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1.

The development of widely useful, high-efficiency enantiomeric separations is a
tremendous success story. In a little more than a decade (starting in the early 1980s), this
field went from an academic curiosity to an extraordinarily useful collection of related
techniques, which aré routinely used today in many branches of science and technology.
Indeed, the U.S. Food and Drug Administration (FDA) issued guidelines for the development
of stereoisomeric drugs in 1992[1] largely because of the tremendous advances in
enantiomeric  secparations that facilitated enantioselective pharmacokinetic and
pharmacodynamic studies, as well as rapid, sensitive chiral assays. This completely altered
the nature of chiral drug development.

Today, the FDA may be considering additional guidelines in this area [2]. In addition,
greater attention is being paid to the stereochemical properties of compounds in foods,
fragrances, agrochemicals, and the natural and work environments. Enantiomeric impurities

are now measured routinely to the 0.01% level. HPLC can be used to measure an amino acid

enantiomeric impurity near the parts-per-million level{3,4].

Chiral selectors can be classified in many different ways. One of the more useful
classification formats is by structure (Table 1). Knowing the structure and properties of 2
chiral selector is the first step in understanding how they function and what they will
separate. Chiral selectors also can be classified according to their source or origin (Table 1).
Today, the semisynthetic chiral selectors dominate the field of enantiomeric separations,

although many important contributions are still made (particularly in LC) by natural and

synthetic compounds.



Table 1. Structure-based classification and origin of chiral selectors

Class* Examples

Cyclodextrins and their derivatives, glycopeptides (macrocyclic

Macrocyclic antibiotics), and chiral crown ethers

Naturally occurring (derivatized linear or branched carbohydrates and

Polymeric proteins) and synthetic polymers

w-Electron acceptor (w-acid), s-electron donator (w-base), and combination

- Association types (containing both p-electron acceptor and donator groups)

;éig;ﬁaig: hange HEydroxyproline, penicillamine

Miscellaneous and hybrid  Cross-linked tartaric acid derivatives

Origin Examples

Naturally occurring Cyclodextrins, macrocyclic glycopeptides, amino acids, and proteins
Derivatized cyclodextrins, derivatized linear carbohydrates, modified

Semisynthetic macrocyclic glycopeptides, derivatized amino acids and alkalcids (with #-

acid or #-basic groups), and tartaric acid derivatives

Methacrylate polymers, a few #—z complex compounds, and chiral crown

Synthetic chiral selectors ethers

*Pertinent references for each class and type of chiral selector can be found in Refs. 5 and 6.

Attempts to classify chiral selectors on the basis of perceived function were
somewhat arbitrary because a single type of chiral selector can function differently in
different situations and environments. For example, the Cyclobond-I-SN (ie., B-cyclodextrin
functionalized with S-naphthylethylcarbamate groups) chiral stationary phase (CSP) can
form inclusion mmplexes in the reversed-phase (RP) mode, act as a w-complex CSP in the
normal-phase (NP) mode, or show only external surface adsorption in the polar organic (PO)
mode. In a few cases, the structure and exact function of a chiral selector is not well

understood.



Arguably, the macrocyclic class of chiral selectors has had the biggest impact on
analytical enantiomeric separations. The vast majority of all GC and CE enantiomeric
separations are éﬁne with macrocyclic chiral selectors, predominantly derivatized
cyclodexirins, However, in LC, the ficld is much more divided. Early on, the macrocyclic
and protein-based CSPs were used for the majority of RP and PO mode separations, while
the derivatized carbohydrates and w-complex CSPs were used for the majority of NP
separations. More recently, these lines have blurred. For example, the macrocyclic
glycopeptide and aromatic-derivatized cyclodextrins are highly effective in the NP mode,
while some of the linear derivatized carbohydrate CSPs have been conditioned to work in the
RP mode (they’ve also been shown to work in the PO mode).

Since the advent of commercial CSPs, there have always been a few “dominant”
columns that accomplished the majority of separations. These so-called preferred columns
have evolved or changed with time as new and better CSPs have been developed. In 1985,
for example, three of the best columns were based on 3,5-dinitrobenzoylphenylglycine

(Regis’s phenylglycine), B-cyclodextrin (Astec’s Cyclobond I), and «;-acid glycoprotein

(LKB). Of course, there were far fewer choices at that time. By 1990, the Daicel Chiracel OD
(3,5-dimethylphenylcarbamolated cellulose) proved to be the most widely applicable of the

cellulosic columns, and the Crownpak chiral crown ether colu

n’s broader selectivity and

ease of use were favored for amino acid separations.

