Journal of Chromatography, 316 (1985) 519-536
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

CHROMSYMP. 509

WIDE-PORE SILICA-BASED ETHER-BONDED PHASES FOR SEPARATION
OF PROTEINS BY HIGH-PERFORMANCE HYDROPHOBIC-INTERAC-
TION AND SIZE-EXCLUSION CHROMATOGRAPHY

N. T. MILLER, B. FEIBUSH and B. L. KARGER*

Barnett Institute of Chemical Analysis and Materials Science and Department of Chemistry, Northeastern
University, Boston, MA 02115 (U.S.A.)

SUMMARY

This paper examines the use of wide-pore silica-based hydrophilic ether-bond-
ed phases for the chromatographic separation of proteins under mild elution con-
ditions. In particular, ether phases of the following structure =Si-(CH;);-O-
(CH,-CH,-0),-R, where n = 1, 2, 3 and R = methyl, ethyl or n-butyl, have been
prepared. These phases can be employed either in high-performance hydrophobic-
interaction or size-exclusion chromatography, depending on mobile phase condi-
tions. In the hydrophobic-interaction mode, a gradient of decreasing salt concentra-
tion, e.g., from 3 M ammonium sulfate (pH 6.0, 25°C), yields sharp peaks with high
mass recovery of active proteins. In this mode, retention can be controlled by salt
type and concentration, as well as by column temperature. In the size-exclusion mode,
use of medium ionic strength, e.g., 0.5 M ammonium acetate (pH 6.0) yields linear
calibration of log (MW][#]) vs. retention volume. Even at 0.05 M salt concentration,
no stationary phase charge effects on protein elution are observed. These bonded-
phase columns exhibit good column-to-column reproducibility and constant reten-
tion for at least five months of continual use. Examples of the high-performance
separation of proteins in both modes are illustrated.

INTRODUCTION

The application of high-performance liquid chromatography (HPLC) to the
separation of biopolymers is an area under active development!. Much of this work
has involved the chemical modification of small-particle (e.g., 5-10 um), wide-pore
(e.g., = 300 A) silica gels. The use of this methodology in size-exclusion chromato-
graphy (SEC) has been extensively reported?. A recent trend has been the transfer
of other modes of macromolecule separation from agarose columns to the high-per-
formance bonded phases, e.g., affinity chromatography3.

Since the initial work of Er-el et al.* hydrophobic-interaction chromatography
(HIC) has been an important separation mode with agarose gels5—3. In this method,
hydrophobic ligands, such as n-alkyl groups, are chemically attached to the agarose
matrix, and separation is based on differences in surface hydrophobicity of proteins®.
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Researchers have additionally found that the HIC separation of biopolymers can be
achieved on unsubstituted agarose by adsorption at high ionic strength, e.g., 2-3 M
salt, followed by elution with decreasing salt concentration!®!!, With weakly hy-
drophobic silica-based columns for SEC, hydrophobic retention has also been ob-
served under certain conditions!219, However, in these experiments, this retention
process was viewed as deleterious to pure SEC elution. More recently, HIC as a
separation mode has been accomplished with silica-based packings!’~1? and on a gel
material2°.

A current popular HPLC mode of separation of proteins is reversed-phase
liquid chromatography (RPLC) with n-alkyl-bonded ligands?!. However, the strong-
ly hydrophobic surface can result in denaturation of proteins upon adsorption?2, and
harsh mobile phase conditions (e.g., low pH, low ionic strength and organic eluents)
are required for elution. It is to be noted that the use of weakly hydrophobic phases
in HIC provides a milder adsorptive surface, leading to elution of proteins in an
active state. It should be recognized that both HIC and RPLC involve hydrophobic
retention®. However, it seems appropriate to use HIC a a descriptive name for the
methodology in this paper, as the term is widely adopted in the separation of proteins
with alkylated agarose gels and to emphasize the mild nature of the process.

In this paper, we present results obtained with synthesized uncharged hydro-
philic polyether-bonded phases. Using gradient elution conditions of salt concentra-
tions decreasing from 3 M ammonium sulfate, rapid separations of proteins with
high recovery under mild elution conditions are achieved. These stationary phases
are shown to be reproducible and stable over at least several months of continual
use (over 1000 sample injections). Moreover, the bonded-ether linkages are found to
be non-interacting under moderate ionic strength conditions (e.g., 0.5 M ammonium
acetate) and thus usable for SEC. These stationary phases therefore offer the possi-
bility of protein separation by several different modes, depending on mobile phase
conditions. It is to be noted that other workers have used polyether phases in the
past?3—25, which however, proved to be too hydrophobic.

