
COPYRIGHT © 1986 BY ACADEMIC PRESS. INC. 
ALL RIGHTS RESERVED. 
NO PARTOFTHIS PUBLICATION MAY BE REPRODUCED OR 
TRANSMITTED IN ANY FORM OR BY ANY MEANS, ELECTRONIC 
OR MECHANICAL. INCLUDING PHOTOCOPY. RECORDING. OR 
ANY INFORMATION STORAGE AND RETRIEVAL SYSTEM. WITHOUT 
PERMISSION IN WRITING FROM THE PUBLISHER. 

ACADEMIC PRESS, INC. 
Orlando, Florid! 32887 

United Kingdom Edition published b\ 
ACADEMIC PRESS INC. (LONDON) LTD. 
24-28 Oval Red , London NWI 7DX 

ISBN 0-12-312204-X (alk. paper) 

ISSN 0270-8531 
This publication is not a periodical and is not. 
subject to copying under CONTU guidelines. 

PRINTED IN THE UNITED STATES OF AMERICA 

«6 87 88 «9 9 8 7 6 5 4 3 2 1 

CONTEiNTS 

CONSPECTUS vii 
PREFACE ix 

Reversed-Phase Chromatography of Proteins and Nucleic Acids: 
Practical Considerations 

Robert L. Potter and Randolph V. Lewi» 
I. Introduction 1 

II. Equipment Requirements 2 
III. Column Selection 5 
IV. Mobile-Phase Effects 10 
V. Other Practical Considerations 24 

VI. Hydrophobic Interaction Chromatography 26 
VII. RP-HPLC of Oligonucleotides 39 

" VIII. Summary 41 
References 41 

Mixed-Interaction Stationary Phases in HPLC 
Thomas R. Floyd and Richard A. Hartwick 

I. Introduction 45 
II. Concept of Mixed-Interaction Chromatography 47 

III. Biopolymer Separations 53 
IV. Low-Pressure Chromatography 55 
V. High-Performance Liquid Chromatography 56 

VI. High-Performance Mixed-Mode Chromatography 38 
VII. Conclusions 84 

References 87 

Liquid Chromatography/Electrochemistry 
Ronald E. Shoup 

I. Introduction 91 
II. Basic Principles of LCEC 93 

III. Practical Operational Considerations in LCEC 108 
IV. Multipotential Detection in LCEC 138 

V 



Contents 

V. Selected Application» of Liquid 
Chromatography/Electrocbemistry 159 
Reference* 1 8 8 

High-performance Liquid Chromatography Separations of Large 
Molecules: A General Model 

L, R. Snyder and M. A. Stadalint 
I. Introduction 1 9 5 

П. Smell-Molecule Retention 197 
III. Small-Molecule Band Broadening 211 
IV. Large-Molecule HPLC: Retention Relationships 218 
V. Large-Molecule HPLC: Band Broadening 235 

VI. Separation and Resolution 251 
VII. Non-Well-Behaved Samples 284 

VIII. The Design of Columns for Macromolecular HPLC 290 
IX. Other Models of Macromolecular HPLC 296 
X. Conclusions 303 

•:'. Appendix I. Use of "Normal versus Superficial" Mobile-Phase 
Velocity: Effect on C Term of Knox Equation . . 304 

Appendix II. Examples of Calculations by the Model 
ofTableVIII 305 

Glossary of Symbols 307 
References 309 

Index 313 

Every scientific advance is an 
advance in method. 

M. S. TSWETT 

CONSPECTUS 

The analytical technique known in most languages as HPLC, the acronym 
for high-performance liquid chromatography, may very well represent the 
climax of the development started when the Italo-Russian botanist Michael 
S. Tswett coined the name chromatography and recognized the potential of 
his method for separating plant pigments almost 80 years ago. In order to 
distinguish HPLC from conventional column chromatography, the names 
high-pressure or high-speed liquid chromatography are also used occasion­
ally. It is a separation method of unsurpassed versatility and a microanalyti-
cal tool par excellence. Like gas chromatography, HPLC is characterized by a 
linear elution mode and by the use of a sophisticated instrument, high-effi­
ciency columns, and sensitive detectors. 

Recent advances in instrumentation, column engineering, and theory 
have considerably broadened the field of application of HPLC, which now 
finds employment in virtually all branches of science and technology. Yet, 
we may have witnessed only the beginning of a long growth period in which 
HPLC will become the preeminent method of chemical analysis. 

