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SUMMARY 

The bandwidths of several polypeptides related to human /I-endorphin have 
been investigated with different n-alkylsilica stationary phases and different elution 
gradients of 0.1% trifluoroacetic acid-water-acetonitrile mobile phases. In particu- 
lar, we have examined the influence of changes in the gradient steepness parameter, 
b, on peakwidth with five different octadecylphases, chemically bonded to porous 
spherical silica particles of nominally 4 pm and 6 pm average particle diameter, re- 
spectively. The effect on the zone dispersion of these polypeptide solutes as the av- 
erage pore diameter of the silica matrix was increased from 7.3 nm to 30 nm with 
stationary phases of similar ligand densities packed into columns of identical config- 
uration has been further documented. The experimental data on solute bandwidths 
and peak capacities are comparable with the corresponding bandwidth and peak 
capacity values calculated from analytical equations, derived from the general plate 
height theory and from gradient elution theory. These comparisons clearly demon- 
strate that anomalous bandbroadening phenomena may occur when polypeptides are 
eluted with steep gradients, i.e. with gradients of large b values. Moreover, as the 
relative chromatographic residence times of P-endorphin peptides capable of forming 
a C-terminal amphiphilic secondary structures is increased, i.e. as the dwell times and 
median capacity factors, E, for such peptides are increased, significant divergencies 
arise between the observed peakwidth behaviour and the behaviour predicted by 
analytical relationships which describe either the dependency of peak bandwidth (as 
40,) on the gradient steepness parameter, b, or the dependency of peak capacity on 
gradient time, tG, median capacity factor, E, and the Knox parameter, C, respectively. 
The importance of these divergences from the predicted bandwidth and peak capacity 
behaviour for polypeptides separated on reversed phases, and for resolution optim- 
isation in particular, is evaluated. These investigations thus enable further assessment 
of the quantitative relevance of current models that describe polypeptide zone mi- 

l For part LXVI see ref. 24. 
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gration under gradient elution reversed-phase chromatographic conditions in which 
solute-dependent slow equilibria, mediated by conformational or solvation effects, 
may still occur. 

INTRODUCTION 

The separation of polypeptides and small proteins by gradient-elution re- 
versed-phase high-performance liquid chromatography (RP-HPLC) has gained wide 
popularity over the past several years. To a very large extent the technique has re- 
volutionised the ultramicro-isolation of many biologically active polypeptides, pres- 
ent in biological extracts in very low natural abundance, such as hormonal polypep- 
tides, growth factors, or lymphokines. In the area of structural elucidation of proteins 
by peptide mapping and for the analysis of the purity of synthetic peptides, skilful 
application of different RP-HPLC methods has led to numerous major advances in 
our knowledge about biological systems (for compendia of recent applications and 
reviews, see refs. l-8). 

In a typical RP-HPLC separation, a complex mixture of polypeptides will 
usually be chromatographed on a n-alkylsilica stationary phase under gradient elu- 
tion conditions. This practical requirement arises, in part, from the pronounced de- 
pendency of the relative retention and bandwidth of polypeptides and proteins on 
the volume fraction, cp, of the organic solvent modifier. One manifestation of these 
dependencies is the very steep slopes (with slope or S values typically greater than 
10) found in the linearised plot of the logarithmic capacity factor (log k’) versus cp 
and corresponding large changes in reduced plate heights, h, over relatively small 
ranges of Acp. Because of the small diffusion coefficients of polypeptides and proteins 
in water-organic solvent mobile phases, the observed plate numbers, N, are signifi- 
cantly smaller and, hence, the h values proportionally larger than the N values ob- 
tained with low-molecular-weight organic molecules separated under equivalent re- 
versed-phase conditions. However, other effects, mediated by the silanophilic prop- 
erties of the heterogeneous n-alkyl-modified stationary phase surface, by specific sol- 
vation or buffer interaction equilibria, and by conformational phenomena, can all 
contribute to the bandwidth dependencies of these polyionic solutes on experimental 
conditions. Although it is frequently assumed that all the solute components in a 
complex mixture can in principle be eluted with well-designed gradient systems from 
a given column with the same relative bandwidth, careful examination of actual 
chromatograms for polypeptides, separated on reversed-phase columns under the 
same gradient conditions of to, F and Acp, usually reveal that this requirement, im- 
portant though it may be for the optimisation of resolution, is rarely achieved in 
practice. Similarly, under many isocratic elution conditions, bandwidths are often 
much larger for polypeptides than would be intuitively anticipated for solutes of 
similar diffusion coefficients. A change in the mole fraction of the organic modifier 
by a few percent can result in large increases in peak asymmetry factors, e.g. with 
phenylalanine oligomers a 10% change in organic solvent content results in a cu. 
two-fold change in peak asymmetry 9. Furthermore, when gradient conditions are 
changed experimentally, the bandwidths of peptidic components in a mixture may 
appear from casual inspection not to vary in an equivalent manner as could be an- 
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ticipated from intuitive considerations of the effect of the gradient parameter on the 
kinetic behaviour of smaller molecules of similar polarity. Similarly, variations in the 
bandwidths of polypeptides as the column conditions are changed may not immedi- 
ately appear to be correlated in a manner expected for the change in a particular 
feature, such as a column configuration, or change in a bulk property of the station- 
ary phase, such as whether or not extensive end-capping has been employed. For 
example, some RP-HPLC studies lo-i4 have suggested that the chain length of the 
n-alkyl ligand has a major influence on the bandwidth of polypeptides separated 
under isocratic and gradient elution, whereas other studies’ 5--21 have concluded that 
it is the hydrocarbonaceous ligand density rather than the ligand chain length per se 
that influences bandshape. The chemical nature of the hydrocarbonaceous ligand is 
also well known5-*,22 to influence resolution, e.g. elution profiles of proteins chro- 
matographed on phenyl or diphenyl stationary phases frequently show major differ- 
ences to those found with n-alkylsilica supports. Clearly, it is important to distinguish 
between superficial differences in the apparent bandwidth behaviour of solutes, which 
arise as a consequence of the investigations having been carried out in different lab- 
oratories with different solutes separated on different stationary phases, derived from 
silicas of different origin and ligand bonding procedure, and actual solute-dependent 
differences in bandwidth behaviour, which arise from secondary retention or con- 
formational processes in well-defined chromatographic systems. 

The present study is specifically addressed to an analysis of these issues. In 
particular, the bandwidth behaviour of several polypeptides related to human p-en- 
dorphin has been examined as a function of several different column and station- 
ary-phase characteristics, under different conditions of gradient elution. Further- 
more, the experimental data for bandwidth, peak capacity and relative retention have 
been evaluated quantitatively in terms of analytical relationships derived from the 
general plate height theory and from the theory of gradient elution. Comparisons of 
the experimental data with the predicted values for the bandwidths and peak capa- 
cities of these polypeptides, separated on octadecylsilicas over a wide range of gra- 
dient b values, reveal solute-dependent divergencies that cannot be readily accom- 
modated by current theoretical treatments based on the assumption that each poly- 
peptide can be represented either by a single, conformationally stable species or by 
a time-averaged structure of very rapidly interconverting conformers. A conclusion 
that can be drawn from these findings on the kinetic behaviour of these human /I- 
endorphin-related polypeptides, separated under the chromatographic conditions 
employed here, is that sequence-dependent re-orientation and conformational tran- 
sitions of relatively slow relaxation times must be expected to be a common feature 
of the reversed-phase separations of polypeptides and proteins. Recognition of such 
“surface shuffling” behaviour, which characterises the propensity of a specific poly- 
peptide to form stabilised a-helical, cc-helical-/?-sheet, or p-sheet structures at the 
stationary phase surface, thus introduces a new dimension to the RP-HPLC sepa- 
ration of polypeptides, and biopolymers in general. 