EXPERIMENTAL

Equipment

The gradient liquid chromatograph was composed of two Model M6000A
solvent delivery pumps controlled by an M660 solvent programmer (Waters Assoc.,
Milford, MA, U.S.A.), a 7125 injection valve (Rheodyne, Cotati, CA, U.S.A), a
Model SF770 variable-wavelength UV detector (set at 280 nm) (Kratos, Westwood,
NJ, U.S.A.) and a Model 355 recorder (Linear Instruments, Reno, NV, U.S.A)). A
gradient delay volume of 5.68 ml was measured and subtracted from all chromato-
graphic data presented. In order to exclude oxygen and thus prevent oxidation of the
bonded-ether ligand, stainless-steel tubing was used throughout, and the mobile
phase was continuously sparged with helium. Both systems also included a Model
NBE water-bath (Haake-Biichler, Saddle Brook, NJ, U.S.A.).

Chemicals and materials
Diethylene glycol monomethyl ether (purum > 98% by gas chromatography
(GC)), 2-methoxyethanol (puriss, p.a. >99.5% (GC)), diethylene glycol monoethyl



SEPARATION OF PROTEINS 521

ether (purum > 98% (GC)), diethylene glycol monobutyl ether (purum = 97%
(GC)) and soybean trypsin inhibitor were obtained from Fluka (Hauppauge, NY,
U.S.A.). Triethylene glycol monomethyl ether (as Poly-Solv™) was from Olin (Stam-
ford, CT, U.S.A.). Reagent-grade sodium spheres were purchased from MCB (Nor-
wood, OH, U.S.A.). Allyl bromide and various high-quality protein standards, as
well as ammonium acetate and Grade III ammonium sulfate were obtained from
Sigma (St. Louis, MO, U.S.A.) and used as received. Polystyrene molecular weight
standards were obtained from Polysciences (Warrington, PA, U.S.A.). Reagent-grade
sodium sulfate, HPLC-grade water and organic solvents were purchased from J. T.
Baker (Phillipsburg, NJ, U.S.A.). Hexachloroplatinic acid was from Aldrich (Mil-
waukee, WI, U.S.A.) and triethoxysilane from Petrarch Systems (Bristol, PA,
US.A).

Column hardware (blanks, fittings, etc.) was obtained from Supelco (Belle-
fonte, PA, U.S.A.). Silica gel (Vydac, 7 um particle diameter, 300 A nominal pore
size, 78 m?/g surface area (data obtained from the manufacturer)) was a gift of the
Separations Group (Hesperia, CA, U.S.A.).

Synthesis

The synthesis of the appropriate silane consisted of a two-step procedure: con-
version of the ether alcohol to the allyl ether by the Williamson method?9, followed
by hydrosilylation to the triethoxysilane, by an adaptation of the method of Speier
et al.?” (see ref. 26). Purification of the allyl ethers and silanes was accomplished by
silica gel column chromatography and/or fractional distillation. Purity was evaluated
by gas or thin-layer chromatography. In all cases, the substances were shown to be
chromatographically pure.

Table I lists the different ether columns used in this study. Bonding of the
trialkoxysilanes to silica was accomplished in the presence of water (patent pending).
There is a systematic increase in hydrophobicity from a tetraether (phase I) to a
triether (phase II) to a diether (phase III), and variation in the alkyl substitution R
(phase IV and V). In addition, four batches of phase II have been synthesized for
assessment of reproducibility (see Table V). Elemental analysis for surface coverage
was performed by MultiChem Labs. (Lowell, MA, U.S.A.). The precision of percent

TABLE 1
CHARACTERISTICS OF ETHER-BONDED PHASES
=Si{(CH,)3-0(CH,-CH,-0), R.

Phase R n % C* Coverage
(umol{m? )*™*

1 CH, 3 4.62 4.5

1 CH, 2 4.05 47

111 CH; 1 4.46 6.5

v C,H, 2 432 46

A\ n-C4Hy 2 5.89 5.4

* 9% of bonded phase by elemental analysis, corrected for unbonded silica.
** Coverage is calculated assuming an average reaction of two ethoxy groups per silane molecule.
See Experimental section.
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carbon (% C) data for a given phase was ca. 3% relative standard deviation (R.S.D.).
A correction is made for 0.62% C found in the blank Vydac silica gel. In the cal-
culation of surface coverage in Table I, we approximate an average reaction of two
ethoxy groups per silane molecule. The actual stoichiometry of bonding is under
investigation by means of solid-phase 2°Si NMR spectra?® and other methods.