The goal of this serial publication is to provide up-to-date accounts of 
various topics in HPLC. The individual articles will cover subjects of partic­
ular interest in this rapidly growing field. Throughout the successive vol­
umes, the coverage of applications, instrumentation, and theory will be 
balanced, although the contents of some volumes may focus on one or the 
other of these subjects. As the field evolves and the horizon of HPLC ex­
pands, future volumes are expected to present full accounts of the advances 
in HPLC and to unfold the perspective required for exploiting its full poten­
tial. 

Selection of topics and the level of treatment, at least in the early volumes, 
are planned to offer useful reading both for the novice and the seasoned 
chromatographer. Thus the contents will reflect not only the individuality of 
expression of the contributors, but also the diversity and broad scope char­
acteristic of HPLC. 

New Haven, Connecticut CSABA HORVATH 
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REVERSED-PHASE 
CHROMATOGRAPHY OF PROTEINS 
AND NUCLEIC ACIDS: PRACOCAL 

CONSIDERATIONS 

Robert L. Potter* and Randolph V. Lewis 
Department of Biochemistry 

University of Wyoming 
Laramie, Wyoming 82071 

I. INTRODUCTION 

Biopolymer chemists have relied for a number of years on various chro­
matographic techniques for analytical and preparative separations. These 
techniques have sufficient resolution and recoveries to provide adequate 
separations in many cases. However, in order for research efforts to be 
extended to proteins occurring in much lower concentrations and proteins 
and oligonucleotides of very similar compositions, significant improve­
ments in these chromatographic methods were required. 

In the past decade analytical chemists, in particular, have been demon­
strating the tremendous advantages high-performance liquid chromatogra­
phy (HPLXT) has over previous techniques. In fact, a complete methodology 
has emerged based on commercial pumps able to deliver accurate flows at 
high pressures and high efficiency silica supports bonded with a variety of 
organic coatings. The early development of HPLC was based on the separa­
tion of small molecules. In the mid-1970s, biochemists began to utilize this 
technology for the separation of peptides up to 30-50 amino acids in size 
and various nucleotides and nucleosides. However, these size ranges are well 
below that of the biopolymers most biochemists are interested in. 

In the past few years, the use of HPLC for the separation of large proteins 
and oligonucleotides has exploded to the forefront. This explosion was initi-
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ated in a number of laboratories using solid supports that researchers made 
themselves. Following this initial burst of successful applications, a number 
of commercial supports became available, which has greatly facilitated the 
recent advances in the separation ofbiopolymers via HPLC. This HPIC 
methodology now covers the traditional separation techniques used by bio-
polymer chemists, ion-exchange and size separation, as well as reverse-phase 
and hydrophobic-interaction separations based on differences in hydropho-
bicity. The acceptance of HPLC by biopolymer chemists is evidenced by the 
burgeoning number of papers devoted to HPLC separations of proteins and 
oligonucleotides and of papers containing the use of HPLC in their methods 
section. 

In this article, we would like to discuss the practical factors involved in 
using reversed-phase (RP-HPLC) and hydrophobic interaction (HIC) 
HPLC for the separation of proteins and oligonucleotides. The area of RP-
HPLC has, to date, received the most attention by protein chemists. As a 
result, a wide variety of methods have emerged which may be confusing to 
the investigator wishing to utilize RP-HPLC. This diversity of methods has 
also led to difficulties in correlating data between various laboratories. The 
areas we will concentrate on in an effort to describe approaches to the 
successful use of RP-HPLC for the separation of proteins will be (1) equip­
ment requirements, (2) solid phases and columns, (3) mobile phase, and (4) 
other practical considerations. The equipment and column considerations 
are similar for HIC as for RP-HPLC and therefore mobile phases and other 
practical aspects will be the areas of concentration. We will also discuss the 
use of RP-HPLC for the separation of oligonucleotides, which is currently a 
relatively minor but important use. 

II. EQUIPMENT REQUIREMENTS 

Other than the column, there are really only two basic components to a» 
HPLC system, the pumping system and the detection system. Since virtually 
all biopolymer separations require gradient elution the major requirement 
of a pumping system for effective RP-HPLC is the capability to generate 
reproducible gradients. 

There are currently a number of companies producing excellent gradient 
systems. These gradient systems consist of pumps and a gradient generator. 
Although there are a number of HPLC pump types, the reciprocating piston 
type is by far the predominant pump in gradient systems. 