EXPERIMENTAL 

Chemicals and reagents 
Water was quartz-distilled and deionised in a Mini-Q system (Millipore, Bed- 
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ford, MA, U.S.A.); acetonitrile was HPLC-grade, obtained from Millipore (Lane 
Cove, Australia); trifluoroacetic acid was obtained from Pierce (Rockford, IL, 
U.S.A.). The human /3-endorphin analogues were generously provided by Dr. Jan 
van Nispen (Organon, Oss, The Netherlands) and were repurified by semi-preparative 
reversed-phase chromatography immediately prior to use. 

Apparatus 
The chromatographic data were collected with a Waters gradient system, con- 

sisting of two Model M6000A solvent-delivery pumps, a U6K universal chromato- 
graphic injector, a Model M450 variable-wavelength W monitor, operating at 210 
nm, coupled to a Hewlett-Packard 3390A plotter-integrator. Gradients were gener- 
ated with a precalibrated Waters M660 solvent programmer. Sample injections were 
made with SGE Model 50A syringes (Melbourne, Australia). The pH measurements 
were performed with a Radiometer PHM64 meter, equipped with a combination 
glass electrode. 

Chromatographic procedures 
Chromatographic measurements were made using 25 cm x 4.6 mm I.D. stain- 

less-steel columns, packed with different developmental dimethyloctadecylsilica with 
a mean particle diameter of 6 pm and specific surface areas of 380 m2/g, 177 m*/g, 
143 mz/g, and 45 m2/g, with corresponding average pore sizes of 7.3 nm, 10.0 nm, 
13.0 nm, and 30.0 nm and alkyl-chain coverages of 2.2, 2.2, 2.0, and 3.1 pmol/m2, 
respectively. The NovaPak Cls stationary phase, with a mean particle diameter of 
4 pm and a corresponding average pore size of 9.0 nm and alkyl-chain coverage of 
3.0 pmol/m2, was obtained as prepacked stainless-steel columns (15 cm x 3.9 mm 
I.D.) or radial compression cartridges (10 cm x 8.0 mm I.D.) from Waters Assoc. 
(Milford, MA, U.S.A.). Sample sizes for each polypeptide in mixtures varied between 
1 and 10 pg, with injection volumes of 10-100 ~1. The column dead-time was 
calibrated with sodium nitrate. All experimental measurements of gradient retention 
time and peakwidth were repeated at least in triplicate, using scale expansion and 
cursor techniques that allowed highly reproducible determinations to be made. Ex- 
perimental bandwidths were corrected for extra-column effects by established pro- 
cedures. Similarly, gradient retention times were corrected for gradient elapse effects, 
as described previously 23,24. Input values oft,, t,, t,, tG, V,,,, x, Aq, q, MW, T, dP, 

F, a’, ov,exp, d,, d,, u, and L, were used in the calculation of the various chromato- 
graphic parameters, b, S, &, E, Cp, PCexp, PC, PC2, C, &,, b’, P*, eVi, gV2, G, P, D, 
u, h, and D,, using composite multivariate linear and non-linear regression best-fit 
routines with the Chained Pekinese programme, developed in this laboratory and 
written in BASIC language for a Hewlett-Packard HP86B computer and HP7470A 
plotter. The standard deviation of fit of the plotted curves and the experimental data 
was I f 10% (1 S.D.). The viscosity values (q) for water-acetonitrile eluents were 
calculated according to ref. 25. The input value of the column tortuosity factor (y) 
was assumed to equal 0.64 for all columns. Similarly, the input dispersion factor (a’) 
was set equal to 1 .l, and the restricted diffusion parameter (d,/d,) used in eqn. 22 
was taken to be smaller than or equal to 0.1. The surface diffusion term (b’) and the 
restricted diffusion term (p*) where derived from linear regression analysis, as were 
the intercept values of the coefficients (d, e, etc.). Gradient times (tG) of 20, 30, 40, 
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60, and 120 min were used at a mobile phase flow-rate of 1 .O ml/min. All chromato- 
graphic measurements were carried out at 20°C. 

RESULTS AND DISCUSSION 

Theoretical considerations 
Under chromatographic conditions of gradient elution the resolution between 

two adjacent peptide zones can be defined as 

&i/j = (Ei/j - 1) N1’2 [Ei/(l + EJ] (1) 

where &i/j is the gradient separation factor (selectivity) between the two peptides, Pi 
and Pj, and is equivalent to Ei/Ej; Ei and Ej are the instantaneous capacity factors for 
the solutes Pi and Pj as they traverse the midpoint of the column, and N is the 
theoretical plate number. Furthermore, the peak capacity (PC) for a chromatograph- 
ic separation of gradient time, tG, and average resolution, R, = 1, for all adjacent 
peaks can be expressed by 

PC = t&a, (2) 

where 40, is the bandwidth in time units for the eluted zone at baseline. 
It is now well recognised from experimental and theoretical studies with low- 

molecular-weight organic solutes that in gradient elution the median capacity factor, 
F (instantaneous capacity factor as the solute traverses the midpoint of the column), 
and the bandwidth, 4a,, of solutes undergoing regular linear elution development on 
reversed-phase columns are both inversely related to the gradient steepness param- 
eter, b. Although similar inverse proportionalities between Eand b have recently been 
verified23s24*26*27 for polypeptides and proteins separated under reversed-phase and 
hydrophobic-interaction chromatographic gradient conditions, the question remains 
whether the bandwidths of polypeptides and proteins follow the same theoretical 
dependencies on b that are found with low-molecular-weight solutes. By definition, 
the value of b in linear-solvent-strength gradients28 is constant for all solutes. How- 
ever, this requirement is rarely achieved in reversed-phase separations of polypeptides 
with simple linear-slope time-based gradient conditions. Under regular reversed- 
phase gradient conditions, i.e., under elution conditions where the average relaxation 
timesZ9, pi, of specific solvation, conformational, aggregative, or other solute-depen- 
dent secondary equilibrium processes are very small compared with the analysis time 
(tJ, the relationship between the bandwidth and the gradient steepness parameter 
can be expressed as 

ot = (1 + 1/2.3b) G&J-” (3) 

where t, is the column dead-time and G is the band compression factor, which arises 
as a consequence of the increase in solvent strength across the solute zone as the 
gradient develops along the column. When the initial solvent A condition of the 
gradient is chosen such that the capacity factor of the solute in solvent A is large, i.e. 
when kb >> 1, the relationship between G and b can be given?s by 

G2 = [l + 2.3b + 1/3(2.3b)2]/(1 + 2.3b)2 (4) 
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Hence, the calculation of Q, (or alternatively gV, since rrV = a$) for a particular 
peptide solute separated under a defined gradient condition on a specified column of 
known t, requires determination of only the corresponding value of b value and the 
value of the apparent plate number, N. When the numerical value of Q~ (or u,) has 
been determined, the value of (PC),,r, can be found from eqn. 2 for any particular 
peptide solute separation of defined gradient time, to. 