Also at this time, derivatized cyclodextrin CSPs (Cyclobond I-RSP, Cyclobond I RN,
etc.), a more stable and efficient second-generation es-acid glycoprotein coluran
{ChromTech’s Chiral AGP), and new w-w association CSPs with better selectivity became

available. By 1995, the newest chiral selectors, macrocyclic glycopeptides (ie., the



Chirobiotic series from Astec), were having a significant impact because of their wide utility
and high efficiency. Also, the most broadly useful w-complex CSP (Whelk-O 1 from Regis)
and the most widely useful derivatized linear carbohydrate CSP (Chiralpak AD from Daicel)
were introduced around this time.

It is only when these few “mainstays” don’t work that the sometimes arduous task of
surveying the wvast array of other columns presents itself. Sometimes enantiomeric
separations can be achieved on two or more CSPs. This added flexibility increases the
possibility that analysts can achieve a separation under their preferred experimental
conditions and with the desired efficiency, selectivity, and run time.

As a class of chiral selectors, vancomycin, teicoplainin, and ristocetin A are similar,
structurally related molecules. Thus, they have somewhat similar, buit not identical
selectivitics. Reversing the enantioselectivity of a separation on these CSPs is difficult, and
would be considered unusual. The investigation of reversal of elution orders on these
stationary phases is the first part of this dissertation.

As stated above, macrocyclic glycopeptides chiral stationary phases are widely
utilized for enantiomeric separations, including amino acids, dipeptides, and tripeptides[5,6],
They are known to selectively bind specific aminc acids and sequences of amino acids via
electrostatic and hydrogen bonding interactions[6,7]. It is highly likely that they also are
selective for closely related but non-enantiomeric peptides of any chain length. Their
separation mechanism, and therefore selectivity, is significantly different from both reversed
phase and ion-exchange LC. Some physiclogically important peptides were studied by using

these stationary phases as discussed in this dissertation.



References

(1)  U.S. Food and Drug Administration. Chirality 1992, 4, 338-340.

@ Miller, S. P.. FDA Perspective on Quality Control for Chiral Pharmaceuticals.
Absiract and Presentation at ISCD 13, Chirality 2001, Orlando, FL, July, 2001.

(3 Armstrong, D. W, Lee, J. T., Chang, L. W. Tetrahedron Asymmetry 1998, 9, 2043-
2064.

4y  Armstrong, D. W, He, L., Yu, T, Lee, J. T, Lin, Y. -S. Tetrahedron Asymmetry
1999, 10, 36-60.

&) Péier, A., Torok, G., Armstrong, D.W. J. Chromiogr. 793 (1998) 283.

(6) Berthod, A., Liu, Y., Bagwill, C., Armstrong, D.W., J. Chromtogr. 731 (1996) 123.

0] Péter, A., Tordk, G., Armstrong, D.W., Téth, G., Tourwé, D., J. Chromtogr. A 904

(2000) 1.



A paper published in Journal of Liquid Chromatography & Related Technologies

T.L. Xiao!, B. Zhang', I.T. Lee?, F. Hui’, D.W. Armstrong*’

! Department of Chemistry, Iowa State University, Ames, 1A 50011
? Advanced Separation Technologies, Inc., Whippany, NJ 07981
3 Laboratoire Environnment et Chimie Analytique, CNRS ERS657, ESPCI, 75005 Paris,
France

The macrocyclic glycopeptides, vancomycin, teicoplanin, and ristocetin A are
naturally occurring chiral molecules that have been developed into one of the most useful
classes of chiral stationary phases (CSPs) for HPLC. Since these chiral selectors are
structurally related, they tend to have similar, but not identical, enantioselectivities for most
compounds. CSPs, of this type, with opposite enantioselectivities are rare. Two exceptions
have been found to this. The oxazolidiones (starting materials for asymmetric synthesis) and
dansyl amino acids all show a reversal in enantioselective retention on one of these three
related CSPs. By using the HPLC assays developed for these compounds, the levels of
enantiomeric impurities can be measured down to ~0.01%. The enantiomeric purity of

commercial oxazolidiones was determined.

