in the sense that they all contain fungus-
like symbionts in the renal sac (¢); aquar-
ium culture should show whether these
microorganisms are metabolically asso-
ciated with any of the solid deposits in
the renal sac. The production of oxalate
by many fungi (/3) raises the possibility
that the weddellite crystals in Molgula
are a metabolic product of the renal
sac symbionts, rather than of Molgula
itself.

Although the role of the renal sac re-
mains unclear, our results do indicate
that in M. manhattensis the chemical ac-
tivities of the sac are not limited to the
production and accumulation of uric
acid. The contents and metabolic activi-
ties of the renal sac are thus unexpect-
edly complex and suggest the need for
further scrutiny of the organ’s role in the
biology of the Molgulidae.
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Department of Botany, University of
California, Berkeley 94720
HEINZ A. LOWENSTAM
Division of Geological and Planetary
Sciences, California Institute of
Technology, Pasadena 91125
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Reversed-Phase, High-Pressure Liquid Chromatography of
Peptides and Proteins with Ion-Pairing Reagents

Abstract. Reversed-phase, high-pressure liquid chromatography has been suc-
cessfully applied to the analysis of peptides and proteins by the addition of hydro-
philic (for example, phosphoric acid) or hydrophobic (for example, hexanesulfonic
acid) ion-pairing reagents, or both, to the mobile phase. Examples described includ-
ed proteins such as insulin, glucagon, and 1-24 ACTH pentaacetate (ACTH is adre-

nocorticotrophic hormone).

The isolation of peptides and proteins,
frequently present in only trace amounts
in biological systems, has enlarged our
understanding of the molecular biology
of many complex biochemical and endo-
crine pathways. When high-pressure lig-
uid chromatography (HPLC) (/) was in-
troduced as an analytical tool, it was an-
ticipated that this technique would allow
the rapid but selective separation of nat-
ural polypeptides (2). The early appli-
cations of HPLC to the analysis of un-
derivatized peptides and proteins were
not entirely successful, however, with
the use of either liquid-solid or liquid-liq-
uid reversed-phase systems. Poor reso-
lution was frequently observed to be as-
sociated with peak broadening and long
retention times (3, 4). These features are
not altogether unexpected when one
considers the complex ionic equilibria
that these amphoteric compounds can
undergo. In a recent publication (5) we
offered a solution to the problems of
poor resolution and reproducibility by
suggesting that hydrophilic ion-pairing
reagents may be used with reversed-

phase systems. We show here that these
reagents do in fact make it possible to an-
alyze and purify a wide range of underiv-
atized peptides and proteins by HPLC.
Ion-pair partition chromatography or
paired-ion chromatography has recently
been applied to a variety of substances
6-9). The use of ion-pairing reagents
such as the PIC reagents [tetrabutyl am-
monium phosphate and heptanesulfonic
acid (Waters Associates)] has resulted in
increased retention times for highly polar
molecules by the formation of hydro-
phobic ion-pair complexes (/0). The hy-
drophilic ion-pairing reagents such as
H,PO, (5), perchlorates (7, 8), methyl-
sulfonates (7), and picrates (6) have
greatly extended the scope and potential
of reversed-phase, ion-pair partition
chromatography. When used alone or in
combination with hydrophobic ion-pair-
ing reagents, hydrophilic ion-pairing re-
agents result in marked alterations in re-
tention times, allowing the resolution of
complex mixtures (5-7). On a reversed-
phase chromatographic support, in-
creased polarity due to the formation of
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Fig. 1. Results of an analysis of a mixture of peptides and benzoic acid on a u-Bondapak-Fatty
acid analysis column with 25 percent acetonitrile and 75 percent water, and 0.1 percent H;PO,
as the mobile phase. Peak I corresponds to Met-Arg-Phe-Ala, peak II to Leu-Trp-Met-Arg,
peak III to benzoic acid, and peak 1V to Leu-Trp-Met-Arg-Phe. One nanogram of each com-
ponent, made up in the mobile phase, was loaded in a volume of 25 ul; the flow rate was 1.5 ml/
min, the pressure 144 atm, and the temperature 22°C. All the HPLC was carried out with a
Waters Associates system as detailed in (5). The u-Bondapak-Fatty acid analysis and u-Bond-
apak-C,4 columns (10-um particles, 30 cm long and 4 mm in inside diameter) were purchased
prepacked from Waters Associates. All other apparatus, materials, and methods were as out-
lined in (5).
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hydrophilic ion-paired complexes results
in a decreased retention time for the ma-
terial. Considerable flexibility in the de-
gree of retention and possibly elution or-
der can thus be achieved with a judicious
choice of counter ion.