.There are two basic types of gradient generators, low pressure and high 
pressure. The low-pressure system mixes the solvents pridr to the pump and 
therefore only a single pump is required for solvent delivery. The so: - . . 
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compositions are determined by a proportioning valve which meters the 
composition by timing the delivery of each component. There are several 
advantages to this, system: (1) less expensive, (2) ternary or quaternary sol­
vent systems can be used, and (3) very precise solvent compositions can be 
obtained. The two disadvantages of this system are the need lor well-de­
gassed solvents to prevent bubble formation when the solvents mix because 
they are at low pressure and the use of a dynamic mixing chamber to insure 
accurate gradients. The high-pressure system utilizes a pump for each sol­
vent and the gradient is generated by varying the flow rate of each pump. The 
disadvantages of this system are (1) expense because a pump is required for 
each solvent, (2) inaccurate gradients at low flow raus of any pump, and (3) 
the necessity for very accurate flow rate pumps to obtain precision gradients. 

Until recently, there was only one type of HPLC system which used 
columns with standard 4.0- to 4.6-mm diameters. Now there are two addi­
tional types, narrow bore and microbore. These generally are 2-mm- and 
1 -mm-diameter columns, respectively. The advantages of these columns are 
(1) decreased solvent use, (2) higher eluting concentrations of sample and, 
therefore, better detection, and (3) shorter run times. They are particularly 
useful for analytical purposes, although for small amounts of sample they 
can be very helpful due to the better detection and higher concentration of 
eluting materials. There are, however, a number of caveats to the use of these 
types of systems. The ability of the system to generate accurate gradients at 
the low flow rates used with these columns is critical. The narrow bore 
columns are an advantage in this regard as they can be used with many 
standard pumps that are currently available. Microbore systems which use 
very low flow rates require special pumps. With both column types it is 
necessary to have a very low dead volume system, especially the detection 
portion to take advantage of the higher detection levels. 

We have used systems from simple pumps with an external low-pressure 
gradient generator (Lewis, 1979) to completely automated computer-based 
systems with pairs of multi-piston pumps as well as those in between for our 
work. All of them have been reasonably satisfactory. Although the auto­
mated systems are much more productive for analytical work, in our experi­
ence there is virtually no difference in productivity between the least and 
most expensive systems when biopolymer purification work is involved. Our 
tendency has been toward less expensive and less complicated systems be­
cause in our laboratories, where several people are involved in protein work, 
it is much more productive to have as many systems as money will allow. 
Another factor that is important in choosing the appropriate H PLC system is 
the proximity of repair service in the area. 

The choice of detection systems is a more complex decision to make. 
Although analytical chemists have used a number of detection methods such 
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as refractive index, electrochemical, ultraviolet-visible absorption, and flu­
orescence, only the latter two have been used to any extent by biopolymer 
chemists. In deciding which of these two detection methods to use, a number 
of factors should be considered. 

One of the advantages of ultraviolet absorption is simplicity of design. All 
that is required is to connect the column output to the flow cell of the 
detector and the output from the detector to a fraction collector or to waste. 
The other advantage to this detection method is that proteins absorb strongly 
at only a few wavelengths, 280,254, and below 219 nm, while oligonucleo­
tides absorb strongly at around 260 nm. Thus, band-pass filter detectors are 
sufficient for virtually all biopolymer work although many continuously 
variable wavelength detectors are available. With this advantage comes the 
major disadvantage of this detection method, that is, that a number of 
compounds and solvents, in addition to the biopolymers, absorb at these 
wavelengths. Because of this, the use of low wavelength (<220 nm) detec­
tion, which is very sensitive, requires the use of only a very limited number of 
buffers. With higher wavelength detection, the allowable buffers are greatly 
expanded, but the sensitivity is concomitantly greatly reduced (for further 
details, see Section IV). The majority of protein HPLC users have opted for 
the absorbance detection mode and have tailored their buffers to minimize 
possible difficulties. Oligonucleotide separations with HPLC rarely require 
sensitive detection and thus absorbance is used almost exclusively. 

The use of fluorometric detection offers some advantages over UV ab­
sorption particularly for protein work. The main advantage is sensitivity 
since fluorometry is an inherently more sensitive method. In fluorescence, 
the emission light, a wavelength of light not present in the excitation light, is 
measured. Thus, ideally the background fluorescence should be zero and 
extremely low concentrations can be measured. In practice, these levels can 
approach 10~'5 mol. In contrast, ultraviolet absorption with dilute solutions 
is measuring the difference between two large numbers, which is difficult to 
do accurately and precisely. Other advantages are the specificity possible 
with fluorescence since narrow wavelength bands can be used for both exci­
tation airti emission, and the broad range of buffers that can be used. 

