorder of  the system during adsorption, 
whereas it is inherent in the corollary that negative 
values of  AS°sso¢ indicate an increased ordering of 
the system during adsorption. For the control 
solutes N-acetylphenylalanine ethyl ester and N-acet- 
yltryptophanamide, negative values for AS°~.~o~ were 
obtained for both stationary phases and at both 
extrapolated values of log /~. This result can be 
interpreted as an overall ordering of the system on 
interaction with the stationary phase, reflecting a 
solute that is less flexible when bound to the 
stationary phase than when it is in the mobile phase. 
In addition, values of A S°~oc for log k at @ -- 0.1 are 
less negative than those at ( =  0.3. This result 
indicates that the solutes are more flexible in mobile 
phases containing organic solvents than in more 
aqueous solutions, which in turn suggests that they 
interact more readily with the organic solvent mole- 
cules than with the water molecules. This conclusion 
forms the basis of  the solvophobic mechanism 
underlying retention in RP-HPLC and is also con- 
sistent with the observation that at ( = 0.3, lower 
log k~ values are obtained. As a result of this 
behaviour, the solute will be less constrained and 
the total system will be more disordered, thus 
accounting for the more negative AS~°s~oc values at 
log ~: with ( = 0.3. 

The same trends are evident for penta-L-phenyl- 
alanine, where negative A S~s~oc values were observed 
for all conditions except on the Cls phase at log ]~ 
( ~ 7 -  0.3). A small positive AS~a~o~ value was 
observed under the latter conditions, indicating a 
possible disordering on binding to this stationary 
phase at the high organic solvent concentration. 
This result reflects a more rigid solution structure in 

comparison with the bound molecule, suggesting 
that some form of  conformational change on asso- 
ciation with the stationary phase may occur. 

Bombesin on Cls phase. Fig. 6 displays the Van 
't Hof f  plots for bombesin chromatographed on 
both stationary phases at the two extrapolated 
values of log k-. Changes in enthalpy and entropy for 
the interactive process are given in Table III. 
Negative AI4~,ssoc values were generally observed for 
all solutes and indicate that heat is liberated on 
adsorption of the solute on the stationary phase. 
These decreases in enthalpy are presumably related 
to the changes in solvation of  the solute and the 
corresponding changes in solvation energies for the 
melted structure. 

Two opposing processes may contribute to a 
change in disorder or entropy on denaturation of  the 
solute. First, the perturbation of secondary structure 
requires increased solvation of the newly exposed 
atoms which originally formed the "internal 'core.  
These atoms, previously involved in intramolecular 
interactions, would not have been solvated prior to 
the thermal disruption of  the solute. This solvation 
would in turn cause a corresponding decrease in 
entropy of  the desorbed state, owing to the de- 
creased number of free solvent molecules. However, 
this process will be compensated for by an increased 
disordering of the unbound system due to the 
increase in the conformational repertoire of  the 
more flexible peptide. Thus, on interaction with the 
stationary phase, increased ordering would be appar- 
ent owing to the more static nature of the bound 
peptide and the conformational restraints conferred 
by the interactive process. This interactive process 
would then be expected to yield overall negative 
AS~,ssoc values and is represented schematically in 
Fig. 9. 

Analysis of the Van 't Hof f  plot for bombesin at 
qY -- 0.1 chromatographed on the Cls phase reveals 
a curvilinear dependence corresponding to three 
apparently linear temperature ranges, 5-15, 15-37 
and 45-85°C, with a transition around 25°C. This 
transition correlates with the observed decrease in 
contact area noted earlier. At low temperatures, 
AS°ssoc was found to equal 58.6 J mol -  ~ K -  1 which 
then decreased significantly to - 102.1 J tool- ~ K -  
over the transition range. At high temperatures a 
value of  -19 .1  J tool -~ K -1 for AS~,~oc was 
obtained. These AS~,,.,oc changes reflect an initially 
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Fig. 9. Schematic view of the thermodynamic considerations 
involved in the interctive process of a polypeptide, with and 
without a well developed secondary structre, interacting with a 
hydrocarbonaceos ligand. In (A), the solute molecule has a rigid 
solution structure, which on interaction with the stationary phase 
undergods conformational changes that cause disordering of the 
solute molecular population, resulting in a small positive value 
for the change in entropy (dS°~oc.). Alternatively, the rigid 
solution structure may become slightly more constrained, thus 
yielding a small negative value of AS°~soc. In (B), polypeptide of 
random solution structure binds to the stationary phase. This 
induces a more constrained conformation on the solute molecular 
population, which in turn causes an increase in ordering of the 
system, leading to a large negative value of AS~soc. 