Chromatographic procedures

The phases were packed into 10 cm X 4.6 mm L.D. stainless-steel tubes, fol-
lowing standard slurry procedures, using methanol as the driving solvent with a
Model DSTV 122 air-driven pump (Haskel, Burbank, CA, U.S.A.). Mobile phases
were prepared by adding the correct weight of salt and buffer to a volumetric flask
containing HPLC-grade water, previously degassed by aspirator vacuum. The pH
was adjusted to 6.0 or the appropriate pH with either glacial acetic acid or ammonium
hydroxide, and a small amount of HPLC-grade water (degassed) was added to the
mark. Protein solutions (5-10 mg/ml) were freshly made up in water. A pre-column
(6 cm x 4.6 mm 1.D.) containing the same bonded phase as the analytical column
was placed between the pump and injector. Helium sparges were maintained in both
the A and B solvents in order to protect the ether column from oxidation. Solutions
containing high salt concentrations were not allowed to remain in the column or
pumps for long periods of time. Care should be taken to maintain miscibility in all
proportions, especially if organic solvents are used.

Mass and activity recovery

Lysozyme (Sigma Grade 1 from egg white, 3 x crystallized, dialyzed and ly-
ophilized to powder) standards were prepared as serial dilutions in the mobile phase
composition at which lysozyme is eluted from ether phase II (i.e., 0.67 M ammonium
sulfate, 0.5 M ammonium acetate, pH 6.0) from a 1.03 mg/ml standard (also made
up in the salt solution). All solutions were made up on the day of use and kept in ice
between manipulations. Using the above standards, a calibration curve was estab-
lished as a plot of lysozyme concentration in ug/ml vs. absorbance at 280 nm on a
Spectronic 710 (Bausch and Lomb, Rochester, NY, U.S.A.) spectrophotometer.

For the determination of mass recovery, 150 ul of the 1.03 mg/ml standard
was chromatographed on ether phase I1. The appropriate peak fraction was collected
in a 10.0-ml volumetric flask and made to the mark with the salt solution. The ab-
sorbance at 280 nm (quartz cell, 1.0 cm) was measured, and the protein concentration
determined from the calibration curve.

The enzymatic assay procedure for lysozyme was that of Worthington Bio-
chemicals (Freehold, NJ, U.S.A)). An aliquot from the 1.03 mg/ml! standard was
diluted to ca. 15 ug/ml immediately prior to the assay. A 0.2-ml aliquot of this diluted
solution was assayed for activity by measurement of the rate of lysis of Micrococcus
lysodeikticus cells, as observed by a decrease in turbidity with time at 450 nm. The
fractions obtained from ether phase II under HIC conditions were then surveyed for
activity in a like manner. The specific activity for collected fractions was determined
by dividing the activity by the mass of the fraction, measured by UV absorption, as
above.
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RESULTS AND DISCUSSION

In this paper, we describe the successful separation of proteins by HIC and
SEC on new hydrophilic stationary phases, produced by the reaction of silica with
non-ionic, neutral polyether-triethoxysilanes. As we have noted previously2¢, we pre-
fer to synthesize the ligand prior to bonding to silica in order to achieve reproduci-
bility and control of the bonded phase itself. This practice has been followed in this
work as well. We have selected a trifunctional (i.e., triethoxy) silane for bonding, as
it is known that the stationary phases produced are more stable toward aqueous
solutions than the corresponding difunctional or monofunctional silanes?®. We will
first examine the use of these phases in HIC and then turn to SEC.

N 4

| | 1
10 20 30

TIME, minutes

Fig. 1. Separation of standard protein mixture on ether phase II. Standard proteins (1 = cytochrome c;
2 = ribonuclease A; 3 = ovalbumin; 4 = a-chymotrypsinogen) were chromatographed on a 100 x 4.6
mm ether phase II column at a flow-rate of 1.0 ml/min using a 20-min linear gradient at 25.0°C from 3.0
M ammonium sulfate, 0.5 M ammonium acetate, pH 6.0 to 0.5 M ammonium acetate, pH 6.0. Detector
280 nm, 0.1 a.u.f.s., injection volume, 5 ul; protein amounts, cytochrome ¢ and a-chymotrypsinogen, each
25 pg; ribonuclease A, 75 ug; ovalbumin, 100 ug.