The two approaches currently used for fluorometric detection are (1) the 
use of native protein fluorescence via tryptophan residues and (2) amine-spe-
cific reagents which fluoresce following reactiSn with the protein. The use of 
native tryptophan fluorescence can be useful but for unknown proteins it has 
the major difficulty of requiring a tryptophan in the protein of interest. 
Fluorescamine and o-pthalaldehyde (OPA) are the reagents that have gener­
ally been used to detect polypeptides and amino acids. These reagents can be 
used as either pre-labeling reagents prior to HPLC or as on-line, postcolumn 
detection reagents. These reagents react with primary amines to produce 
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adducts that are fluorescent. The reagents themselves and their hydrolysis 
products are nonfluorescent, which is extremely important for the postcol­
umn detection methodology. They also react very rapidly, which is neces­
sary. The major drawbacks to the use of these reagents are (he necessity for 
aminc-free buffers and the extra equipment required for postcolumn detec­
tion. 

There are two approaches to a postcolumn detection system that are 
useful. These are (1) using the whole column effluent, which has generally 
been done in amino acid analysis and for analytical purposes (Stein et al., 
1973) and (2) using a stream splitting device to remove only a portion of the 
effluent for monitoring (BOhlen et al., 197S). Both of these approaches 
require the use of additional pumps for buffer (to raise the pH) and for the 
fluorometric reagent. In our experience, the additional equipment and 
plumbing have proved easy to install and operate and have provided up to 
100 times the sensitivitity of UV absorbance at 280 or 254 mm. The wide 
variety of buffers compatible with this detection system has also proved 
useful in many separations. 

III. COLUMN SELECTION 

In deciding which columns to use, there are several factors that should be 
considered. These are (1) the composition of the solid support, (2) size and 
shape of the particles, (3) pore size, (4) bonded phase, and (5) column length. 
Another factor discussed in the previous section is the column diameter. We 
will discuss each of these only as it applies to the reversed-phase HPLC of 
proteins and oligonucleotides. 

A. Solid Support Composition 
The vast majority of RP-HPLC supports are fully porous microparticulate 

silicas. Recently, totally organic supports have also become available that 
appear to function well. The silica-based particles provide excellent rigidity 
under pressure and the bonding chemistry is now well understood. As a 
result, good column-to-column reproducibility is provided by most manu­
facturers. The major drawback to the use of silica is its instability under basic 
conditions, although as described in Section IV, lower pH buffers generally 
provide the best results anyway. Due to this instability the use of buffers 
above pH 8 results in greatly decreased column life. The new totally organic 
supports provide a solution if the use of high pH buffers is required since 
their stability is not affected at these pHs. 
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B. Particle Size and Shape 
Most HPLC columns currently available are packed with 3- to \0-fim 

diameter particles. They are available as irregular or spherical-shaped parti­
cles with the spherical particles generally providing columns with greater 
theoretical resolving power. This results from the more uniform packing of 
the spherical particles. Greater theoretical resolving power is also provided 
by the smaller 3-' and 5-fita particles as a result of increased available 
surface area. The trade-off, however, in the use of smaller particles is higher 
operating pressures. As described below, this has been overcome by the use of 
shorter columns. These are generally 5-10 cm in length, which results in 
reduced operating pressures similar to those for 25-cm columns with 10-/лп 
packing. 

C. Pore Size 
Another factor of considerable importance in the separation of protei ns by 

RP-HPLC is the pore size of the solid support. The original HPLC supports 
utilized 60- to 100-A pores providing surface areas of up to 150 m2/gram. 
Although these pore sizes are sufficiently large to allow for maximum col­
umn efficiencies with small biopolymers, we and others have demonstrated 
that this is not true for larger proteins (Lewis et al, 1980a; Wilson et al., 
1982; Pearson et al., 1982). The problem appears to be twofold in the use of 
small-pore columns. First, access of the larger proteins is restricted to much 
less of the available surface area due to the protein cross-sectional diameter 
being similar to or larger than the pore diameter of the support. Since about 
95% of the surface area of the supports is inside the pores, this lack of access 
to internal surface area produces much lower column efficiencies. The other 
difficulty arises from the much slower diffusion rates of proteins, which are 
10-100 times slower than small molecules. This combination of slow diffu­
sion and restricted access results in very significant peak broadening for 
many proteins. As a result, supports with pore sizes of 300-1000 A have 
been employed for RP-HPLC of proteins. Another factor emerging from the 
use of the larger pore supports has been increased recoveries in many cases as 
well as better resolution/ Wilson etal.,1982). The clearly superior perform­
ance of these large-pore supports with larger proteins has confirmed the 
problems with using small-pore supports. As discussed later, most oligonu­
cleotide work has been done with shorter fragments and, therefore, little 
work has been done with pore size. However, separations of tRNAs were 
shown to be optimum with 330-A pores (Pearson et al., 1983). 