rigid solution structure that becomes more dis- 
ordered on interaction with the stationary phase at 
low temperatures (5-15°C). The difference between 
the entropy of  the bound and unbound states is 
much larger at the transition temperature (15-37°C) 
than at the lower ( < 15°C) and higher temperatures 
(>37°C).  These results are consistent with the 
peptide existing as a much more flexible molecule in 
the transition range, and remaining flexible at the 
higher temperatures. It  is interesting that the 45-  
85°C region yielded a smaller negative AS~s~o¢ than 
the transitional region, indicating that  the molecule 
is still more flexible in solution than when bound, 
but at these temperatures either the conformational  
repertoire is restricted to a smaller population or the 

elevated temperatures cause a more rapidly "time- 
averaged" structure to be observed. Here the differ- 
ence in the entropy of the bound structure and 
solution structure would not be large owing to the 
rapid conformational  interconversions occurring to 
both the sorbed and desorbed states of  the molecule 
at these temperatures. 

The Van ' t  Hof f  plot for bombesin derived from 
log k-values at ~ = 0.3 on the C18 phase demon- 
strates a biphasic relationship, with two distinct 
regions within the curve. These regions correspond 
to segments at 5-55 and 65-85°C, with an apparent  
transition around 60°C. The AS~ssoc values derived 
f rom these two regions were 6.2 and - 4 7 . 5  J mol -1  
K -  1 respectively. At the higher temperatures a more 
negative change in entropy is observed. These results 
also indicate that the molecule is more flexible in 
solution at temperatures above 60°C than when 
bound to the stationary phase ligands. However,  
below this temperature the molecule is not signifi- 
cantly more flexible in solution than when bound, 
suggesting that bombesin may possess a more rigid 
solution structure at the lower temperatures. These 
data also suggest that the increased organic modifier 
concentration may be stabilizing the bombesin 
secondary structure, as is evident from the increased 
transition temperature observed at the higher organ- 
ic modifier concentration. This finding correlates 
well with other physico-chemical studies on bom- 
besin using N M R  and circular dichroism spectros- 
copy [8,9,23], where it has been found that bombesin 
exists in a helical conformation in the presence of 
organic solvents such as trifluoroethanol or lipid 
micelles. 

Bombesin on C4 phase. The Van ' t  Hof f  plot for 
bombesin at extrapolated values of  log k-at ff = 0.1 
on the C4 phase was essentially linear, whereas on 
the C18 phase a transition at ca. 25°C was observed. 
The AS~ssoc value derived for these conditions was 
- 4 . 5  J mol -1  K - 1 ,  indicating little change in the 
flexibility between the bound and unbound bom- 
besin molecule. For  log E (~7 = 0.3) a biphasic 
relationship exists for the Van ' t  H o f f  plot, with two 
distinct regions corresponding to segments at 5-  
45°C and 45-85°C. The AS~s~o~ values derived from 
these two regions were - 5 . 2  and - 9 4 . 4  J mo1-1 
K - 1 ,  respectively. These values reflect a transition 
from a rigid or conformationally constrained solute 
molecule to a more flexible structure. The transition 
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at ca. 45°C is lower than the observed transition at 
60°C for the C18 stationary phase. 

