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SUMMARY

The retention behavior of 100 peptides was studied during high-performance
Iiquid chromatography on a C,; columa using aqueous trifluoroacetic acid as the
mobile phase and acetonitrile as the mobile phase modifier in a linear gradient elution
system. Retention times of the peptides were linearly related to the logarithm of the
sum of Rekker’s constants (R. F. Rekker, The Hydrophobic Fragmental Constant,
Elsevier, Amsterdam, 1977, p. 301) for the constituent amino acid. Assuming this
relationship, the best fit constants for this system were computed by non-lincar mul-
tiple regression analysis. Using the new constants, it is possible to predict retention
times for a wide variety of peptides at any slope of linear gradient, if the amino acid
composition is known. It also enables accurate prediction of the retention time of
peptides, whose amino acid composition is not known, after an analytical run with an
alternate gradient.

INTRODUCTION

The introduction of a volatile eluent system!-? in reversed-phase high-perform-
ance liquid chromatography has greatly simplified the isolation of pure peptides from
complex mixtures. However, selection of chromatographic conditions for purification
of a given peptide is still found by time-consuming trial and error methods. A priori
knowledge of the retention time of a given peptide would simplify the selection of
chromatographic conditions. Calculations of peptide R values which are based on
the amino acid composition were already reported by Knight® and Pardee*. Similar
works using high-performance liquid chromatography were also reported®”’. O’Hare
and Nice® noticed that the retention time of small peptides ( < 13 residues) is linearly
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related to the sum of Rekker’s constants® (which are based on the partition coef-
ficitents of free amino acids between water and octanol) for the constituent amino
acids in a linear gradient elution system. Meek’ reported a similar relation for small
peptides, and extended the method to numerical analysis of the retention constants of
amino acids. However, using their methods, we observed many discrepancies in the
predicted retention order in a volatile eluent system and have reinvestigated pro-
cedures to predict those retention times.

EXPERIMENTAL

AMarerials

Almost all peptides were obtained by either enzymatic or cyanogen bromide
degradation of calmodulin®'°, lysozyme, citrate synthase!!, myoglobin, or crayfish
trypsin'2. Other oligopeptides were purchased from the indicated sources: Pro-Gly,
Pro—Leu. Gly—-Leu—NH,, Gly-Tyr, Glu—Tyr, Lys-Tyr—-Glu(Cyclo Chemical); Gly—-
Gly-Gly (Hoffmann-La Roche); Gly—Phe (California Biochemical Research); Gly—
Trp (Mann Research Labs.); Trp-Tyr—NH, (Vega Biochemicals). The yBondapak
C,g column (30 x 0.4 cm) was a product of Waters Assoc. Acetonitrile was obtained
from Burdick & Jackson. Trifluoroacetic acid (Pierce) was used after distillation.

Methods

Retention times were measured on a gBondapak C,4 column using a Varian
Model 5000 liquid chromatograph. The mobile phase was 0.1 9{ trifluoroacetic acid
(pH 2) and the mobile phase modifier was acetonitrile containing 0.079, tri-
fluoroacetic acid. The flow-rate was 2.0 ml/min. The concentration of the mobile
phase modifier was increased linearly from 0 to 609%; over 60 min (1 %/min). The
elution was monitored by absorption at 216 nm, and retention times were measured
from the time at injection to that at the center of the eluting peak. Regression analyses
were done either by a VAX computer or by a PDP-12 computer with a floating point
processor. Matrix inversion was performed using double precision arithmetic.

RESULTS

Retention behavior of peptides
Retention times of 100 peptides tested are listed in Table I. The observed

retention times (fg;) were plotied against D 21,;, where D; is the retention constant of

amino acid j {Table II). and n;; is numbér of residues of amino acid j in peptide /.
Using Meek’s constants as D; the plot (Fig. 1a) gave a poor correlation (correlation
coefficient 0.78). However, using Rekker’s constants (where values for hydrophilic
amino acids were slightly modified, Table II) as D; the plotted data indicated an
exponential relationship (Fig. 1b). Therefore, the data were fitted to a function of the
form:

tg; =AIn(l + BYDn) + C 1)
z
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TABLE i
RETENTION CONSTANTS (D;) OF AMINO ACIDS

The numbers in parentheses represent the number of amino acids used for each calculation

Amino acid Rekker's Rekker's Meek's Present study (D})
(modified)
Non-weighted Weighted