Or



524 N. T. MILLER, B. FEIBUSH, B. L. KARGER

Hydrophobic-interaction chromatography

Chromatographic characteristics. The results in this section will be based on
the use of only ether phase II. Other phases will be described separately. Fig. 1
presents the high-performance separation of four standard proteins on Phase II at
25°C by the use of a 20-min salt gradient descending from 3.0 A ammonium sulfate
with 0.5 M ammonium acetate (pH 6) to 0.5 M ammonium acetate (pH 6). A higher
resolution, at the expense of time, can be obtained using a 60-min gradient (Fig. 2).
Note in this figure that the chromatographic bands remain sharp, even though the
average capacity factor (k') for each protein is larger by a factor of 3, relative to Fig.
1. The protein elution order is similar to that reported by others for HIC7:2°, using
phenyl- and butyl-substituted phases.

A large number of proteins with a wide range of molecular weights (MW) and
isoelectric points (p/) have been successfully eluted from this column by using the
above gradient. Table II lists many of these proteins, including, where available, MW
and pl. Successful elution of proteins has also been observed at pH 7 or 8. Moreover,
we have not encountered any problems of salt precipitation, salt-related pump failure
or on-column protein precipitation when using the above gradient conditions.

Many proteins are eluted as sharp bands, but a few give multiple or broadened
peaks, presumably due to impurities, multiple forms of the protein, autoproteolysis,
or some other factors. For example, Fig. 3 shows the separation of transferrin and
soybean trypsin inhibitor (STI). It is interesting to observe the appearance of two
peaks for STI, in agreement with the RPLC of this protein where two active forms
have been found?3°. Fig. 4 shows the HIC of trypsin, a proteolytic enzyme, freshly
made up (Fig. 4a) and after standing in sterile solution for one week (Fig. 4b). The
resolving power of HIC is illustrated in these chromatograms. Finally, Fig. 5 shows
the change in chromatographic peak pattern for ovalbumin upon standing in sterile
solution. For a freshly made up sample a single peak is observed (Fig. 5A). After
standing for two days, it shows an extra peak (Fig. 5B), and after two weeks, this
peak grows to be larger than the original peak (Fig. 5C). Ovalbumin is known to

I S
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Fig. 2. Separation of standard protein mixture on ether phase IL. All conditions as in Fig. 1, except that
a 60-min linear gradient was employed.
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TABLE II
HIC RETENTION OF PROTEINS ON ETHER-BONDED PHASE II

Mobile phase: A = 3.0 M ammonium sulfate, 0.5 M ammonium acetate, pH 6.0; B = 0.5 M ammonium
acetate, pH 6.0; linear gradient from 0 to 100%B in 20 min; flow-rate 1 ml/min; detection at 280 nm, 0.1
a.u.fs.; temperature 25°C. Proteins were made up individually 10-20 mg/ml in water. Injection volumes:
10-20 pl.

Protein MW x 1073*  pI* V, (m)*™
Invertase (yeast) 2.7-3.7 34
Cytochrome ¢ (equine) 12.2 10.6 5.0
Avidin (egg white) 68.0 6.5
Ribonuclease A (bovine) 13.7 9.4 8.6
B-Lactoglobulin (bovine) 35.0 5.1 9.8
Blue dextran 2000.0 - 10.0
Ovalbumin (egg) 44.0 4.7 10.2
Serum albumin (bovine) 68.0 4448 10.3
Hexokinase (yeast) 100.0 59 10.7
Alkaline phosphatase (calf) 80.0 4-6 10.7
Carbonic anhydrase (bovine) 29.0 8.4-9.5 10.7
Albumin V (human) ~65.0 4448 10.7
Albumin V, fatty acid free (human) ~65.0 4448 10.9
Transferrin (human) 77.0 5-6 11.4
Ornithine transcarbamylase (rat) 108.0 ~8 114
Deoxyribonuclease 11 (bovine) 53.0 10.3 11.6
Albumin V (pigeon) ~65.0 4448 11.6
Lysozyme (egg) 14.0 11.0 11.8
Globulins IV-4 (human) ~160.0 - 11.8
Albumin V (chicken) ~65.0 4448 11.8
Creatine phosphokinase (rabbit) 80.0 7 11.9
Trypsin (bovine) 23.0 10.8 12.1
Carbamyl phosphate synthetase (rat) 165.0 6.05 12.1
Trypsinogen (bovine) 24.0 9.3 12.3
Transferrin (bovine) 77.0 5.0 12.5
Myoglobin (equine) 17.5 7.1 12.7
Globulins IV (human) ~160.0 — 127
Trypsin inhibitor (soybean) 215 - 13.3
y-Globulins IT (bovine) ~160.0 - 13.4
Pepsin (hog) 340 <1.0 139
Catalase (beef) 250.0 5.4 14.0
a-Chymotrypsinogen-A (bovine) 25.5 9.5 144
Hemoglobin (bovine) 64.5 6.8 14.7
y-Globulins II (human) 160.0 - 17.4
Papain 21.0 9.6 19.1

* From refs. 16 and 47.
** ¥, = Protein elution volume corrected for gradient delay volume.

aggregate slowly in solution3!, and it is possible that the extra peak represents this
aggregate.