For a given column and fixed flow-rate the parameter b is proportional to the 
change in the volume fraction of the organic solvent modifier per unit time, O’, and 
inversely proportional to the gradient time, t G. The dependence of b on these two 
experimental variables can be expressed in the form 

b = St,Aq& = SV,,,O’IF (5) 

where the solute-dependent variable, S, represents the change in the logarithmic ca- 
pacity factor of the solute over a defined range of the volume fraction of the organic 
solvent modifier, i.e. S = Alog k’/Aq. The value of S for a particular polypeptide 
can thus be evaluated from either isocratic or gradient retention data. For conven- 
ience these data are usually presented in the form of plots of log k’ versus cp or log 
E versus Cp, respectively. Generally, the plots of log k’ versus cp for polypeptides have 
been foundS,7J.16,30 from isocratic experiments to be curvilinear. Although the 
relationship between log k’ and cp thus must involve at least a quadratic-order de- 
pendency, over the retention range of interest in resolution optimisation, i.e. over the 
range 1 < k’ < 10, the dependency of log k’ on cp can be approximated to the 
following linearised expression: 

log k’ = log kb - Scp (6) 

Thus in circumstances when the S value of a particular polypeptide is known 
from earlier isocratic or gradient chromatographic studies, the calculation of the b 
value for different tG, F or Acp values on the same column with the same eluent 
combinations is straightforward. Empirical relationships23*24 that link the slope term, 
S, with molecular weight (MW), such as 

S = 2.99 (MW)‘.” z 3.0 (MW)“.25 (7) 

or 

S = 0.48 (MW)“.44 x 0.5 (MW)“.5 (8) 

have recently been derived and can also be used to calculate specific b values. Alter- 
natively, when S and MW are both unknown, the value of b for a particular poly- 
peptide, Pi, chromatographed under a specific gradient condition, can be readily 
determined from data accumulated from two or more experiments of different gra- 
dient times and evaluated23*24 from the relationship 

bi = (to,i lO@)/[tgl,i - (fgz,i/fi) + to,i(fGl - tG2)/tG21 (9) 
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where /Y? = t&tC1; tgl and tg2 are the gradient retention times for the polypeptide 
Pi, chromatographed with gradient times t G1, and tG2, respectively. Furthermore, the 
median capacity factor, E, can be related2* to b by 

2 

’ = (In 10)b 

By substituting for b with the other variables in eqn. 5, Ffor an ideal reversed- 
phase linear-solvent-strength gradient separation can then be expressed in terms of 
the separation variables tG, t,, etc., such that 

’ = (In 10) 
-2~ (&/SVmA(P) (11) 

Hence, the value of E for any peptidic solute, chromatographed under the criteria of 
regular reversed-phase elution on a given column under defined gradient conditions, 
can be calculated from experimentally derived input values of F, tG, S, Acp, and V,,,. 
By combining eqns. 3 and 10 and by substituting 0” = Fq, the following relationships 
between cV and F are derived, namely: 

0, = (E//2 + 1)Gt,N-“2F (12 

and, since t,F = V,,,, then 

CT, = (E//2 + l)GV,,,N- Ii2 (13) 

When such ideal separations occur with each zone being eluted with regular 
reversed-phase selectivity as a gaussian peak, the bandwidth 0” can alternatively be 
defined as 

0” = ?&‘(I + l/e/(ln 10)N”2SAq (14) 

Retention data from several gradient runs allow E and S for a specific tG to be 
derived and their values to be inserted into eqn. 14. Furthermore, for a given column 
and a fixed flow-rate, the remaining term in eqns. 12-14, the apparent plate number 
N, can be evaluated from the general plate-height theory. Thus under conditions of 
linear-elution chromatography and in the absence of slow secondary equilibria, the 
rate of dispersion of the solute zone as a function of the mobile phase flow-rate can 
be represented by the Knox equation, namely 

h = Au”~ + B/v + Co (15) 

where h is the reduced plate height (equal to L/Nd,,) and v is the reduced velocity, as 
defined by 

u = LFdJV,,,D, (16) 
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where L is the column length, dP is the mean particle diameter, and D, is the diffusion 
coefficient of the solute in the mobile phase. Since the peak variance, a:, due to 
chromatographic effects is given by 

(17) 

then the change in bandwidth (i.e. change in 40, or 40,) of an eluted solute zone of 
retention time t, will be dependent on the average diffusion coefficient of the solute 
in the mobile phase, the average size of the particles, the quality of the column 
packing, and indirectly, the pore size, the ligand density, and the uniformity of the 
stationary-phase surface. In fact, the A term of the Knox equation accommodates 
effects due to eddy diffusion and non-uniform linear velocities of the solute zone and 
the mobile phase as a consequence of packing irregularities. For well-packed columns 
containing particles of narrow size distribution and small average particle diameters, 
typical values of A range between 0.5 and 1.0. Clearly, the smallest possible value of 
A is desirable, since this permits the use of higher flow velocities and shorter columns. 
The B coefficient of the Knox equation arises from dispersion contributions of the 
solute zone in both the mobile phase and the stationary phase and accounts for the 
rate at which the solute diffuses in the column. The B coefficient is proportional to 
the diffusion coefficient and can be represented by 

B = 2yD, W-9 

or 

B = a’ + b’k (19) 

where the obstruction factor, y, is typically between 0.6 and 1.0 and arises from the 
complexity of the packing structure, the dispersion term a’ is typically 1.1, the surface 
diffusion parameter, b’, is related to D,/D, and varies between 0 and 0.5, and D, is 
the diffusion coefficient in the stationary phase. Empirically, the surface diffusion 
parameter, b’, is dependent on molecular weight, and this relationship can be ex- 
pressed in the form b’ = d - e log(MW). As the flow-rate increases, or as the 
residence time in the column decreases, Le. as rF becomes smaller, band-broadening 
of the migrating solute zone due to contributions from the B coefficient will decrease. 
As can be seen from eqn. 19, the B coefficient is effectively a function of the molecular 
properties of the solute, its value being largely determined by the diffusion coeffi- 
cients, D, and D,. Stationary-phase-surface or pore-chamber effects, which dramat- 
ically change the apparent value of D, of a peptide solute or which lead to multizoning 
phenomena, will thus be reflected in variations in the B coefficient. 

The B coefficient will thus respond to solute changes in conformation, if ran- 
dom-coil, /?-barrel or a-helical secondary structural changes occur, i.e. in situations 
where solute structures alternate with relatively slow relaxation times between, e.g., 
pseudo-spherical and pseudo-cylindrical forms in the intraparticulate regions or at 
the stationary-phase surface. 