Tryptophan 2.31 231 18.1( 7) 358( 12) 2.34( 12)
Phenylalanine 2.24 2.24 13.9(18) 31.4( 86) 1.71( 86)
Isoleucine 1.99 1.99 11.8( 4) 27.4( 95) 1.38( 95)
Leucine 1.99 1.99 10.0(13) 26.4(129) 1.34(129)
Tyrosine 1.70 1.70 8.2(16) 21.0( 43) 1.23( 43)
Methionine 1.08 1.08 7.1(11) 14.5( 64) 0.85( 64)
Proline 1.01 1.01 8.0(13) 7.9( 33) 0.48( 33)
Valine 1.46 1.46 3.3( 6) 7.4( 89) 0.38( 89)
Threonine —0.26 0.10 1.5( 9) 741D Q.12(111)
Histidine —0.23 —~0.10 0.8( 6) 8.8( 38) 0.34( 38)
Alanine 0.53 0.53 —0.1( 8) 2.4139) 0.13(139)
Glutamine —1.09 0.20 —2.5( 5) 3.2( 59) 0.36( 59)
Glutamic acid —0.07 0.20 —-735( 4 2.7(198) 0.27(198)
Glycine 0.00 0.10 —0.5(20) 4.0(139) 0.22(134)
Serine —~0.56 0.10 —3.70D 1.1( 62) 0.18( 62)
Arginine - —0.10 —4.5(10) 0.0( 73) 0.26( 73)
Aspartic acid —0.02 0.10 ~28( 7 — 0.1(165) 0.10(165)
Asparagine —105 0.10 —1.6( 6) —113( 71) —045¢ 7D
Lysine 0.52 —~0.10 —3.2( 9 — 3.1{ 98) 0.05( 98)
Carboxymethylcysteine — 0.10 - 32.5( 3) 1L.57(C 5)
Homoserine - 0.10 — 12.3( 13) 0.23( 13)
Aminoethylcysteine - -~0.10 - 43( 35) 031( 35
Trimethyllysine - —~0.10 - —38.1¢( 9 —1.38( 9)
Acetyl- - 0.00 39D 124( 6) 0.81( ©6)
Amide- - 0.00 5.0 8) —132( 2) —056( 2)

by using the method of least squares, where the modified Rekker’s constants were
used for D;. The best fit for B was evaluated by plotting the correlation coefficient (of
tg;and In[1 + B ) D, J]) against B. The maximum correlation coefficient (0.97) was

estimated when BJwas 1.1. The intercept (C) and the slope (4) were —5.6 and 13.4
respectively.

Calculation of retention constants
Assuming an equation of the form:

i =A'In(d + Y Dny) + C 2
i

new retention constants (D;) and constants A’, C’ were computed from the observed
retention times by non-linear multiple regression analysis'3. As initial values for D;,
modified Rekker’s constants were multiplied by 1.1; for 4" and ', 13.4 and —5.6
were used respectively. Several variations of curve fitting were applied to the data. By



336 T. SASAGAWA, T. OKUYAMA, D. C. TELLER

50‘ -
401 . “. - a
30‘ . - ?
{mn) ... s* - *
201 “ v
1e4 ° - '3,,::'::-‘ .
=30 0 30 60 S0 120
Ingn.,
50 - - ° b
- :c . . .
407 . e ®* "
i b
301 &
(:gn) tg
g
10?
o 20 40 60 80
ngn;’

Fig. I. Dependence of retention time (1) on amino acid composition. The observed retention times (Table
1) were plotted against Y Dy, were D; is the retention constant of amino acid j (Table 1), and n,; is

’]
number of amino acid residues § in peptide i. (2) Meek’s constants were used for values of D,. Peptides
which ccntain amino acids whose retention constants were not reported were excluded from the plot. The
linexar correlation coefficient was 0.78. (b) Modified Rekker’s constants were used for values of D;.