The aglycone portion of all the macrocyclic glycopeptides contain either three or

four fused macrocyclic rings (Figure 1). Together, these fused rings form a semirigid basket-



shaped entity. Each aglycone basket has associated with it: an amir

e moiety, a carboxylic
acid group (which is esterified in ristocetin A) and phenclic moieties. These groups, along
with an amino-saccharide, control the charge of these molecules. In addition, the aglycone
contains several amide or peptide bonds (Figure 1). Each aglycone has one or more
carbohydrate moieties attached at various locations. A single disaccharide is attached 1o
vancomycin, while teicoplanin has three monosaccharides associated with it (Figure 1).
Compared to the aglycone portion of these molecules, the carbohydrate moieties are

relatively free to alter their orientation.

VANCOMYOIN HORE AN BISTODETIN A

Figure 1. Schematic showing the structures of the related macrocyclic glycopeptides: vancomycin, teicoplanin,
and ristocetin A, '

As a class of chiral selectors, the macrocyclic glycopeptides have very broad
enantioselectivity, and can be used in all chromatographic modes (ie., reversed phase,

normal phase and polar organic modes). The teicoplanis

i-based CSP (Chirobiotic T) is now

the preferred means of resolving native amino acids (both natural and synthetic types). (1),

Lﬁi_, ﬂg'- 102 A distinct an

ino acid and carboxylic acid binding site has been identified for



these related macrocycles. (5) , (7) , (24} Furthermore, it appears that there are other binding

sites for neutral and cationic chiral analyies. (24)

Clearly, vancomycin, teicoplanin, and ristocetin A are similar, structurally related

molecules. They have the same biological function, which is to bind to D-alanyl-alanin

moieties in the cell wall of Gram positive bacteria. (1-3) , (8) Although they are related, these

macrocycles are far from being identical. Thus, they have somewhat similar, but not identical
selectivities, This property gave rise to the operating “principle of complimentary
separations.” This means that if only a partial enantioseparation can be obtained on one CSP,

then it is likely that a baseline separation will be achieved on one of the related CSPs._{4) ,

[()]

Given the similarities of the glycopeptide chiral selectors, it is not surprising that
enantiomeric elution order appears to be the same on all of these CSPs. Since these
macrocyclic glycopeptides are complex, natural molecules, their enantiomers are unavailable.
Consequently, reversing the enantioselectivity of a separation on these CSPs is difficult, and
would be considered unusual. After performing thousands of separations on these CSPs over
the last few years, we have found a few cases in which the enantioselectivity of a separation
could be reversed either by using a related glycopeptide CSP oz, in one case, by altering the

mobile phase composition. This behavior has not been reported previously for this class of

CSPs.
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Experimental
Magerials

The HPLC-grade solvents [methanol, reagent alcohol, acetonitrile, glacial acetic acid,

triethylamine (994+% pure) and hexane] were purchased from Fisher Scientific (Fair Lawn,

NJ, USA). All racemates and single enantiomers of derivatized amino acids and neutral

molecules used in this study were purchased from Aldrich (Milwaukee, WI, USA) and Fluka

(Milwaukee, WI, USA). All HPLC Chirobiotic columns [Chirobiotic V (vancomycin),
Chirobiotic T (teicoplanin), Chirobiotic R (ristocetin A)] were (stainless-steel 25 cm x 4.6
mm) obtained from Advanced Separation Technologies, Inc. (Whippany, NJ).
Methods

The separations were performed on Shimadzu (Columbia, MD) HPLC systems
equipped with Model LC-6A pumps, Model SPD-6A, and SPD-6AV UV detectors, SCL-6A
and SCL-6B system controliers, CR-601 and C-R3A Chromatopac integrators, and Rheodyne
(Cotati, CA, USA) manual injectors. All samples were dissolved in methanol with
concentration of 1 mg/ml and all separations were achieved at room temperature (~22°C).