These results indicate that the C~s ligands are 
more capable of  stabilizing a "low-temperature" 
peptide conformational structure, which is either 
not present with the C4 ligands or the transition for 
the same structure on the C4 phase is shifted towards 
lower temperatures. If  the experimental results with 
the C4 and C18 ligands are compared, the latter 
possibility appears to be more likely, that is, the 
conformational transition is moved to a lower 
temperature on the C4 phase, as is observed for the 
transition temperatures at log /c (qY = 0.3). This 
finding suggests that the Cls phase can enhance the 
stability of  the solute secondary structure. Similar 
results have been observed with the binding of 
enzymes to agarose gels substituted with n-alkyl 
chains and weakly hydrophobic silica sorbents [24, 
25]. 

fl-Endorphin on C~8 phase. Fig. 7 represents Van 't 
Hoff  plots for fl-endorphin chromatographed on 
both C~s and C4 phases. The Van 't Hof f  relation- 
ship for log k-values determined at ff = 0.1 for 
the solute chromatographed on the C~8 stationary 
phase is non-linear with a transition occurring 
around 50°C. Two distinct regions of  the curve, 
namely 5-45 and 45-85°C, are apparent. The lower 
temperature region yields a positive AS°~so~ value of 
30.7 J tool -~ K -~. This result indicates that the 
molecules become more disordered on binding to 
the stationary phase, reflecting a static solution 
structure at these temperatures, which becomes less 
ordered on adsorption. At the elevated tempera- 
tures, a negative AS°~soc value of -- 16.0 J mol -  1 K -  
was derived for fl-endorphin from the Van 't Hof f  
plot. This result reflects a more flexible high-temper- 
ature solution structure for/3-endorphin compared 
with the lower temperature structure, and this 
high-temperature structure becomes more con- 
strained on binding to the stationary phase, result- 
ing in an overall increase in the order of the system. 
Perturbation of the solution structure of the mole- 
cule would thus occur at the higher temperatures, a 
conclusion consistent with the gradual increase in S 
values observed with increasing temperature for this 
solute when chromatographed on the C~8 phase. 

The Van 't Hof f  plots for fl-endorphin chromato- 
graphed on the C~8 stationary phase at log k-values 
determined at ~ = 0.3 gave a non-linear relation- 

ship with an apparent transition at 50°C, similar to 
that observed for the low organic mole fraction 
condition on this phase. In this instance two distinct 
regions of the Van 't Hoffcurve were again apparent, 
at 5-45 and 45-85°C. The A~aa~soc value derived from 
the lower temperature region was small and negative 
( - 7 . 3  J tool - t  K - l ) ,  which is in contrast to the 
positive AS°~soc value observed at the lower organic 
modifier concentration for this temperature range. 
Hence the increased concentration of  organic modi- 
fier seems to make the molecule more flexible in 
solution at these temperatures. At higher tempera- 
tures, the derived AS~s,oc value was large and nega- 
tive ( -  36.6 J tool - l K - i), and is also more negative 
than the observed value at the lower organic modi- 
fier concentration. Thus, again it would appear that 
solute is more flexible in the higher organic modifier 
concentration. It would also appear that the system 
is more disordered at higher organic mole fractions, 
indicating that the secondary structure of the fl- 
endorphin solute is less well defined at the higher 
organic solvent concentration. This behaviour is in 
contrast to that observed for bombesin, which 
appeared to be stabilized by the increased organic 
modifier concentration, and may represent solva- 
tion of residues normally involved in intramolecular 
interactions. This possible structural change could 
then explain the observed increase in disorder 
illustrated by the AS°~oc values obtained for fl- 
endorphin. 

fl-Endorphin on C4 phase. Van 't Hoff  plots for 
fl-endorphin chromatographed on the C4 phase are 
also displayed in Fig. 7. For the Van 't Hoff  plot of 
log kS values determined at ~ --- 0. l, the curve has 
two distinct regions, at 5-55 and 55-85°C, with an 
apparent transition around 55°C, a value similar to 
the observed transition at q~ = 0.1 on the C18 phase. 
AS~,~so~ values were derived from both regions of the 
Van 't Hoffp lo t  and at the lower temperature range 
a AS°a~soc value of -- 18.3 J mo1-1 K -  ~ was obtained. 
This behaviour reflects a total increase in ordering of 
the system on adsorption to the stationary phase, 
and thus indicates a flexible solution structure. Log 
/~ at the higher temperature range yielded a AS~o¢ 
value of -180 .0  J mo1-1 K -1, which indicates a 
large increase in ordering of  the system on adsorp- 
tion and reflects a very flexible solution structure at 
these elevated temperatures. A much larger relative 
increase in ordering occurs under these C4 condi- 
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tions compared with the C18 phase, and can be 
attributed to the more rigid structure of the C4 
ligand [17-19]. 