As found by others?, we have noted a “conditioning” period for ether-bonded
phases, in which the protein peak height grows to a constant value with injection of
protein solution on freshly made columns. The extent of conditioning appears to be
correlated with the hydrophobicity of the bonded phase, i.e., increasing in the order
of phases I — IV. In all cases, fewer than five injections of 5-ul volumes of protein
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Fig. 3. Chromatography of transferrin (1) and soybean trypsin inhibitor (2) on ether phase IL. All chro-
matographic conditions are as in Fig. 1. Injection volume, 5 ul; protein amounts, each 25 ug.

(ca. 5 mg/ml) are required to reach constant peak height. Upon conditioning, each
column gives high and constant recovery of protein (see later).

Elution is found to follow the expected trends for HIC, as the salt and column
temperature are changed (Tables III and IV). Using the same linear gradient from
2 M salt concentration, different salts produce retention on the basis of their lyotropic
ability, according to the Hofmeister series32. Thus, retention is greatest for sodium
sulfate, followed by ammonium sulfate and no retention with ammonium acetate
(Table III). This behavior is also observed for HIC on agarose stationary phases®3.
Secondly, also in agreement with results on agarose3#, retention of proteins is found
to increase with increase in column temperature (Table IV). This result can be con-
trasted with that found in RPLC, where higher temperatures result in shorter reten-
tion3%,

Mass and activity recovery. All experiments have revealed high mass recovery
for the proteins tested. For example, a mass recovery greater than 90% was obtained
for a 150 ug sample of lysozyme on the ether phase II column under HIC conditions.
Secondly, calibration plots of peak area vs. sample amount for the four proteins,
separated as in Fig. 1, had a zero intercept. Similar high mass recoveries were found
on the other phases, except phase V. In contrast to RPLC, ghost peaks (from protein
remaining on the column) have never been observed with blank gradient runs fol-
lowing the sample run.
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Fig. 4. Chromatography of trypsin and proteolytic products on ether phase II. All chromatographic
conditions are as in Fig. 1: (a) Freshly prepared trypsin sample; injection volume, 5 ul; protein amount,
50 ug. (b) Sample of a, aged 1 week; injection volume, 5 pl.

The biological activity of a collected fraction of lysozyme was determined as
described in the experiment section. In two separate runs, the specific activity of the
chromatographic fraction was 170% over that of the original sample. In another
example, collected fractions of papain and STI were found to be active, based on
their RPLC chromatographic behavior22:3°, Finally, HIC on phase II of fragile rat
liver enzymes, such as carbamyl phosphate synthetase, resulted in an increase in
specific activity of these enzymes®®. Thus, in agreement with others!”.'8.20, HIC
yields, for the examples studied, proteins in an active state.

Column reproducibility and stability. Table V presents data for column-to-col-
umn reproducibility for ether phase II. Each phase was prepared separately using the
same batch of silane and Vydac silica and identical bonding reaction conditions. The
%C data show a precision of 2.5% R.S.D. When compared to the average precision
of carbon analysis for one phase (ca. 3% R.S.D.), it is seen that the phases are
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Fig. 5. Aging of ovalbumin as monitored by chromatography on ether phase II. All chromatographic
conditions as in Fig. 1. (A) Freshly prepared sample of ovalbumin, injection volume, 5 ul; protein amount,
100 ug; (B) same solution injected after two days; (C) same sample injected after two weeks. The symbol
@ indicates the peak declining in height with age of sample.

identical in terms of %C. The precision in chromatographic behavior under HIC
conditions for proteins is also excellent. Retention is found to agree from column to
column within ca. 5%. In addition, peak shape was found to be similar on all four
columns.