Since the values of u in a typical gradient experiment are usually large for 
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peptide and protein separations on reversed-phase columns, h is frequently not very 
sensitive to changes in the values of either the A or the B term. As a consequence, 
with well-packed columns, operated at relatively high linear flow velocities, the Au1j3 
and the B/u terms of the Knox equation can largely be ignored for polypeptides 
separated on reversed-phase columns by isocratic or gradient elution. In contrast, 
the C term, which accounts for the resistance to mass transfer at the stationary phase 
surface inside the pores of the column packing, varies significantly with separation 
conditions. Thus, any change in the value of C will have a significant effect on h. In 
gradient elution, the dependence of C on separation conditions can be represented 

by 

C = [(1 - x + Q/(1 + 1;)]2/15p* (B - 1.28x) (20) 

where 

B = 1.28x + 2 (1 - x) (21) 
m 

and x is the fraction of the mobile phase outside the pores of the particle; the ob- 
struction factor, y, here has been set equal to 0.64, and p* is the restricted diffusion 
parameter, as defined by the Renkin relationship31 

p* = 1 - 2.104~ + 2.09~~ - 0.95~~ (22) 

where p is the ratio of the Stokes diameter of the solute (dJ to the pore diameter of 
the particle (d,), and D, is the effective intraparticle diffusion coefficient. The param- 
eter p* thus depends on the molecular weight and the Stokes diameter of the solute 
and the average diameter, d,, of the stationary phase pores. When the Stokes diameter 
of the solute is similar to the pore diameter, diffusion is restricted, and D, is de- 
creased. The change in D, as a function of p* can be expressed as 

D, = D,p*/2.1 (23) 

In order to prevent exclusion from interstitial channels, it has been concluded 
by Giddings32,33 that for SEC packings the ratio of the diameter of the largest in- 
ternal pores to the diameter of the narrowest channels should be significantly less 
than 0.25. Similar criteria appear relevant also to reversed-phase packings. Further- 
more, based on theoretical considerations and experimental findingsi6, the particle 
diameter and the pore diameter should be larger than the Stokes diameter of the 
solutes by factors of at least 5&100 and 10-15, respectively. Various preparations of 
porous spherical or irregular silicas with such physical characteristics have been avail- 
able in the particle diameter range 5-10 pm for several years. For small polypeptides 
up to cu. 5 Kdaltons, where the d, for the polypeptide in monomeric form will usually 
be less than 2 nm, the p term (= d,/d,J of eqn. 22 will be typically less than 0.02 for 
silica particles with average pore diameters greater than 10 nm. With polypeptides 
separated on porous n-alkylsilicas where the p values are 0.1, 0.2, 0.5, and 1, the 
corresponding values of p* are cu. 0.8, 0.6, 0.35 and 0.04, respectively. Thus, porous 
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particles with mean diameters in the range 4-10 pm and with pore diameters greater 
than 15 nm appear from geometrical arguments to be much more suitable for sep- 
arations involving mixtures of small and large polypeptides. Although particles of 
smaller diameter (i.e. less than 3 pm) can also be used, besides the inherent increase 
in the pressure drop across the column with these smaller particles, decreased reso- 
lution of higher-molecular-weight components may arise from exclusion and restric- 
ted diffusion effects. 

The diffusion coefficients of polypeptides and proteins are typically at least one 
order of magnitude smaller than those of low-molecular-weight compounds, with D, 
for polypeptides and small globular proteins usually less than lop6 cmz/s. In most 
cases, the diffusion coefficient of a specific polypeptide solute in a particular mobile 
phase composition or at the stationary phase surface is not available from the liter- 
ature. However, a number of empirical expressions that interrelate the diffusion coef- 
ficient of a solute (D,,,) in solution with its molecular weight and eluent viscosity 
(q), can be employed to determine D,, including the Wilke-Chang equation34, in 
which D, is given by 

D = 7.4. 10-l’ (@‘MW)‘.‘T 
m 

r v$: 
(24) 

or the Stokes-Einstein equation33 where 

D, = kc T 
3(MW)nd, 

or other empirical relationships of the form such as 

D, = 8.34. 10-i’ T 
n(MW) o.33 

(25) 

(26) 

and 

D = 9. 1o-6 
m ~ [2.2(MW) - o.33 + 62(MW) - ‘I( T/298) (27) 

r 

where @’ is an association constant and is near unity for solvents with no hydrogen- 
bonding capability and has the value 2.7 for water; T is the absolute temperature 
(in K), q is the viscosity of the eluent; V,,,” is the molecular volume of the solute; k, 
is the Boltzmann constant, and d, is the Stokes radius of the solute, which is typically 
cu. 108-l 10% of the molecular radius for globular solutes. 

For the polypeptides studied in the present investigations, D, was computed 
from eqn. 26, with appropriate values of MW, q, and T. The choice of this equation 
to calculate D, was based on our investigations with other polypeptides and small 
globular proteins as well as the recent study by Young et aL3’ on the correlation 
between diffusion coefficients and molecular weights of different proteins, where col- 
lectively the experimental diffusion coefficients were found to be within 20% of the 
predicted value. Because precise values of V,,, @‘, or ds are generally not available 
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for a given peptide solute in a particular mobile phase, in order to utilise eqns. 24 
and 25, either values for d,/d,, V,,,,, or @’ must be initially chosen arbitrarily and 
subsequently refined by iterative methods, or they must be determined by modifi- 
cations of the Furth and Zuber method and evaluated according to Fick’s method 
for each polypeptide at each eluent composition in unpacked columns so that the 
values of u, B, C, and p* can be determined from eqns. 16-22. It is evident from 
eqns. 20-23 that for a given column and with a polypeptide of specified relative 
retention, i.e. for defined values of x and E, the surface diffusion and restricted dif- 
fusion terms can have significant effects on the magnitude of the Knox C term. These 
effects become very important in terms of their contribution to bandwidth phenom- 
ena with polypeptides, irrespective of whether these polyionic solutes are eluted is- 
ocratically or under gradient conditions from microparticulate reversed-phase col- 
umns, since high reduced velocities, such as u > 100, are commonly employed. Under 
these typical flow-rate conditions, i.e. when F 2 1 ml/min, the dependency of the 
reduced plate height on the reduced velocity can thus be approximated to 

h = Cv (28) 

When these conditions apply, the plate number, N, is given by 

Qnto 
NC-....- 

C df 

Hence, substitution of this simplified relationship for N into eqns. 13 and 14 
yields the following alternative expressions for the bandwidth in volume units, (T,, for 
a polypeptide, chromatographed under regular reversed-phase gradient conditions 
on a porous n-alkylsilica support: 

0.5 

or 

0” = (E/2 + 1) G ?‘,,,dp (30) 

0” C?‘/(ln 10) Sdcp(D,t,)“~5 

If the relationship between peak capacity (PC) and (T” is recalled (eqn. 2), PC 
can be expressed in terms of the chromatographic variables S, LIP, N, and E such 
that 

PC = y (Sdcp) No.5[E/(l + Q] (32) 

Hence, by appropriate substitution for N or cV, the following expressions for 
PC are obtained 

PC = 
tG Do.5 o’5 m t0 

4$/2 + 1) G ?‘mdpCo.5 
(33) 
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PC _ (In 10) SArp 0:’ tz.’ 

4 (1 -I- l//Z) I;& co.5 
(34) 

Since (1 + l/Q can be approximated by l/R.“, eqn. 34 may be simplified to 

pc r (In SAC/I 0%" t:.5 k”.25 
4 F dP C= 

(35) 

Hence, for specific polypeptides, eluted under defined gradient conditions from 
a given column, linear dependencies between peak capacity and /7°.25/Co.5 are to be 
expected, provided the elution is characterised by regular reversed-phase retention 
behaviour with no conformational or other solute-specific secondary solution equi- 
libria participating, i.e. that their relaxation time requirementsZ9 are well outside the 
limits 1 c ri/t,,i c 10. Eqn. 35 also predicts that, as the S parameter of the solute 
increases, PC will proportionally increase. Larger Aq values will also favour higher 
PC values, in accord with experimental observation. Because the B and C terms 
depend on the magnitude of the pore diameter, it also follows that, as the pore 
diameter, d,, increases, PC should increase for specified solutes when all other param- 
eters are held constant. Similarly, as the particle diameter, dP, decreases, proportional 
increases in PC are predicted by eqn. 35 without change in analysis time, i.e., at 
constant values of E and fo, linear inverse relationships of PC on dP are predicted, 
provided no change in the D,,,/C term occurs. 