The Van 't Hof f  plots for fl-endorphin chromato- 
graphed on the C4 phase, with log k-values at ff = 
0.3, showed three distinct regions, 5-45, 45-55 and 
55-85°C, with an apparent transition at 50°C. This 
behaviour is similar to the lower organic mole 
fraction transition temperature on this phase, and 
also similar to both transition temperatures ob- 
served on the Cla phase. Hence it would appear 
that the ligand hydrophobicity does not affect the 
observed transitions for fl-endorphin, unlike the 
observed stabilization of  bombesin on the C18 phase 
noted earlier. The AS~soc value derived from the 
lowest temperature region (5-45°C) was - 1 5 . 2  J 
mol -  1 K -  1. This value reflects an overall increase in 
order of  the system on adsorption, and thus reflects 
a more flexible molecule in solution than when 
associated with the stationary phase. At the transi- 
tion region (45-55°C) a dS~s~oc value of  - 8 2 . 4  J 
mol-1 K- 1  was obtained, indicating an increased 
flexibility in solution at these temperatures relative 
to the lower temperatures. In contrast, at the higher 

0 temperatures a AS, .... value of - 4 . 8  J mol-1 K-1  
was derived. This value suggests that the molecule is 
least flexible in solution at these high temperatures 
or, more likely, that a rapidly interconverting time- 
averaged structure is being observed. Such a struc- 
ture would undergo rapid conformational intercon- 
versions both in solution and when bound, hence the 
relative change in the ordering of the system would 
be relatively small for the association process. 

Unlike the results on the C18 phase for this solute, 
the magnitude of o A Sa~o¢ on the C4 phase at ~ = 0.1 
is larger and more negative than the corresponding 
value at ~ = 0.3. This behaviour indicates that there 
is a larger increase in ordering on adsorption in the 
presence of a lower organic mole fraction for this 
solute. 

Glucagon on C~sphase. Fig. 8 displays Van 't Hof f  
plots for glucagon chromatographed on both C~8 
and C4 phases at the two extrapolated values of ~. 
The Van 't Hof f  relationship for log k-values at ~ = 
0.1 is non-linear for glucagon chromatographed on 
the C18 phase. The Van 't Hof f  curve is biphasic, 
possessing two distinct regions, at 5-45 and 45- 
85°C, with an apparent transition around 50°C. The 
A S~o¢ values derived from these two regions were 

26.1 and - 2 3 . 7  J mol -  1 K -  1, respectively. Again, 
the decrease in ordering of  the system on adsorption 
at the lower temperatures can be noted, indicating a 
stable solution structure which becomes more flex- 
ible on interaction with the stationary phase. At the 
elevated temperatures an overall increase in order- 
ing of  the system is apparent, reflecting a more 
flexible solution structure relative to the low-tem- 
perature structure. Thermal disruption of  solution 
structure and hence a gradual increase in the S value 
and hence chromatographic contact area observed 
on this phase would account for this behaviour. 

The Van 't Hof f  relationship for log k-values 
determined at ~: = 0.3 was also biphasic, with two 
distinct regions spanning 5-45 and 45-85°C, and an 
apparent transition at around 50°C. This value is 
similar to the transition temperature observed 
for the lower organic modifier concentration. The 
A S~ssoc values derived for the lower and higher 
temperature regions were - 13.0 and - 47.4 J mol -  1 
K-1 ,  respectively. Again, this result indicates a 
flexible molecule in solution at both temperature 
ranges, with an overall increase in ordering on 
association with the stationary phase in both in- 
stances. The relatively larger increase in ordering at 
the higher temperatures suggests a more flexible 
molecule than at the lower temperatures, again 
indicating possible disruption of the solution struc- 
ture at the higher temperatures. Further, the influ- 
ence of  increased organic mole fraction appears to 
be the increased flexibility in solution of the solute 
molecule, as was observed for fl-endorphin on the 
Cla phase. 