Concern has been voiced in the literature on the hydrolytic stability of hydro-
philic chemically bonded phases?:3-15:29. Accordingly, we carefully tested the reten-
TABLE III
EFFECT OF SALT TYPE ON HIC OF PROTEINS

Conditions: column: phase II; mobile phase; A = 2.0 M indicated salt, 0.5 M ammonium acetate, pH
6.0; B = 0.5 M ammonium acetate, pH 6.0; linear gradient from 0 to 100% B in 20 min; flow-rate 1.0
ml/min; temperature 25°C.

Gradient salt V, (ml)*™*

cYr* RNase* ov4* CHTG*
Ammonium acetate 0 0 0 0
Ammonium sulfate 0 1.8 5.4 12.5
Sodium sulfate 2.8 73 8.4 14.9

* The following abbreviations are used throughout this paper: CYT = cytochrome c; RNase =
ribonuclease A; OVA = ovalbumin; CHTG = a-chymotrypsinogen.
** V¥, = Protein elution volume corrected for gradient delay volume.
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TABLE IV
EFFECT OF TEMPERATURE ON HIC OF PROTEINS

Conditions: column: phase II; mobile phase: A = 2.0 M ammonium sulifate, 0.5 M ammonium acetate,
pH 6.0; B = 0.5 M ammonium acetate, pH 6.0; linear gradient from 0 to 100% B in 20 min; flow-rate 1.0
ml/min.

Temperature (°C) V, (ml)*

CcYr RNase OVA CHTG
10 0 0 38 10.6
25 0 1.8 5.4 12.5
40 0 31 6.3 14.0

* ¥, = Protein elution volume corrected for gradient delay volume.

TABLE V
COLUMN REPRODUCIBILITY OF PHASE 11

Conditions as in Table I1

Phase* %C V, (ml)*™
CYT RNase OVA CHTG

II 4.05 5.0 8.6 10.2 144
IIA 4.02 4.7 8.4 9.6 14.2
1B 3.83 4.4 8.2 9.3 14.1
1IC 3.99 4.6 8.5 9.6 14.4
Mean 3.97 4.7 84 9.7 143
R.S.D. (%) 2.5 5.3 2.0 39 1.1

* The four bonded phases were prepared separately using the same batch of silane and of silica.
** y, = gradient elution volume corrected for gradient delay volume.

TABLE VI
STABILITY OF PHASE II FOR PROTEIN RETENTION

Conditions as in Table II.

Volume of mobile V, (m)*

phase passed (1)
RNase ovA CHTG

0 8.5 9.8 14.4
10 8.8 10.5 14.8
30 8.5 10.1 14.1
50 8.8 11.0 147
Mean 8.7 10.4 14.5
R.S.D. (%) 2.0 5.0 22

* V, = Protein elution volume corrected for gradient delay volume.
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Fig. 6. Separation of standard protein mixture on ether phase II after 50 1 mobile phase passed. All
conditions same as in Fig. 1.
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tion constancy of phase II as a function of usage. Table VI shows that retention does
not vary by more than 5% with the use of 50 1 of mobile phase, which represents a
five-month period or over 1000 samples injected. Fig. 6 shows a chromatogram of
the same proteins as in Fig. 1 with a fresh column after 50 1 of mobile phase. It can
be seen that the two chromatograms are similar. During the five-month period of
column use, a wide variety of mobile phase and temperature conditions were em-
ployed. Periodically, especially after injecting crude samples, including serum, reten-
tion of the standard proteins would increase 5-10%. The column was then washed
with a gradient of 10 mM orthophosphoric acid (pH 2.2) to 45% 1-propanol®® and
material would be eluted from the column. The retention of the standard proteins
then returned to the previous values.

Effect of stationary phase. We next compared retention of the four standard
proteins on the ether phases listed in Table I, and the results are presented in Table’
VII. Comparison of retention volumes for phases I-III reveals that ¥, increases as
the number of ethylene oxide groups decreases. Moreover, with a constant number
of ethylene oxide groups, ¥, also increases as the alkyl group at the end of the chain
is varied from methyl to ethyl, phase II vs. IV. Phase IV is clearly more hydrophobic
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TABLE VII
COMPARISON OF ETHER PHASES FOR HIC OF PROTEINS

Conditions: mobile phase: A = 3.0 M ammonium sulfate, 0.5 M ammonium acetate, pH 6.0; B = 0.5 M
ammonium acetate, pH 6.0; linear gradient from 0 to 100% B in 20 min; flow-rate 1.0 ml/min; detection
at 280 nm, 0.1 a.u.f.s.; temperature 25°C. § = Slope of log k’ versus concentration fraction of ammonium
sulfate.