In order to verify the above relationships with polypeptides, and to provide 
further insight into the dynamics of polypeptide interactions with hydrocarbonaceous 
surfaces in general, the bandwidth data for a series of six polypeptides related to 
human /.I-endorphin (Table I) have been determined. Firstly, the experimental values 
of the bandwidth (4ey_) were compared with the predicted values of the zone band- 
width (4~~1~1 and ~G+M, calculated according to eqns. 30 and 31, respectively) as 
a function of the gradient steepness parameter, b. Secondly, peak capacity (PCexp), 
as calculated from the experimental values of to and 4rr,,,,r according to eqn. 2, and 
peak capacity (PC,,,,) as calculated according to eqn. 35, were compared as functions 
of !?.25/Co.5, D, being computed from the empirical eqn. 26. With the availability 
of columns of the same configuration and packed with particles of the same mean 
diameter and bonded to stationary phases with similar ligand densities, the effects of 
the pore diameter on PC for these polypeptides, separated under identical gradient 
conditions, were compared. Collectively, these results were then evaluated in terms 
of current models for polypeptide and protein retention on microparticulate, chem- 
ically bonded, n-alkylsilica stationary phases with elution by water-organic solvent 
gradients at low pH. 

Comparison of observed and predicted bandwidths for the human fi-endorphin-related 
polypeptides Id 

Adsorption of polypeptides on reversed-phase chromatographic packing ma- 
terials is now believed to be due to the solvophobic expulsion of the solute from the 
polar mobile phase onto the non-polar stationary phase surface. As a consequence, 
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the hydrophobic area, occupied by the macromolecule at the stationary phase/mobile 
phase interface, will predominantly determine the extent of interaction under regular 
reversed-phase conditions with mono-layer n-alkylsilica stationary phases. For con- 
venience of interpretation and prediction of retention data, it has frequently been 
assumed in reversed-phase chromatography of peptides that the amino acid com- 
position rather than the amino acid sequence of small peptides determines this rel- 
ative retention. One corollary, which rigorously arises from this assumption, is that 
each peptide must be represented by an average structure, essentially one in which 
no unique solute-dependent geometric factors are present and in which the hydro- 
phobic functional group contributions of individual amino acids are independent of 
the position of the amino acid residue in the molecule. 

For small organic molecules, the basis for such first-order approximations have 
been widely discussed in the literature and have found extensive experimental support 
in the functional grouprelative retention relationships, as described by the Martin 
equation and related equations based on retention indices. Similar approaches with 
polypeptides clearly require that the solutes in water-organic solvent combinations 
in reversed-phase systems are all in the same equivalent average conformational and 
solvation states. The underlying kinetic processes that lead to the bandbroadening 
of the solute zones will under these circumstances, be predominantly governed by 
conventional zone dispersion effects with little or no participation of secondary struc- 
tural effects and related topographic changes, which arise from conformational re- 
orientation of the solute in the mobile phase or at the stationary phase surface. 

Whether or not these ideal conditions apply, the solute zone, as it migrates 
down the chromatographic column will always be subjected to physical processes of 
bandbroadening, owing to (1) axial dispersion in the bulk mobile phase, (2) dispersion 
due to slow mass transfer across the boundary interface and in intraparticulate spaces 
of the porous particles of the stationary phase, and (3) dispersion due to slow mass 
transfer of the solute zone from a quantitatively heterogeneous stationary phase sur- 
face. Each of these dispersion effects can now be adequately described in terms of 
the established theory of bandbroadening in the case of rigid conformational species. 
Thus, if the retention process for polypeptide and protein adsorption in RP-HPLC 
simply involves the reversible binding of conformationally invariant but sequentially 
different hydrophobic regions at the surface of these polar solute molecules (Pi) to 
accessible non-polar ligands (L,) at the stationary phase surface without subsequent 
molecular re-orientation, i.e., if the retention process can be described by 

pi,f + nL,f e Pi,b + mL0.b (36) 

where the subscripts f and b refer to free and bound solvated forms of Pi and L,, 
respectively, and the conditions of linear-elution chromatography apply, i.e. for gra- 
dient elution, 5 is independent of sample size, h z CD for large u values and small 
D, values, and the selectivity is controlled solely through solvophobic phenomena, 
then good correlation between experimental bandwidths and bandwidths predicted 
by eqns. 30 and 31 would be expected for different gradient conditions, irrespective 
of the particle diameter or the pore diameter of the stationary phase. 

As the dynamic behaviour of a polypeptide approaches that predicted by the 
simple model represented by eqn. 36, the value of cr,,cXp/~,,,,,c is expected to approach 
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Fig. I. Plot of ev.erp/~v.ealc versus l/b for the human P-endorphin-related polypeptides l-6 (Table I). Data 
acquired under conditions of different gradient time (to = 20, 30,40, 60 and 120 min), but with the same 
mobile phase composition limits [water containing 0.1% trifluoroacetic acid to acetonitrile-water (5O:SO) 
containing 0.1% trifluoroacetic acid] at a constant flow-rate of 1 ml/min. Experiments carried out with 
6-pm octadecylsilica with an average pore diameter of 7.3 nm, packed into a 25 cm x 4.6 mm I.D. 
stainless-steel column. The value of eY,_iE is calculated from eqn. 13 (panel a) and eqn. 14 (panel b) and 
~,,,~r was determined for each polypeptide by direct measurement. 

unity. When the ratio is less than unity, it follows that the actual D, or D, value of 
the polypeptide in the chromatographic system is much larger (and, hence, the value 
of the C term is smaller) than predicted by empirical equations which link o,, h, D, 
and MW. Such a situation could arise when the mobile phase composition induces 
a solute-specific stabilisation of structure, leading to a decrease in the molecular 
volume (I’,,.,“) of the polypeptide in that particular environment. The effect of glycerol 
and other polyhydroxylic additives36 on polypeptide bandshape in high-performance 
size exclusion chromatography may operate through this mechanism. The decrease 
in I’,,,, for /I-endorphin in the presence of anionic lipids presumably involves a similar 
phenomenon3’. More commonly, it could be anticipated that the ratio ~~~~~~~~~~~~~~ 
will be greater than unity due to the participation of secondary dynamic effects -of 
magnitude if not in complexity unique to the solute- which are not recognised by 
the simple retention and kinetic models discussed above. Figs. l-6 show the plots of 
flv,exp /G,calc for the series of human fl-endorphin peptides, separated on octadecylsil- 
icas as a function of the inverse of the gradient steepness parameter, b. It is clearly 
evident from these figures that, as the magnitude of l/b increases from 1 to 6, the 
value of ~J~,~.J~J v,calc approaches a minimum. Also noteworthy from these plots is the 
observation that for small values of I/b, i.e. for those experiments with steep gra- 
dients, the ratio of the experimental bandwidths of all polypeptides examined to the 
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Fig. 2. Plot as in Fig. I. Details and conditions equal to Fig. 1, except octadecylsilica with an average 

pore diameter of 10.0 nm. 
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Fig. 3. Plot as in Fig. 1. Details and conditions equal to Fig. I, except octadecylsilica with an average 
oore diameter of 13.0 nm. 
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Fig. 4. Plot as in Fig. 1. Details and conditions equal to Fig. 1, except octadecylsilica with an average 
pore diameter of 30.0 nm. 