Mobile phases were prepared by mixing the indicated volumes of solvents or
deionized and filtered water and degassed with a Crest Ultrasonic sonicator (Trenton, NJ,
USA). The HPLC mobile phase flow rate was 1 mL/min and UV detection wavelengths were
254 nm for compounds containing aromatic rings and 220 nm for all others. The pH value of
buffer mobile phase was measured with an Orion (Boston, MA, USA) pH meter Model

410A. Elution orders were determined by spiking a single pure enantiomer into the solution

of the corresponding racemic compound.



Results and seussiom

There are few reports on the reversal of enantiomeric retention on CSPs containing
natural chiral selectors._(25-26) These CSPs usually are either protein-based or linear
derivatized carbohydrates. (25-26) The reversal of enantiomeric elution usually was the result
of a change in mobile phase composition, although temperature effects also could be
relevant. A solvent induced confirmational change in the chiral selector often was given as
the reason for the change in selectivity. Note, that the changes in solvent composition that
were reported were not drastic changes, such as going from the reversed phase mode to the
normal phase mode (where the mechanism changed). Rather, they are milder changes, such
as altering the organic modifier type or altering the pH in a reversed phase separation.

The macrocyclic glycopeptides are much smaller than the biological polymers that
are used as chiral selectors. Thus, they seem to be less susceptible to solvent-induced changes
in enantioselectivity. Indeed, the only reverse in enantioselective retention we've documented

on the vancomycin CSP (involving different mobile phases), was for N-benzyl-O-

methylbenzylamine (Figure 2). In this case, it took a rather drastic change in the mobile

phase (i.e., from the polar organic mode to the reversed phase mode). It is less surprising to

get a change in enantioselectivity if the retention mechanism is completely altered. Despite
this fact, the enantiomeric retention order of a wide variety of solutes on the macrocyclic
glycopeptide CSPs is reasonably constant. Table 1 lists several classes of molecules that

appear to have the same basic enantioselectivity on the vancomycin, teicoplanin, and

ristocetin chiral stationary phases.
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Table 1. Some Classes of Compounds That Appear to Have the Same Enantiomeric Retention Order
on Chirobiotic V, T, and R Chiral Stationary Phases

5.f-adrenergic bl@ckers
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Figore 2. Chromatograms showing the reversal in elution order for enantiomers of N-benzyl-c-methylamine on
the Chirobiotic V column (250 x 4.6 mm) resulting from a change in the mobile phase composition
by volume).

Chromatogram (A) was generated in the polar organic mode (Acetonitrile/0.1% TEAA buffer, pH 4.1; 20/80
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Throughout the course of our studies, it was noted that a compound would sometimes
have a different enantiomeric retention order on one of the macrocyclic glycopeptides CSPs.
Thus far, all compounds that have shown this behavior fall into one of two classes: 1) the

oxazolidinones, and 2) dansylated amin

acids show the most consistent behavior. The D-enantiomers are preferentially retained on

the vancomycin and teicoplanin CSPs, while the L-enantiomer is more retained on the
ristocetin CSP (Table 2, Table 3). It is the retention order on the ristocetin CSP that is

unusual or anomalous. In most other cases, both the native and derivatized D-amino acids

enantiomers are more retained on macrocyclic glycopeptide CSPs. Indeed, the biological

function of these glycopeptides is to bind to D-alanyl-D-alanis

e on bacterial cell walls. The
dansyl-fluorophore is a relatively bulky group and it contains an amine functionality.
Apparently, this combination of additional steric-bulk and the hydrogen bonding or charge
effect of the amine is sufficient to alter the enantioselectivity of ristocetin A, toward dansyl

amino acids.

It is known that amino acids associate with the amine moiety these macrocyclic

glycopeptides via their carboxylic acid groups. (1), (5) , (9-10) This association can be either

electrostatic in nature or hydrogen bonding depending on the pH and/or mobile phase
composition. The additional simulianeous interactions (required for chiral recognition) are
thought to consist of hydrogen bonds to the amide groups of the aglycone, and in some cases,
hydrophobic interactions (at least in the reversed-phase mode). Derivatizing the amine group
of an amino acid with a flucrophore can alter the secondary interactions between the analyte
and the agiycone. For example, the amino moiety of the amino acid would no longer be

available for hydrogen bonding to the macrocyclic glycopeptide. However, the steric bulk of
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Table 2. Members of compound oxazolidinones where there is a change in the enantiomeric elution order on
macrocyclic glycopeptide CSPs,