straightforward least squares analysis without weights. the parameters D (Table 1L
column 35) obtained for the amino acids were rather different from those of Meek” or
Rekker®. It was also found that the correlation coeffictent of observed and predicted
retention times was rather insensitive to the retention constants D}. For this reason,
and because we wished to have a more uniform percentage deviation of observed and
predicted retention times, weighted least squares were performed. The weights used
were 1/N7 where A, is the number of amino acids in the peptide. The results of this
calculation are quite satisfactory. The retention constants (Table II, column 6) were
of similar magnitude to those reported by other workers (Table I, columans 2, 3). The
unweighted correlation of observed and predicted retention times is 0.984 while the
weighted correlation i1s 0.982 (Fig. 2). The mean percent deviation of retention times
is only 9 percent. The predicted retention times for each peptide in this study from
both unweighted and weighted curve fitting methods are reported in Table I for
comparison with observed values. Fig. 2 shows the plot of £g; as a function of In (1 +
2. Dn;) for both unweighted (a) and weighted (b) least squares parameters. The
J

graphs are both linear with correlation coefiicients of 0.98.
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Fig 2. Relationship betwesn retention time () and In (1 + Y Djn,). The observed retention times (,)
i
were plotted againstIn (1 + Y Din,), where D) is the calenlated retention constants either by unweighted

or weighted curve fitting. (a) IJancighzcd fit retention constants were used for D). The intercept and the
slope of the stratght line was —30.3 and 12.4, respectively. The correlation coefficient was 0.984. The mean
percent deviation of retention time was 9.9 9. (b) Weighted fit retention consiants were used for D). The
intercept and slope of the straight line were —7.04 and 13.6, respectively. The weighted correlation coeffi-
ctent was 0.981. The mean percent deviation of retention time was 9.29,.

Fig. 3. Plot of retention time (1g) against the inverse of the slope (1) of the gradient. Retention times of six
peptides (the number of the peptide corresponds to that in Table I) in different gradients were plotted
against the inverse of the slope (m) of the gradient.

Effect of slope of gradient on retention time

Retention times of six different peptides were measured in the same elution
system but using three different gradients, between 0.5 and 2.0 9//min. The retention
times (fg,) were plotted against the inverse of the slope (1) of the gradient (Fig. 3).
Late cluting peptides gave straight lines which have a common intercept (0,7). There-
fore, it should be possible to estimate the variation of 1g; with m by equation (3):

tg; = Fljm) + 7 3)
where F; is the slope of the straight line and is characteristic for a given peptide. By
combination of equations (2) and (3) one may express the retention time of a peptide
in any linear gradient (0.5 to 2%//min) as

tri = @m) x [Al(l + TDpy+ C — T +7 )
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TABLE 111
COMPARISON OF PREDICTED AND OBSERVED RETENTION TIMES

Numbers correspond 1o those in Table I. The retention times were predicted by using non-weighted
parameters

No. Peptide Retention time (nin)

Slope (2%,/min) Slope (1%,/min)

Predicted Observed Predicted Observed

94 Myoglobin residues 155 26.4 26.0 458 456
99 Myoglobin residues 56-131 27.5 28.3 479 50.0
78 Myoglobin residues 132-153 20.1 20.6 33.2 34.2

The predictive utility of equation (4) was tested on cyanogen bromide peptides of
myoglobin. The results are presented in Table III.

DISCUSSION

The object of this study has been the development of a method capable of
predicting retention times for a wide range of peptides in a linear gradient elution
system. Peptides of known sequence have been examined using aqueous tri-
fluoroacetic acid as mobile phase. Both Meek” and O Hare and Nice® reported a
linear relation between 1 values of small peptides and the sum of their amino acid
retention constants. However. the present study clearly shows an exponential rela-
tionship (Fig. 1b). Apparent discrepancy between the previous methods and ours may
simply be due to a difference in the range of peptides investigated. In his system, Meek
only tested small peptides (<29 residues long), and thus obtained data which ap-
rroximated a linear relation. Our data also look linear during the first 20 min of
elution. Non-linear eqn. 2 accurately describes ihe dependence of retention time on
the amino acid compostition for a wider range of peptide size. An example is given in
Table IV in order to demonstrate the applicability of the above method. The reason
underlying the exponential relation remains to be explained. Assuming the empirical
egn. 2. we have computed a set of retention constants for amino acids both with and
without attaching weights on the observations. As was expected, both aromatic and
aliphatic amino acids make large positive contribution to retention, and the relative
degree of the contribution is almost the same as Meek’s constants. However, some
differences were found between our constants and Meek’s constants (correlation coef-
ficient between our constants and Meek’s constants’ was 0.816) which probably
explain the poor correlation (Fig. 1a) of his prediction and our data. Neutral and
acidic amino acids in our system showed a small positive contribution except for
aspartic acid and asparagine. Meek, however, assigned negative values for almost all
of these amino acids, and an especially large negative value for glutamic
acid. The positive contribution of glutamic acid or glutamine in our system was
clearly illustrated by the retention order in the following sets of peptides: YK <
KYE, FK < FKE, AFR < EAFR, IAE < QIAE, IAEFK < QIAEFK. The ap-
parent discrepancies between our constants and Meeks’ may simply be due to a
difference in the eluent system. We used tnifluoroacetic acid (pH 2) in the mobile
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TABLE IV