A compromise between pore size and resolution must be reached, how­
ever, since as pore size increases there is a concomitant decrease in total 
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surface area. In addition, if the pore volume becomes too large, the mechani­
cal stability of the support is compromised. Thus, in order to take full 
advantage of the large-pore matrices, a support cannot have pores of too 
large a diameter nor too. large a total volume. Currently, the support best 
fulfilling these requirements, is a S-ftm particle with approximately 300-A 
pores resulting in a surface area of 50 m2/gram. 

D. Bonded Phase 
The next variable to consider is the hydrocarbon coating on the silica 

particles. Currently, most commercial supports have monomelic coatings as 
opposed to earlier supports which generally had polymeric coatings. The 
monomelic coatings have the advantage of allowing less ligand leakage, 
which results in more stable column packings. Improvements in silica chem­
istry technology and the use of end-capping (usually with trimethylchlorosi-
lane) has resulted in a very low concentration of underivatized silanol 
groups. Thus, true reversed-phase characteristics can be seen with these 
columns. However, this does not mean that all columns with the same type 
of coating from various manufacturers will perform the same. Different 
elution characteristics and stability are still the rule rather than the exception 
when comparing various manufacturers' columns. Although it might be an 
advantage in certain purifications to have different selectivities from differ­
ent manufacturers, in general it is just a hinderance to the useful, reproduc­
ible RP-HPLC of biopolymers. 

A better approach to achieving different selectivities in the reversed-phase 
mode is the use of different hydrocarbon ligands attached to the silica. As we 
have demonstrated with both proteins (Lewis et al.. 1980b) and peptides 
(Stern et al., 1980), the use of different column types can greatly facilitate 
purifications. As seen in Fig. 1 with four standard proteins, the alkyl straight 
chain columns (C, or C18, Panels I and II) are virtually identical. This 
similarity has been extended to chain lengths from C4 to C n in which reten­
tion times for five proteins were found to be the same regardless of chain 
length (Pearson and Regnier, 1983). The results indicate that the larger alkyl 
chains fold back on themselves in the aqueous buffers generally used with 
proteins. This study also suggested that the longer alkyl chains resulted in 
lower protein loading capacity following the initial loading. Thus, it appears 
that C4 to C8 carbon chain lengths are the best suited straight-chain alkyl 
coatings. Much different elution patterns are seen with diphenyl (Panel III) 
and cyanopropyl (Panel IV) bonded phases. With the combined use of 
different types of bonded phases, different selectivities can easily by achieved 
with little or no modification in mobile-phase composition or gradient 
shape. 
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Fio. 1. Comparison of four bonded phases. Phospborylase b (10/jg), collagen type I 
(35 Mi), human serum albumin (7 fi%), and /Mactoglobulin B (10 /ig) were dissolved in 1 ml of 
starting buffer for injection. This is the elution order of the proteins labeled 1 -4 on the figure. 
The gradient was l-propanol,0-24%in 15min,24-48%in55rainin0.5 M formic acid/0.4 M 
pyridine, pH 4.0, with a flow rate of 0.75 ml/min. The columns were all Bakerbond wide-pore 
columns: J, octyl; II, octadecyl: III, diphenyl; and IV, cyanopropyl. Detection was by a post-
column fluorescamine system. 
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E. Column Length 
As discussed in Section IV, it is virtually required that gradient elution be 

used for protein separations. Due to this fact and the steep elution isotherms 
for most proteins (Hearn and Grego, 1981), there has been very little advan­
tage observed in using long columns. The consequence of the steep elution 
isotherms is that proteins elute over a very narrow range of organic modifier 
and, thus, separation is achieved for all practical purposes by the protein 
binding or not binding to the column. Studies have, in fact, shown that short 
columns (S-IO cm) provide virtually the same resolution as the longer 
columns (Pearson et al, 1982). We have used columns as short as 2 cm with 
excellent results (Fig. 2). For most separations, columns with a 5-cm length 
provide sufficient resolution and are less expensive. Another advantage in 
the use of shorter columns is the reduced backpressure that results. Thus 
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Fio. 2. Tryptic digestion on a 2-cm Cucolumn.Carnitineacetyltransferase(0.5 nmol)was 
digested with TPCK-treated trypsin (1:100) for 8 h in 25 тл1 (NH4) HCO, at 37*C. The 
sample (1 ml) was then injected on a Lichrosorb C1, column (4.6 X 20 mm). The gradient was 
l-propanoJ,0-16%in45min, 16-40%in64)minin0.5 Л/acetate/pyridine,pH 4.0.Detection 
was with a fluorescamine postcolumn system. 