Blution order”
Compound
Strneture hiabile Phose®
Oxazolidiones Vancunyein Ristecetind ‘Telcoplanin
v 3 T
RS - 4 phenyi - 2- T& R= 100% MeOH
oxnzotidinone B 8 R V=H,OMeOH(B0/10)
RS- 4- benzyl- 2- T=100% MeOH
oxazolidinone R s 23 V=H0MeOH(90/10)
R=HO/MeOH(75/25)
RS- 4- benzyl- 3-propionyi- T=Buffe:"MeCH
orazolidinone R Unresolved s {20/10)
V=MeOH/EL,O(82/18)
RS- 5,5 dimethyl-4-phenyl- R S R Y,R,T
2-oxazolidionone = Hen/ErOE(80/20)
RS-3-benzylozy carbonyl- T=Buffer/MeOH
4-oxazolidine carboxylic R R 8 {80/20)
acid Re=Buffer/MeUH
(80/20)
V=EOHELO40/60)
48, 58(+) - cis- 4,5-
diphenyl-2-oxazolidinoze 4R.58 48,58 48,58 V.R, T
=EtOH/Hex(50/50)

* The configuration of the first eluted enantiomer is given.

® The flow rate for all separation was 1.0 ml/min except for the first two compounds in this table which was 0.5
mi/min.

° The buffer was 1% triethylamine acetate, pH= 4.1.
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Table 3. Members of compound dansylated amino acids where there is a change in the enantiomeric elution
order on macrocyclic glycopentide CSPs,

Ehution order”
Dansyl-dmine acid
Structure Pobile Phase”
v yein | Ristecetingd | Telcoplant
A% I3 T
DL - Valine Buffes”/MeOH
L D L (80720}
Buffer/MeCL
L D L (80720}
HoC,,
DL -
Threcpine
BL - Glutamatic acid L D L
Buffer/MeOH
{80720}
DL - Aspastic acid L D L
Buffer/MeOH
(86/20)
DL~ L D L
Serive Buffer/MeOH
(80£20)
DL -Phenylalanize
L D L
Buffer/MeOH
(80120}
DL - Trytopban
unresolved D L BufferMeOH
{8020y
DL - Methionize
# B L BufferfdeOH
{80420}
DL - Kogvalive
L o L BufferMeOH
[
N (80/20)
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the fluorophore could accentuate either hydrophobic interaction (in the reversed phase mode)
or steric repulsive int;zmctions. As mentioned previously, the dansyl group also contains an
amine moiety that could result in additional interactions.

The oxazolidinones do not show consistent retention behavior, as do the dansyl-
amino acids (Table 2, Table 3). It is not known how the oxazolidinones interact with the
macrocyclic glycopeptides. Hence, the relative retentions reporied can only be taken as
empirical observations. The R-enantiomer always eclutes before the S-enantiomer on the
vancomycin CSP. However, there was no consistent pattern on either the ristocetin A or
teicoplanin CSPs.

Chiral oxazolidinones are widely used in asymmetric synthesis. Since they are
commercially available starting materials, it is often assumed that they are enantiomerically
pure. In previous work, it was shown that enantiomeric impurities were prevalent in most of
the available chiral catalysts, auxiliaries, synthons, and resolving agents. (27) Table 4 gives
the enantiomeric purity found for the oxazolidinones used in this study. Note the wide
variation in the enantiomeric purity found for this class of chiral compounds. As was noted

previously, the batch-to-batch enantiomeric purity of each of these commercial chiral

auxiliaries varies widely, since there is no enantiomeric quality control in their production or

sale. (26-27)
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Table 4. The enantiomeric composition of chiral compounds which show reversal in enantiomer elution order.