Under suitable conditions an ampho-
teric molecule, such as a peptide or pro-
tein, can undergo either hydrophilic or
hydrophobic ion-pairing, often with a
dramatic change in the polarity of the re-
sulting complex (5). A typical separation
achieved with hydrophilic ion-pairing is
shown in Fig. 1 where the excellent reso-
lution of two tetrapeptides, Met-Arg-
Phe-Ala and Leu-Trp-Met-Arg, and a
pentapeptide, Leu-Trp-Met-Arg-Phe, is
shown. Prior to the addition of H;PO, to
the mobile phase, the retention time of
the tetrapeptide Leu-Trp-Met-Arg, chro-
matographed under similar conditions,
was too long for convenient analysis (re-
tention time, 40.6 minutes) and lacked
reproducibility.

Figure 2 shows the resolution of three
separate peptides related to angiotensin
I1, Val-Tyr-lle-His-Pro-Phe, Val-Ile-His-
Pro-Phe, and Tyr-lle-His-Pro-Phe. The
samples represent crude mixtures ob-
tained from solid-phase peptide syn-
thesis; Val-Ile-His-Pro-Phe represents a
failure peptide caused by an incomplete
coupling of tyrosine during the synthesis
(11). The retention times obtained in-
dicate that very good resolution of simi-
lar peptides is possible. This technique
can thus be used to detect minor deletion
products from peptide synthesis.

The marked success of the preceding
separations on analytical systems led us
to adapt the process to the preparative
level. Figure 3 illustrates the advantages
of preparative reversed-phase HPLC in
the purification of a synthetic pentapep-
tide  Ac-Ser-Thr-Ile-Glu(OBzl-p-NO,)-
Arg(NO,)OH (/2). Figure 3A shows that
initial attempts at the purification by
chromatography on Sephadex LH-20
gave a separation that was unsatisfactory
and slow. The material from the column
was pooled (cross-hatched area, Fig.
3A), and a sample was analyzed by re-
versed-phase HPLC (Fig. 3B). In this
case the separation was rapid, being
complete in less than 7 minutes, with
good resolution. The bulk of the residue
from the chromatogram in Fig. 3A was
then chromatographed preparatively, the
purified material (cross-hatched area,
Fig. 3C) was collected and then sub-
jected to an analytical separation. The
purity of the sample is evident from the
single large peak (Fig. 3D). The results
show that there is no significant loss of
resolution with the use of the preparative
system, an observation confirmed by
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Fig. 2. (A) Elution profiles of three syn-
thetic angiotensin fragments, Val-Tyr-
l lle-His-Pro-Phe (I), Val-lle-His-Pro-
(\ Phe (I1), and Tyr-Ile-His-Pro-Phe (III),
\ on a w-Bondapak-Fatty acid analysis
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or 50 percent methanol and 50 percent
water with 0.1 percent H;PO,. All con-
ditions and materials were as described
in Fig. 1. This figure illustrates the
marked alteration in retention times resulting from the use of different solvent compositions.
(B) The elution profile of a mixture of the same three angiotensin fragments on a u-Bonda-
pak-Fatty acid analysis column. The mobile phase was 25 percent acetonitrile and 75 percent
water, with 0.1 percent H,PO,.
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Fig. 3. Elution pro-
files obtained dur-
ing the purification
of a pentapeptide,
Ac-Ser-Thr-1le-Glu-
(OBzl-p-NO,)-Arg-
(NO,)OH. (A) Pro-
file obtained with
the Sephadex LH-
20 system and a mo-
bile phase con-
sisting of 18 percent
methanol in ethyl
acetate, a glass col-
umn (31 c¢cm by 25
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7.5 15 225 0 2 4 6 8 mm) at a flow rate of
Time (minutes) 60 ml/hour with a
hydrostatic head of 1 m; 10 ml of the sample was loaded and a Uvicord ultraviolet detector at
280 nm was used. (B and D) Profiles obtained from a u-Bondapak-Fatty acid analysis column
(30 cm long and 4 mm in inside diameter), with a mobile phase consisting of 50 percent methanol
and 50 percent water, with 1 percent acetic acid. This column had a plate number of 2100. Other
conditions were as in Fig. 1. (C) Profile obtained for the pentapeptide chromatographed on the
preparative column. The preparative HPLC system consisted of two columns (60 cm long and 7
mm in inside diameter) connected in series to the Waters pumps. The columns were packed
with silanized Bondapak Phenyl-Porasil B (37 to 50 um; Waters Associates) by the tap-fill meth-
od (/). The mobile phase consisted of 40 percent methanol and 60 percent water, with 1 percent
acetic acid. Samples (2 ml) made up in the mobile phase were loaded; the flow rate was S ml/
min, and the required pressure was 13.7 atm. The two columns had a plate number of 520,
which, although significantly lower than the plate number for the analytical column, made no
significant difference to the separation obtained.
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other studies (/3). In this case, where the
protected peptide being analyzed has no
free amino groups, hydrophilic ion-pair-
ing is not applicable. Instead, acetic acid
was used to suppress the ionization of
the terminal carboxyl group, making
the peptides more nonpolar to increase
retention (/4).