Glucagon on C4 phase. The Van 't Hof f  plot for 
glucagon chromatographed on the C4 phase at log k- 
values determined at ~ = 0.1 displays a biphasic 
relationship. The curve consists of two regions 
spanning 5-45 and 45-85°C, with a transition 
around 50°C, which is similar to the transitions 
observed for glucagon on the C18 phase. Ligand 
hydrophobicity therefore does not seem to affect the 
observed transition temperature, as was also ob- 
served for fl-endorphin. The AS~ssoc values derived 
from these two regions were - 9 7 . 6  and -169 .0  J 
mol-1 K-1 ,  respectively. These results indicate a 
considerably flexible structure at low temperatures 
that increases in flexibility with increasing temper- 
ature. In both instances the association process 
involves significantly large increases in the ordering 
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of the system, with a larger degree of ordering at the 
higher temperatures, which reflects changes in the 
solution structure of glucagon. As was evident with 
the other peptidic solutes, the magnitude of the 
increase in ordering of the system on adsorption was 
much larger on the C4 phase than the Cls phase. 

The Van 't Hoff plot for glucagon determined for 
log/~ values at 9Y = 0.3 gives a curve that can be 
divided into three regions, 5-25, 25-75 and 75-85°C. 
The AS°ssoc values derived from these temperature 
regions were 2.1, -45.4 and 12.6 J mo1-1 K -1, 
respectively. These values suggest an initially rigid 
molecule undergoing a transition around 50°C 
which corresponds to an increase in ordering on 
association with the stationary phase and indicates 
that at these temperatures the molecule is flexible 
in solution. At the higher temperatures a time- 
averaged structure is observed with rapid conforma- 
tional interconversion both in solution and when 
bound to the stationary phase explaining the posi- 
tive AS°sso¢ value obtained. 

The difference in magnitude of the AS°ssoc for the 
two organic modifier concentrations on the butyl 
stationary phase demonstrate a general trend of the 
AS°s~o~ values being more negative at ~ = 0.1. The 
behaviour of glucagon is thus similar to the corre- 
sponding case with fl-endorphin. It can be concluded 
from these observations that glucagon is character- 
ized by a higher degree of flexibility in solution at the 
lower organic modifier concentration on the C4 
phase. 

C O N C L U S I O N S  

Overall, the thermodynamic data for bombesin, 
fl-endorphin and glucagon illustrate transitions in 
the 50-60°C region, suggesting that the interactive 
structure is dramatically disrupted over this temper- 
ature range. This value is also the temperature range 
over which helices tend to be disrupted, reiterating 
the hypothesis that the amphipathic helical portions 
of these molecules are either directly involved in the 
interaction between the stationary phase ligands or 
are able to stabilize the peptide surface exposed to 
the stationary phase ligands. When these helical 
conformations are perturbed, the corresponding 
change in the hierarchical structure and the inter- 
active surface presented to the stationary phase will 
result in the observed changes in retention behavi- 
o u r .  

The differences in retention and thermodynamic 
parameters derived for each solute and the differing 
temperature dependencies of these parameters clear- 
ly demonstrate that the peptide sequence plays a 
crucial role in the interactive properties of peptide 
solutes. In this study, bombesin exhibited retention 
behaviour which was generally distinct to that 
observed with fl-endorphin and glucagon. Although 
fl-endorphin and glucagon are larger molecules than 
bombesin, it is not the molecular size per se that 
controls the chromatographic behaviour, but rather 
the ability of larger molecules to stabilize their 
secondary structure without external influences. 