2.5 

0 

l/b 
Fig. 5. Plot as in Fig. 1. Details and conditions equal to Fig. 1, except experiment carried out with a 4- 
brn Novapak Cl8 stationary phase, packed into a 15 cm x 3.9 mm I.D. stainless-steel column. 
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Fig. 6. Plot as in Fig. 1. Details and conditions equal to Fig. 1, except experiment carried out with a 4- 

pm Novapak Cl8 stationary phase, packed into a 10 cm x 8.0 mm I.D. radial-compression cartridge. 

predicted bandwidths is in all cases larger than predicted by either eqn. 30 or 31 and 
increases as the value of b increases. These results are in accord with our other find- 
ings38 on the influence of separation time and gradient slope on the resolution of 
polypeptides and proteins, separated by reversed-phase and ion-exchange HPLC. 
Similar bandwidth behaviour has also been noted by other workers for desamidoin- 
sulin39, viral proteins40, peptide hormones41, and small proteins, such as lysozyme 
and ribonuclease A14. 

This bandwidth behaviour at large values of b would thus appear to be a 
general phenomenon, common to both reversed-phase and ion-exchange separations 
of biopolymers. At very small values of l/b the condition of linear-solvent-strength 
gradients will no longer be fulfilled, leading to band compression effects which are 
not adequately predicted by eqn. 4. This affect, coupled with the increasing important 
effect of the gradient elapse time may provide the explanation for the divergence of 
ov,exp from flV,,,lc at small l/b values where essentially step gradients approximating 
displacement phenomena may occur. Although the origin of this effect remains to be 
fully elucidated, its recognition is highly relevant to preparative separations42, where 
gradients of very steep slope or, alternatively, step-elution programmes are com- 
monly employed. 

Further examination of the data in Figs. l-6 shows that comparable plots of 
C”$XP /%,lc versus l/b are obtained irrespective of whether eqn. 30 or 31 is used to 
calculate Ov,calc. However, the differences in the actual magnitude of rrv,cxD/bv,calc for 
the various polypeptides are much more noteworthy. It can be seen that the value of 
o”,eXp lo”,& is smallest for the small peptides 1 and 2 (YGGFM and YGGFMTS). 
When allowance for the likely errors inherent in the assumptions made in the deri- 
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vation of eqns. 30 and 31 are taken into account, the value of r~,,,,~/cr~,~~,~ for the 
small peptides approaches unity, as anticipated for regular behaviour at larger values 
of l/b, i.e. shallower gradients with larger tG at fixed F. Much more surprising is the 
bandwidth behaviour of the larger peptides, such as human b-endorphin, where the 
observed bandwidth is significantly greater than predicted from eqns. 26, 30, and 31 
for a globular solute of MW 3263. Clearly, the bandwidth behaviour of this poly- 
peptide on the different stationary phases used in the present study is not consistent 
with the simple retention model, expressed as eqn. 36. 

Furthermore, when an arbitrary value of N z 10 000 theoretical plates/m is 
used rather than the value of N calculated according to eqn. 29 for all the polypep- 
tides (the value of N was found to be > 20 000 theoretical plates for these same 
columns with low-molecular-weight solutes, such as dansyl or phenylthiohydantoin 
derivatives of the amino acids) in calculations of rrv,calc according to eqns. 12 and 14, 
the divergencies from unity for ~v,exp/~v,calc were even more pronounced. For ex- 
ample, Figs. 7-12 show the plots of (~,,,,~/b,,~~i~ versus l/b for these same polypeptides 
when this arbitrary value of N x 10 000 theoretical plates/m is used, which could be 
considered indicative of a high-efficiency polypeptide separation. It was obvious from 
the experimental results that the actual value of N was much smaller than 10 000 
theoretical plates. Furthermore, Figs. 1-12 and associated data clearly indicate that 
it cannot be assumed that the value of N will be constant for different polypeptides, 
even of similar molecular weight and sequence, when chromatographed under the 
same conventional gradient elution conditions on n-alkylsilicas. As a codicil, the use 
of a common N value for different peptide solutes, separated under gradient condi- 
tions, clearly will lead to erroneous interpretation of bandwidth dependencies on 

0 b 
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1 I I I I 

12 0 4 0 12 
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10 

t 

Fig. 7. Plot as in Fig. 1. Details and conditions equal to Fig. 1, except that ov,EalF is calculated on the 
assumption that a constant value of N (= 10 000 theoretical plates) occurred for all polypeptides eluted 
under conditions of different to. 
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Fig. 8. Plot as in Fig. 2. Details and conditions equal to Fig. 2, with the same assumption as in Fig. 7 (N 

= IO 000 theoretical plates). 
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\i 

Fig. 9. Plot as in Fig. 3. Details and conditions equal to Fig. 3, with the same assumption as in Fig. 7 (N 
= 10 000 theoretical plates). 
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Fig. 10. Plot as in Fig. 4. Details and conditions equal to Fig. 4, with the same assumption as in Fig. 7 
(N = 10 000 theoretical plates). 

a b 

Fig. 11. Plot as in Fig. 5. Details and conditions equal to Fig. 5, with the same assumption as in Fig. 7 
(N = 10 000 theoretical plates). 
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Fig. 12. Plot as in Fig. 6. Details and conditions equal to Fig. 6, with the same assumption as in Fig. 7 
(N = 10 000 theoretical plates). 

experimental variables. Major decreases in the value of N for a particular polypeptide 
would be expected from eqn. 29 when significant increases in the value of C occur 
in response to a change in an elution condition. For example, our previous studies9 
on phenylalanine oligomers and small proteins, separated on n-alkylsilicas, have 
shown similar pronounced dependencies of N on analysis time, the value of N rapidly 
decreasing (and hence h rapidly increasing) as k’ was increased over a relatively small 
range, i.e. Ak’ d 0.5. 

The data in Figs. l-6 permit several further comparisons to be made with 
regard to the effect of pore diameter and column configuration. According to eqn. 
31, at a defined Evalue, i.e. for a specified b value, and fixed tG, F, dp, and Acp values, 
ev,calc will decrease as the input S value of a particular polypeptide increases. As a 
consequence, the value of ~v,exp/~v,calc is expected to increase according to the relative 
S values of a peptide series when the value of (C/Dm)o.5 remains constant over the 
operational range of b values. Since calculations of cv,calc according to eqn. 30 or 31 
take into account the effect on cV of the different elution times for the various solutes 
(through the 5 term) and the effects of the B and C coefficients (through the restricted 
and surface diffusion terms), solutes with smaller molecular topographies and S val- 
ues under different gradient and column conditions should exhibit very similar and 
even superimposible plots of crv,exp/~v,calc versus l/b. 

In previous studies9 we have shown that the S value of a polypeptide, separated 
on different porous n-alkylsilicas, remains essentially constant, provided that the li- 
gand densities of the n-alkyl chains are similar. As can be seen from Table I, the 
derived S values for the /I-endorphin polypeptides follow a similar pattern with this 
selection of stationary phases. Although the anticipated effect of the S value on the 
gv.exp b”,C~lC value is to some extent followed, it is evident from Figs. l-6 that diver- 
gences in the expected order occur. For example, the data for peptides 1 and 5 show 
that their relative bandwidths change significantly, despite their similarity in sequence 
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and molecular weight. If all peptides could be represented by a single class of similarly 
shaped solutes, then the polypeptides listed in Table I could effectively be considered 
as three sets according to their molecular weights, Le. peptides 1 and 2 as one set, 
peptides 3-5 as a second set, and peptide 6 as representative of a third set. 