Different peptides and proteins exhibit
a wide range of polarities, and con-
sequently a single set of mobile phase
conditions would not be expected to
achieve chromatographic analysis of all
molecules on reversed-phase HPLC. As
indicated above, ionic suppression can be
utilized for peptides that have their NH,-
terminals protected. Other workers (15)
have also noted similar results. We have
found, however, that a careful choice of
ion-pairing reagents can extend this ap-
proach considerably and can assist the
rapid chromatographic resolution of a
number of diverse peptides and proteins.
With very polar peptides and proteins—
for example, acyl carrier protein—which
contain free amino groups and are poorly
retained on reversed-phase supports, hy-
drophobic ion-pairing with the use of a
hydrophobic counter ion (heptanesulfon-
ic acid or sodium dodecyl sulfate) can be
used to increase the retention time. The
addition of polar counter ions can be
used in the converse situation with hy-
drophobic peptides (for example, linear
antamanid), which are strongly retained
without ion-pairing. Similar manipula-
tions of free carboxyl groups can be
achieved with the use of suitable cationic
counter ions. A combination of both ion-
ic suppression and ion-pairing has been
used successfully for a wide range of
peptides and proteins, including the se-
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Fig. 4. Results of an analysis of a sample of
porcine insulin (10 ng) on a u-Bondapak-Fat-
ty acid analysis column with a 10-minute lin-
ear gradient of 5 to 20 percent acetonitrile and
95 to 80 percent water containing 0.1 percent
H;PO,. The gradient was started at the time of
injection of the sample.

ries shown in Table 1. Although it may
be possible to elute a particular peptide
from the reversed-phase support with a
simple eluant, good resolution was gen-
erally impossible because of extensive
tailing. Upon the addition of a small con-
centration of Hy;PO, (0.1 percent), a dra-
matic improvement in peak shape and
resolution occurred. The proteins listed
in Table 1 do not elute from reversed-
phase columns unless an ion-pairing re-
agent is added to the eluant. In addition,
the reagent improves peak symmetry
and plate count (generally ranging from
1000 to 5000 plates per meter). Figure 4
shows the elution profile for a sample of
porcine insulin analyzed by an acetoni-
trile gradient on a reversed-phase col-
umn. The gradient system is particularly
useful for the detection of impurities
which only elute at higher concentra-
tions of the organic component in the
eluant.

Table 1. Examples of reversed-phase HPLC analysis of several peptides and proteins.

Plate
iorrl;?lpfzfir(i)flg Ion-pairing counts Rteit)enn—
Sample Eluant* with amino reagent (pll)itres time
groups meter) (min)
Leu-Trp-Met-Arg-Phet  50% CH;OH 40.6
Leu-Trp-Met-Arg-Phet  50% CH;OH Hydrophilic ~ 0.1% H;PO, 2700 7.3
Leu-Trp-Met-Arg-Phet  50% CH;0H Hydrophobic § mM sodium hex- 6100 13.6
ane sulfonate,
pH6.5
Linear antamanidf 60% CH;0OH 100
Linear antamanidf 60% CH;OH Hydrophilic  0.1% HyPO,+ 4500 2.4
0.1M KH,PO,
Porcine insulini 60% CH;OH Hydrophilic  0.1% H;PO4 1100 6.0||
ACTH 1-24 40% CH,OH Hydrophilic  0.1% HzPO, 800 2.1)
pentaacetate§
Glucagon§ 40% CH;0OH Hydrophilic  0.1% H;PO4 2000 4.6||
Acyl carrier proteint 5% CH;CN Hydrophilic  0.1% H;PO, 1300 1.8
Acyl carrier proteinf 30% CH,CN Hydrophobic 5 mM sodium hex- 3400 4.2
ane sulfonate,
pH6.5
*Expressed as a percentage of the organic component; in all cases the other solvent was water. +tColumn

used was u-Bondapak-Fatty acid analysis.
Bondapak-C,g-Corasil.
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tColumn used was u-Bondapak-C;s. ] 1 e
|in the absence of an ion-pairing reagent, the sample was retained indefinitely.

§Column used was

The results show that hydrophilic ion-
pairing with H;PO, is a useful method,
when used in conjunction with ionic sup-
pression and hydrophobic ion-pairing,
for manipulating the retention times of
peptides and proteins. Furthermore, hy-
drophilic ion-pairing allows the use of an
eluant which contains a significantly
lower concentration of organic solvents,
thus reducing the risk of denaturation as-
sociated with high concentrations of
these solvents conventionally used in re-
versed-phase HPLC (¢, 16).
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