COMPARISON OF DATA FROM LITERATURE WITH PREDICTED RETENTION TIMES

Data were from O’Hare and Nice®. Retention times were predicted using equation 2 and the non-weighted
retention constants for amino acids of Table II. Due to the different solvent system and the presence of
pyroglutamic acid and cystine, it was necessary to fit four new constants. The slope and intercept of the
straight line were 8.30 and — 14.73, respectively. The retention constants for pyroglutamic acid and cystine
were found to be —12.2and —27.3, respectively. The correlation coefficient was 0.81 and the mean percent
deviation of retention time was 12.0%.

Peptides Number of Retention time (min)
residues
Predicted Observed
Arginine vasotosin 9 128 120
Lysine vasopressin 9 13.1 130
Arginine vasopressin 9 139 14.0
ACTH 5-10 6 225 17.0
Diphenylalanine 2 20.2 18.0
ACTH 1-18 18 258 18.5
Met-enkephalin 5 21.7 190
Oxytosin 9 18.6 19.5
ACTH 4-10 7 23.8 20.5
ACTH 1-24 24 28.8 21.5
x-Endorphin 16 27.0 220
Leu-enkephalin 5 229 220
Insulin A(bovine) 21 222 220
Angiotensin [ 8 243 23.0
Neurotensin 13 25.1 245
z-Melanotropin 13 26.4 26.0
Bombesin i4 25.0 26.0
RNAage 124 36.7 27.5
Triphenylalanine 3 23.5 28.0
Gastrin I 17 29.1 28.5
Substance P 11 26.0 290
Substance P 4-11 8 257 30.0
ACTH 1-39 (human) 39 328 30.5
ACTH 18-39 22 278 30.5
ACTH 34-39 6 242 310
Somatostatin 14 24.6 320
Insulin (bovine) 51 34.7 32.0
ACTH 1-39 (porcine) 39 335 33.0
Insulin B (bovine) 30 32.6 333
B-Endorphin (ovine) 31 313 34.0
B-Lipotropin (human) 91 384 345
Lalcitonin (human) 32 31.7 34.5
Cytochrom C 104 40.1 35.0
Glucagon 29 317 36.0
Tetraphenylalanine 4 259 36.5
Calcitonin (salmon) 32 29.4 37.0
Lysozyme 129 404 37.5
Myoglobin 153 457 45.0
Melittin 25 323 46.0
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phase, and Meek used perchloric acid (pH 2.1). However, it also should be noted that
he calculated his 26 constants using only 25 peptides, which may be too small a
sample for accurate estimation of the constants. During course of present study,
Meek!® revised his amino acid retention constants. Correlation coefficients between
our constants and Meek’s new constants are 0.844 (phosphate system), 0.821 (per-
chlorate system). The contribution of basic amino acids was small except for trimeth-
yllysine. It is not so simple to explain the contribution of basic amino acids, because
they will also interact with residual silanol.

For large peptides, their conformations, besides their amino acid composition,
may also contribute to their retention times. This information was incorporated in the
analysis by weighting each observation. The weighted fit constants predict retention
times more accurately for smiall peptides. Probably the retention constants obtained
bv using weighted analysis reflect more realistic constants.

The effect of the stope of the gradient on the retention time is clearly illustrated
ta Fig. 3, where. for each peptide tested. a steeper gradient eluted the peptide earlier.
Thus retention times were linearly related to the inverse of the slope. The intercept (7
min} corresponds closely to the delay time for the gradient front to reach the sample
injection point.

These studies were carried out with a singte C, ; column to establish the empir-
ical relationship between amino acid composition and elution time. Extension of
these studies 10 other C,g columns and different elution system {using phosphate at
both neutral and acidic pH values) have been recently completed. and will be reported
elsewhere.
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