Clearly, the experimental data cannot be readily accommodated in terms of 
the effect of molecular weight per se on the solute diffusion coefficient. What then is 
the origin of the observed bandwidth differences between these sets of peptides with 
the various stationary phases of different pore diameter but similar n-alkyl chain 
ligand densities? Because of their sequence characteristics, the participation of ad- 
ditional coulombic or silanophilic effects can be largely discounted for peptides 1 and 
2, or 3 and 4. In fact, as is evident from Figs. 1-6, the bandwidths of peptides 3 and 
4 are very similar for all the stationary phases, except possibly the 30-nm pore di- 
ameter packing, where divergences at very small values of b are observed. As a conse- 
quence, it can be concluded that peptides 3 and 4 exhibit very similar, if not identical, 
conformation under all the chromatographic conditions examined. 

Are the bandwidth differences between the peptide sets due to limited solubility? 
This possibility was also discounted early in this investigation from data on solubility 
measurements. Two candidate possibilities are currently favoured. The first possi- 
bility assumes that significant secondary structure changes occur at the intrapar- 
ticulate boundary vis-d-vis spherecyclinder shape interconversions at the pore cham- 
ber exits. The second possibility assumes that these secondary structural effects are 
mediated, either exclusively or in synergy, at the stationary phase surface. Since the 
horizon of the stationary phase surface will be quite limited in terms of molecular 
distances, due to undulating fine-structure micropores, microchasms, etc., the manner 
in which a solute undergoing re-orientation at the surface can probe these stationary 
phase pore contours will be highly selective. In this context, the contrast between the 
Novapak Cl8 packing and the other octadecylsilica stationary phases is noteworthy. 
Also of interest are the different dependencies of the bandwidths for the studied 
polypeptides on the gradient steepness parameter when the results of the stainless- 
steel and radial-compression columns, packed with Novapak Crs, are compared. 
Essentially shallow dependencies of G~,~~,,/cJ~,~~,~ on l/b were found for Novapak Crs 
in standard analytic stainless-steel columns, and much steeper dependencies when the 
same stationary phase was packed into radial-compression columns. Even when al- 
lowance is made for differences in reduced velocities between the two columns, the 
magnitude of the ~~,~,+/cr~,~~,~ versus l/b differences cannot be readily accommodated 
in terms of conventional kinetic theory of bandbroadening, unless the influence of 
relative residence times and dwell effects are also taken into account. 

It can be concluded from the above results that, although current theory may 
allow chromatographic retention parameters, such as t,, It, S, etc., to be predicted 
with reasonable correlation with the experimental data, a similar situation with re- 
gard to the prediction of bandwidth data for solutes undergoing slow secondary 
equilibria is not yet at hand. This conclusion is further reinforced by examination of 
the plots of peak capacity (as calculated from eqns. 2 and 37) as a function of 
P.251C?~5. 
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Comparison of observed and predicted peak capacities as a function of experimental 
variables 

Eqn. 35 predicts a linear dependence of PC on I?‘.“/~.~. For a particular 
column and specified values of F and Aq, the magnitude of PC at a defined value of 
l?‘~25/C?~5 should also be proportional to the S value. Hence, linear plots of (PC),,,, 
versus R.2s/Co.5 are expected when experimentally derived values of E, S, C, t,, dP, 
F, and Aq and D, values, calculated according to eqns. 24-27 are used. When the 
bandwidth behaviour of polypeptides is in accord with the simple kinetic model in- 
herent to eqn. 36, linear plots of (PC& derived from eqn. 2, versus I?‘~~~/C“.’ should 
also be expected. Figs. 13-18 show the plots of (PC),,,, versus I?‘.~~/C().~ and (PC),,, 
versus R.25/Co.5. Firstly, it is evident from Figs. 13a-18a that, with values of E, C, 
and S, derived from experiments in which t G = 20, 30,40, 60 and 120 min at F = 
1 ml/min, essentially linear plots of (PC) _rc versus P~25/cO~5 are obtained. Secondly, 
the relative order of these plots is determined with some stationary phase systems but 
not all by the magnitude of the S parameter, i.e. as the magnitude of the experimen- 
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Fig. 13. Plots of peak capacity versus I?‘.~~/C?‘.~ for the human a-endorphin-related polypeptides l-6. 
Conditions equal to Fig. 1. The peak capacity was calculated from eqn. 35 (panel a) or eqn. 2 (panel b). 
The plot was determined as curves of best fit with the f 10% standard deviation of all data points. The 
E and C values were computed by iterative non-linear least-squares averaging procedures and evaluated 
from eqns. 10 and 20. 
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Fig. 14. Plot as in Fig. 13. Conditions equal to Fig. 2. Details as in Fig. 13. 

tally determined value of the S parameter increases, the magnitude of (PC),,,, at a 
particular value of Er’.25/C?‘.5 increases in accord with eqn. 35. As a consequence, 
improved resolution should be achieved with elution systems which generate large S 
values for different solutes, provided rrV approaches its theoretical minimum and the 
Ap range can be easily defined. Thirdly, when solutes exhibit changes in bandspacing 
or selectivity reversals under different gradient conditions, as revealed in the log E 
versus @ plots24, corresponding intercepts are found in the (PC),slc versus I?‘.~‘/C’.’ 
plots. The slight curvature seen in these (PC) talc plots with certain K or C values 
presumably reflects the divergence from linearity of the dependence of log E on (p 
with the concomitant overestimation of the value of the S parameter at specific values 
of E. For a defined value of I?-‘.~‘/C~*‘, the corresponding value of (PC& can thus 
be considered to be the theoretical maximum PC value for that solute when eluted 
under a controlled set of chromatographic conditions. 

Comparison of these data for the predicted behaviour of polypeptide band- 
broadening in reversed-phase systems with the data embodied in the plots of (PC),,, 
versus ~Fo.25/C?~5 (Figs. 13b-18b) is, consequently, most illuminating. As can be seen 
from the various figures, in all cases (PC),,, is smaller than (PC),,,, over the same 



60 M. T. W. HEARN, M. I. AGUILAR 

0 b 

250 

200 

x 

150 

100 

50 

0 

2 

3 

4 1 

i- 

5 

6 
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range of values of I?.“/C~.~. For the small peptides, the value of (PC),,,,/(PC),,, 
was cu. 1.20 f 0.2 at a value of IE”.~~/C?~~ of 4 for the different columns examined. 
However, for the larger polypeptides, this ratio increased significantly up to cu. 3.0 
f 0.5. The values of (PC),,, for the different peptides tend to decrease as the mo- 
lecular complexity of the solute increases, although -even with a limited selection 
of polypeptide analogues as studied here- exceptions are evident, e.g. compare pep- 
tide 1 with peptide 2, or peptide 5 with peptide 6. 

The influence of pore diameter and possibly also ligand density on peak ca- 
pacity is also evident in these comparisons. Thus, with the four 6-pm octadecylsilica 
stationary phases of different porosities (7.3, 10, 13 and 30 nm) packed into stain- 
less-steel columns of identical dimensions, (PC),,, for the smaller peptides appeared 
to improve with the stationary phases up to a mean pore diameter of 13 nm, whilst 
with the larger peptides, i.e. /I-endorphin (6), (PC),,, was largest with the 30-nm 
pore-diameter octadecylsilica material. As expected on the basis of the differences in 
linear elution velocity, column dimensions, 5 and S, the (PC)calc values for the dif- 
ferent polypeptides separated on the 4-pm Novapak octadecylsilica, packed into ra- 
dial-compression modules, were larger than the values of (PC)_tc for the correspond- 
ing stainless-steel column system. When F = 1 .O ml/min was used with both Novapak 

0 4 8 0 
~0.25/~0.5 4 ' 
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columns, it was surprising [in view of the relationship between u, L and V,,, (eqn. 16)] 
to observe that the (PC),,, values for this group of polypeptides, separated on the 
stainless-steel column, were larger than those obtained for the radial-compression 
module, even after normalisation for column volume differences. Previously, we and 
others have shown13*29 that, as the relative linear-flow velocity is decreased in re- 
versed-phase isocratic and gradient-elution separations of polypeptides and proteins, 
the bandwidths, peak shape, and solute recovery do not necessarily improve, as may 
intuitively be expected. Low flow-rates can lead to significant protein loss on the 
column in reversed-phase chromatography. Similar results have recently been docu- 
mented for ion-exchange HPLC of proteins. 