Compound Commercial Enantiomeric composition Separation
name source Enantiomeric Enantiomeric Method number®
copteminant(%) excess( %)
BS - 4- phenyt - 2- S=0.05 R=99.90
oxazolidinone Aldrich R=0.20 §=89.60 1
RS- 4- benzyl- 2- 8=0.06 R=00.88
oxazolidinone Aldrich R=0.03 $=99.94 2
RS- 4- benzyl- 3- 8=0.30 R=099.40
propionyi- oxazolidinone Aldrich R=0.14 5=09,72 3
RS- 5,5, dimethyl-4- R=0.03 $5=09.94
phenyl-2-oxazolidionone | Aldrich S=0.08 R=99.84 4
RS-3-benzyloxy carbonyl- =238 R=09524
4-oxazolidine carboxylic Aldrich R=0.85 8§=08.30 5
acid
48 5R(+) - cis- 4,5~
diphenyl-2-oxazolidinone Aldrich

* Method No. 1= Chircbiotic T. Mobile phase 1% TEAA/MeOH=80/20(pH=4.1), Flow rate Iml/min. Method
No. 2 = Chircbiotic T. Mobile phase 1% TEAA/MeOH=90/10(pE=4.1), Flow rate Im. Method No. 3 =
Chirobiotic T. Mobile phase 1% TEAA/MeOH=85/15(pH=4.1), Flow rate Iml/min. Method No. 4 = refer tc D.
W. Armstrong ¢t al./ Tetrahedron: Asymmetry 9 (1998) 2043-2064. Method No. 5 = Chirobiotic Tag. Mobile
phase 1% TEAA/MeOH=T70/30(pH=4.1}, Fiow rate 1ml/min.
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Abstract

Separating closely related peptides (those differing by one or two amino acids or the
chirality of a single amino acid) can be challenging using reverse phase L.C, ion exchange
LC, or using ion-pairing agents. Also, the mobile phases that give the best separations in
these modes may not be ESI-MS compatible. Forty-two peptides from eleven peptide
families were separated on three macrocyclic glycopeptide stationary phases in reverse phase
mode using ESI-MS compatible mobile phases. The peptide classes studied were
angiotensin, bradykinin, o-bag cell factor, B,y-bag cell factor, B-casomorphin, dynorphin,
enkephalin, leucokinin, lutinizing hormone releasing hormone, neurotinsin, substance P, and
vasopressin. High selectivity was observed for single amino acid substitutions (achiral and
chiral) regardless of the position of the substitution in the seguence. Mobile phase
optimization, its effect on peptide elution behavior, and chromatographic efficiency is also
discussed. Using LC-ESI-MS, a 10 ng limit of detection was obtained, two to three orders of

magnitude lower than the UV detection limit.
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Introduction

The separation and analysis of peptides continues to be of paramount importance in
many areas of science and technology. Some of these areas include: (a) protein sequencing,
(b) analysis, quantitation, and characterization of peptide hormones, (c) synthesis of new
peptide drugs, (d) pharmacokinetic and pharmacodynamic studies of pharmacologically
active peptides, and (e) other fields involving the environmental, biological, and geochemical
sciences.

The separation of complicated peptide mixtures is one of the more important initial
steps in protein sequencing. Also, there is increasing interest in detecting single amino acid
polymorphisms in proteins [1-4] which would produce the resultant peptide polymorphs after
digestion with proteolytic agents. These types of protein alterations emanate from certain
single nucleotide polymorphisms{5,6] and have been linked to diseases by several
researchers[7-10].

Low concentrations of peptide hormones are known to elicit a large spectrum of
physiological effects[11,12]. Their identification and quantification in complex biclogical
fluids can be problematic not only because of the complicated matrices, but also due to the
large number and higher concentrations of interfering substances[12]. As a consequence of
these peptides’ profound activity, it is not surprising that pharmaceutical scientists are
synthesizing an ever-increasing number of analogues. Frequently, this involves replacing

specific amino acids with other natural or more frequently, non-natural amin
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analogues[13-17]. Non-natural amino acids can include: D-amino acids, p-amino acids,
unusually substituted o-amino acids, cyclic and bicylic-amino acids, as well as other useful
permutations [14,15].  In all cases, active potential drug candidates must undergo
pharmacokinetic and pharmacodynamic studies in which they and their metabolites must be
distinguished from all other naturaily occurring physiclogical components.

Liguid chromatography (LC) is the predominant separation method used for the
analysis of peptides[18-34]. It is often coupled with other separation methods and/or mass
spectrometry as part of a 2-dimensional or multi-dimensional procedure[19,23,25,35].
Reverse-phase LC is the most prevalent method used because of its good resolving power,
reproducibility, and ease of use [18,29,32,36]. It has become common practice to use mobile
phases consisting of agueous acetonitrile mixtures containing various ion pairing agents[26].
Ion exchange chromatography also has been wused widely for the separation of
peptides[24,27]. The composition of the mobile phase can be a problem if the separation is
interfaced with electrospray ionization mass spectrometry (ESI-MS). Often, this is necessary
to enhance both the sensitivity and selectivity of an analysis.