Phase cYr RNase ov4 CHTG
Y, (m)*™ S V,(ml) S V,(ml) S V,(m) S
I 3.5 6.1 8.0 48 9.3 6.8 13.1 6.4
A 5.0 6.2 8.6 5.3 10.2 6.7 14.4 6.5
I 7.1 6.3 9.7 5.7 11.4 7.0 16.3 6.5
v 9.9 7.4 10.5 4.6 12.4 7.0 17.4 54
v —* - - -~ - - - -

* No elution observed.
** ¥, = Protein elution volume corrected for gradient delay volume.

than phase II. Interestingly, selectivity does not appear to vary significantly from
column to column.

When the alkyl group is changed to n-butyl (phase V), no elution is observed
of any of the proteins. Evidently, the four-carbon chain is sufficiently long to create
a strong hydrophobic surface for the stationary phase. Interestingly, elution of pro-
teins may be accomplished with lower salt content at pH 6 when a gradient of in-
creasing concentration of diethylene glycol monobutyl ether is applied to the column.
Further work in this area is in progress. Finally, this phase acted as an RPLC phase,
since use of a low-pH, 1-propanol gradient yielded an elution pattern similar to that
with an n-butyl phase3®.

The silane of phase V can be used under the mobile phase conditions of Fig.
1, if it is co-bonded with the silane from phase II. With co-bonding of the two silanes,
i.e., with R = methyl and n-butyl, retention of the four standard proteins increased
over that on phase II. Above a nominal bonding mole fraction of 0.20 for the n-
butylsilane, recovery of ovalbumin (OVA) became problematical. It does appear,
however, that ether silane II can be used as a diluent for HIC.

Returning to Table VII, the slopes of log k' vs. concentration fraction of am-
monium sulfate, the S values3’, are reported for all proteins on each phase for which
retention was observed. These S values were obtained either with the gradient or
isocratically, and agreement was good between both approaches. It can be seen that
the S values range between 5 and 7, resulting in protein k' values of roughly 2 when
the gradient in Fig. 1 is used. These values can be nominally contrasted with the S
values of approximately 50 obtained for proteins in RPLC with organic solvent gra-
dients38. In the case of RPLC, the large S values require precise gradient control for
retention reproducibility3?. However, in HIC, since retention is a less sensitive func-
tion of the B solvent, the demands placed on the gradient system for retention re-
producibility are less. This represents an advantage of HIC.



532 N. T. MILLER, B. FEIBUSH, B. L. KARGER

Size-exclusion chromatography

In the past, non-ionic weakly hydrophobic phases have been predominantly
used for the SEC of biopolymers?-12.:49.41 Indeed, it has been noted, as mentioned
previously, that high salt concentration was to be avoided, since it would cause re-
tention by hydrophobic interaction of the protein with the stationary phase!4-16,
Since the ether phases are weakly hydrophobic, we decided to examine whether these
phases could be used for SEC at moderate to low salt concentrations. (It is also to
be recalled that no hydrophobic retention of proteins was observed with a 2 M
ammonium acetate salt concentration, Table I11.) Besides the potential practical ad-
vantage of being able to operate a column in two separate chromatographic modes,
this examination was also important from the point of view of the successful use of
HIC. If at moderate to low salt concentrations electrostatic binding of proteins to
the bonded phase surface were to occur, then some proteins would not be eluted
from the column, since electrostatic binding would be expected to increase with de-
creasing mobile phase salt concentration. The need to minimize surface charge effects
in HIC has been noted with alkylagarose gels as well*2.

A wide variety of proteins were chromatographed on phase II under mobile
phase B conditions, i.e., 0.5 M ammonium acetate, pH 6. Fig. 7 shows a calibration
plot of log MW [n] vs. Vg, where MW = molecular weight, [#] = intrinsic viscosi-
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Fig. 7. Universal calibration curve for size-exclusion chromatography of proteins and polystyrene (PS)
standards. The indicated proteins were chromatographed on three coupled columns totaling 300 x 4.6
mm of ether phase II at a flow-rate of 0.5 ml/min using a mobile phase of 0.5 M ammonium acetate, pH
6.0 at 25°C. Detector, 280 nm, 0.1 a.u.f.s. The indicated polystyrene molecular weight standards were
chromatographed on the same set of columns under the same conditions but using a mobile phase of
dichloromethane. Detector, 254 nm, 0.1 a.u.fs.
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ty*3.4¢ and Vx = retention volume. Included in this figure is a series of polystyrene
standards, chromatographed with dichloromethane as solvent. As can be seen, a close
correspondence exists between the SEC calibration plot for the polystyrenes and the
proteins. Indeed, the results obtained are comparable to those on other size-exclusion
columns!4-16,