For both fl-endorphin and glucagon the A~aassoc 
values are all more negative at the higher tempera- 
tures, that is, the peptides are more flexible in 
solution at higher than at lower temperatures. The 
large negative value of A 5~ssoc would suggest that on 
binding to the hydrocarbonaceous ligands the num- 
ber of available conformations of the polypeptide 
dramatically decreases. The AS2~oc values for these 
peptides for the postulated melted structure (i.e., the 
high temperature structures) were generally more 
negative for the C4 phase than the corresponding 
values derived from the C18 stationary phase. This 
observation means there is a larger relative increase 
in the structural ordering of the solutes on their 
adsorption to the C4 phase than to the Cls phase, 
that is, the peptide is restricted to fewer conforma- 
tions when bound to the ligand than for the 
corresponding interaction with the C18 ligand. This 
is consistent with the proposal that the C4 ligand is 
rigid as opposed to the more flexible Cls ligands. 

The change in enthalpy follows the same trends as 
seen for the changes in entropy. These changes are 
presumably a consequence of related changes in 
solvation energies as the entropically driven changes 
in the solute structure occur. 

The factors which stabilize e-helical or any 
other secondary structure of a polypeptide include 
sequence-specific intramolecular charged interac- 
tions, hydrogen bonding and also the amphipathic 
arrangement of polar and non-polar residues along 
the peptide sequence. The ability to monitor changes 
in these stabilizing influences by employing hydro- 
phobic stationary phases and varied temperature 
gives an insight into the underlying principles of 
peptide folding and peptide-surface interactions. In 
this investigation the influence of temperature on the 
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c h r o m a t o g r a p h i c  behav iou r  o f  several  pep t ide  sol- 
utes was examined.  The  t empera tu re  range  covered 
the region where secondary  s t ructure  is no rma l ly  
pe r tu rbed .  The  three pept id ic  h o r m o n e  solutes s tud-  
ied have  a m a j o r  p o r t i o n  o f  their  s t ruc ture  s tabi l ized 
by  a-helices at  amb ien t  t empera tu re  [8-13]. This  
s tudy has shown tha t  c o n f o r m a t i o n a l  t rans i t ions ,  
such as the mel t ing  o f  the so lu t ion  s t ructure  o f  the 
pept ide ,  m a y  be observed  by  uti l izing c h r o m a t o -  
graphic  techniques.  I t  is clear  tha t  the two different  
l igands  s tudied  have different  abil i t ies  to m o n i t o r  
c o n f o r m a t i o n a l  changes  o f  the solute.  This  dis- 
c r imina to ry  abi l i ty  m a y  be due ei ther  to differences 
in s tabi l iz ing forces assoc ia ted  with  the l i g a n d -  
solute in te rac t ion  or  to the so lva ted  s t ructure  o f  the 
l igand themselves.  S t ruc tura l ly  d i spa ra t e  l igand sur- 
faces wou ld  be expected to in terac t  wi th  different  
mechan i sms  [17], which would  then be mani fes ted  as 
different  dependencies  o f  S and  log ko on  tempera-  
ture.  S imi lar  conclus ions  have been reached f rom 
eva lua t ing  p e p t i d e - l i g a n d  in te rac t ions  by pr inciple  
c o m p o n e n t  analysis  [18]. Genera l ly ,  it  appea r s  tha t  
the C18 s t a t iona ry  phase  tended to  stabil ize inter-  
active s t ructures  relat ive to the C4 s ta t ionary  phase.  
In  add i t ion ,  increas ing the organic  modi f ie r  concen-  
t r a t ion  resul ted in des tab i l i za t ion  o f  the in teract ive  
secondary  s t ructures  o f  f l -endorphin  and  glucagon,  
bu t  s tab i l iza t ion  o f  the bombes in  secondary  struc- 
ture.  The  molecu la r  basis  o f  this in te rac t ion  requires  
fur ther  analysis  o f  the so lu t ion  c o n f o r m a t i o n  and  
dynamics  o f  these pept ides ,  and  is the subject  o f  
ongo ing  invest igat ions .  
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