It can thus be concluded that the observed bandwidth behaviour of the small 
peptides 1 (MW 573), and 2 (MW 761) over a wide range of gradient conditions 
approaches the bandwidth behaviour predicted from well-established theory of zone 
dispersion in chromatographic systems. The question that then arises is why the 
larger polypeptides diverge so significantly. Is it due to the 0.1% trifluoroacetic acid 
in the eluent, the unique participation of silanophilic interactions between basic 
groups at en&-positions in the polypeptide and polar binding sites on the stationary 
phase surface, solute-dependent solvation equilibria that result in different but static 
geometric shapes for the various interacting polypeptides, or are there dynamic con- 
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formational processes occurring, even with these relatively small polypeptides? In 
this study, recoveries were uniformly high and there was no evidence to suggest that 
silanophilic effects were selectively occurring with only the large polypeptides. Solute 
solubility and relative differences in solute polarity do not appear to be an issue. In 
order to quantify the importance of the other two possibilities involving secondary 
structural changes, other analytical methods are required. To a very large extent, 
solute solvation, i.e. the nature of the water structure surrounding the solute, and 
solute conformation in the intraparticulate spaces and at the stationary phase surface, 
are intimately associated. It can be argued that the process of polypeptide binding 
to a hydrophobic surface, such as a porous n-alkylsilica reversed-phase material must 
involve displacement of previously bound solvent molecules from the stationary 
phase surface and from the solvated polypeptide itself. The energy required for this 
interaction may well come from unfolding/refolding processes and associated changes 
in the solute structure. These processes are time-dependent and may involve more 
than one discrete stage of solute re-orientation at the stationary phase surface. As a 
consequence, the solute will search out the minimum energy requirements for the 
particular environment in which it finds itself and, in so doing, must explore a variety 
of conformational options. If the relaxation times for these conformational changes 
are similar to the time of analysis, peak broadening will occur. A growing body of 
evidence is becoming available on the importance of such phenomena for polypep- 
tides separated on n-alkylsilicas, including studies on cis/trans rearrangement for 
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prolinyl peptides43, as well as unfolding/denaturation of a number of proteins, in- 
cluding soyabean trypsin inhibitor, trypsin, and ribonuclease29*44. In the case of /I- 
endorphin-related peptides, subsequent studies in this laboratory have all been in 
accord with the conclusion that a stabilized C-terminal amphiphilic a-helix is gen- 
erated with peptide 6, but not with peptides 14 under interactive hydrophobic con- 
ditions. Other investigations to be reported subsequently4s with luteinising hormone 
releasing factor and growth hormone releasing factor indicate that /?-bends can sim- 
ilarly be stabilised at the hydrophobic n-alkylsilica surface. As a consequence, such 
kinetic behaviour must be considered to be a general phenomenon for all peptides 
that have the ability to generate secondary or higher structures with relatively large 
half lives, i.e. t0.5 9 1 s, in solution or at a liquid-solid interface. Elution conditions 
can certainly be chosen to minimise these competing effects (e.g., refs. 7, 8 and 38) 
at the expense of biological recovery, but in view of the time-dependent nature of 
these phenomena, it is likely that in complex polypeptide mixtures some components 
may still show so-called “anomalous” behaviour. In fact, the observed bandbroad- 
ening behaviour in these cases is entirely consistent with the secondary and tertiary 
structures of the solutes. As a consequence, analysis of the dependence of these kinetic 
processes on experimental variables should prove a very fruitful area of investigation 
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on the dynamic properties of polypeptides at non-polar surfaces, from the chro- 
matographic as well as the structure-function point of view. 
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LIST OF SYMBOLS 

A 
a 
B 

b 
6’ 

c 
& 
DP 

F 
G 

IL 
kc 
ko 

L 
MW 
N 
PC,,, 

PC& 
& 
S 
T 

Knox equation constant due to packing irregularities in the column bed 
Intercept of the B versus E plot, taken to be equal to 1.1 
Knox equation constant, which arises from zone dispersion due to longi- 
tudinal diffusion 
Gradient steepness parameter, as defined by eqn. 5 
Surface diffusion parameter, evaluated from the slope of the B versus 5 
plot and related to D,/D, 
Knox equation constant, which accounts for mass transfer contributions 
Diffusion coefficient (cm2/s) of the solute in the mobile phase 
Effective intraparticulate diffusion coefficient (cm’/s) within the pores of 
the packing material 
Diffusion coefficient (cm”/s) of the solute at the stationary-phase surface 
Mean particle diameter (cm) 
Mean pore diameter (cm) 
Stokes diameter (cm) of the solute, equivalent to cu. 110% of the mo- 
lecular diameter 
Flow-rate of the mobile phase (ml/s) 
Band compression factor, as defined by eqn. 4 
Reduced plate height equal to L/Nd,, 
Instantaneous capacity factor of the solute as it traverses the midpoint 
of the column 
Boltzmann constant (J/K) 
Capacity factor determined or extrapolated at cp = 0 
Column length (cm) 
Molecular weight (g) of the solute 
Column plate number 
Peak capacity, as defined by eqn. 2, from experimental values of to and 
b”&X&l 
Peak capacity, as defined by eqn. 35 
Average resolution for gradient separation 
Slope of the plot of log k’ versus cp 
Absolute temperature (K) 



HPLC OF AMINO ACIDS, PEP-I-IDES AND PROTEINS. LXVII. 65 

Gradient elapse time (s) 
Gradient time (s) 
Gradient elution time (s) of the solute 
Column dead time (s) 
Retention time (s) for the solute, eluted solely under size-exclusion con- 
ditions 
Column void volume (ml) 
Molecular volume of the solute 
Fraction of the column void volume in the interstitial spaces of the col- 
umn bed 
Gradient separation factor, as defined by the ratio of 5 values for two 
adjacent solute zones 
Ratio of gradient times, as defined by /? = tG2/tG1 
Packing obstruction factor 
Change in organic solvent modifier mole fraction 
Difference in logarithmic median capacity factor for a specified Aq 
change 
Mobile phase viscosity at a defined temperature (poise) 
Rate of change of organic solvent modifier with time (0’ = Aq/tG) 

Reduced velocity of the mobile phase, given by LFdp/V&,, 
Ratio of the Stokes diameter of the solute to pore diameter of the particle 
Restricted diffusion parameter 
Peak bandwidth in time units (s) 
Peak variance in time units 
Peak bandwidth in volume units (ml), determined experimentally 
Peak bandwidth in volume units (ml), calculated according to eqn. 30 
Peak bandwidth in volume units, calculated according to eqn. 31 
Mole fraction of organic solvent modifier 
Average relaxation time for the interconversion of conformational spe- 
cies 
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