Fig. 8 shows a chromatographic separation on a 30-cm column, in which the
10-cm columns of phases II, ITA and IIB were connected in series. It is worth noting
that the silica used in this work was not optimized for SEC, as the pore volume was
low (0.66 ml/g). However, the interstitial porosity, &y, was found to be 0.35, rather
than the generally accepted value of 0.40. This favorable low value has also been
observed on other spherical packing materials*3. As a consequence of the g, value,
the ratio of internal porosity, &; to g, was roughly 1, a value adequate for SEC*S.

In previous studies, our laboratory!S and others!'#4 have shown electrostatic
effects to be operative on SEC bonded phases below ca. 0.1 M salt concentration. In
particular, because of the negative charge on the silica surface, retention was found
to increase for basic proteins as salt concentration was reduced, whereas for acidic
proteins the opposite trend was observed. Table VIII reveals that even at 0.05 M
ammonium acetate, pH 6, no electrostatic effects were seen at the start of use of a

—_

L L 1 1
0 4 8 12

TIME, minutes
Fig. 8. Size-exclusion chromatography on ether phase II. Solutes (1 = Blue dextran, molecular weight,
2. 10% 2 = human transferrin, 7.7 - 104; 3 = lysozyme, 1.4 . 10%; 4 = uracil, 1 . 10?) were chromato-
graphed on three coupled columns of ether phase 1I totaling 300 x 4.6 mm at a flow-rate of 0.5 ml/min
with a mobile phase of 0.5 M ammonium acetate, pH 6.0 at 25°C. Detection, 280 nm, 0.1 a.u.fs.
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TABLE VIII
COLUMN STABILITY AS MEASURED BY SEC RETENTION
Column: phase II; temperature, 25°C, V, (retention of uracil or KNQO3) = 1.2 ml.

Protein V, (ml)

0.50 M Ammonium 0.050 M Ammonium

acetate, pH 6.0 acetate, pH 6.0

0l 251 501 0l 251 501
BSA* 0.95 0.96 0.92 0.90 0.93 0.92
RNase 1.05 1.08 1.03 1.05 1.07 1.08
CHTG 1.10 1.12 1.05 1.05 1.09 1.15
LYS 1.10 1.12 1.15 1.07 1.16 2.07

* BSA = Bovine serum albumin.

column of phase II. Thus, silanol accessibility is minimized on the ether phase. As
noted above, this is an important characteristic for HIC columns. Comparable results
were also observed on phase I, in which three ethylene oxide groups were included
in the ligand chain.

Table VIII also includes retention of the proteins after 25 and 50 1 of use.
These results extend the column stability data presented in Table VI, since the same
column was used in both studies. In the case of 0.5 M ammonium acetate, little or
no change in SEC retention is observed throughout the 50 1 of use. On the other
hand, for the mobile phase of 0.05 M ammonium acetate, the retention of chymo-
trypsinogen (CHTG) increased by 10% and of lysozyme (LYS) by a factor of 2 after
50 1. Clearly, these very sensitive tests of column stability with basic proteins reveal
a slow deterioration of the column after five months of use. However, the change is
minor, and the column can still be used for HIC and SEC (c¢f. Figs. 1 and 6).

CONCLUSIONS

The use of ether-based weakly hydrophobic phases for HIC and SEC has been
demonstrated; a dual-purpose column has been achieved. The phases are neutral and
nonionic and can be systematically varied to control the hydrophobicity of the sta-
tionary phase. Based on the SEC results, phases I and IT have been shown to be
non-interacting at moderate salt concentrations of ca. 0.5 M ammonium acetate, and
thus these ligands can potentially be used as diluents with more hydrophobic ligands,
such as phase V, i.e., n-butyl at the end of the ether chain. Thus, it is possible to use
mixed phases of methyl and n-butyl ethers for further control of hydrophobicity.

High mass recovery of proteins in an active state has been achieved for HIC.
This is an advantage over the RPLC of proteins where denaturation is quite possible.
Thus, given the high performance of these columns, it can be anticipated, in agree-
ment with others?8, that HIC on weakly hydrophobic phases will be more widely
used than RPLC when protein isolation is important. Of course, columns that are
used in the HIC mode must be stable for long periods of time and must not permit
electrostatic interactions with the proteins under the elution conditions. Work con-
tinuing in this area will be subsequently reported.
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