Given the wide variety of peptides, peptide mixtures and complex matrices in which
they exist, there is a constant search for different selectivity separation approaches. For
example, a porphyrin-based stationary phase was recently proposed for the separation of
peptides[37]. When utilizing 2-D separations, it is usually desirable to have orthogonal
separation methods. Orthogonality is more likely if the separation mechanisms are different
from one another. However, the mobile phases have to be sufficiently compatible that the

methods can be coupled (if using a continuous automatied system).
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Macrocyclic glycopeptide-based chiral (ie., containing teicoplanin, teicoplanin
aglycone, or ristocetin A) stationary phases are widely utilized for enantiomeric separations,

including amis

10 acids, dipeptides, and tripeptides[22,31]. They are known 1o selectively
bind specific amino acids and sequences of amino acids via electrostatic, hydrogen bonding,
and dipolar interactions[14,31]. It is highly likely that they also are selective for closely
related peptides of any chain length. Their separation mechanism, and therefore selectivity,
is significantly different from both C-18 reversed phase and ion-exchange LC. Furthermore,
the mobile phases that are commonly used with teicoplanin-based stationary phases are ESI-
MS compatible. The focus of this work is to evaluate the separation of a variety of closely
related peptides on a teicoplanin stationary phase using isocratic elution with ESI-MS
compatible mobile phases.

Materials. Synthetic peptides used in this study were purchased from American
Peptide Company (APC) (Sunnyvale, CA) and Sigma (St. Louis, MO). The peptides, their
structure, and source are listed in Table 1. Formic acid, 96%, ACS reagent grade (Sigma)
was used as mobile phase additives. Acetonitrile (HPLC grade, Fisher Scientific, Pittsburgh,
PA, USA) and deionized water (in-house preparation) were used to make all mobile phases.
All samples were dﬁsulved in a water/methanol (50/50) solvent mixture at 1 mg/ml
concentration uniess mentioned otherwise. Triethyamine (HPLC grade, Sigma.) and acetic

acid (ACS grade, Fisher Scientific) were also used as mobile phase additives.
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Table 1. Peptides, sequences and sources

Cys-Pro-Arg-Gly-NH2

Name Three-etter Sequence | Single-letter sequence Source

Leu-Enkephalin Tyr-Gly-Gly-Phe-Leu  |YGGFL Sigma

ID-Ala2, D-Leub]-Enkephalin | Tyr-DAla-Gly-Phe-  |Y-dA-GF-dl APC
Dleu

{Ala2]-Leu-Enkephalin fyr«Aﬁa-Gﬂy—Phe—Leu YAGFL APC

Met-Enkephalin Tyr-Gly-Gly-Phe-Met |[YGGFM _ Sigma

Mei-Enkephalin [D-AlaZ] Tyr-DAla-Gly-Phe-Met | Y-dA-GFM APC

D-Ala2, Leu5l-Enkephalin | Tyr-DAla-Gly-Phe-Leu |Y-dA-GFL APC

DAla2,4,7yr5] b- Tyr-DAla-Phe-D-Ala-  |Y-dA-F-dA-Y-NH, APC

Casomorphin (1-5}, amide, | Tyr-NH2

bovine w N

{DAla2,DPro4, Tyr5] b- Tyr-Dala-Phe-DPro- | Y-dA-F-dP-Y-NH; APC

Casomorphin (1-5), amide | Tyr-NH2

[DAla2 Hyp4, Tyr5] b- Tyr-DAla-Phe-Hyp- Y-dA-F-Hyp-Y-NH, APC

Casomorphin {1-5), amide | Tyr-NH2 n

p-Bag Cell Factor Arg-Leu-Arg-Phe-His RLHEH APC

1Bag Cell Factor Arg-Leu-Arg-Phe-Asp HLEFD APC

o-Bag Cell Peptide (1-7) Ala-Pro-Arg-Leu-Arg- | APRLREFY APC
Phe-Tyr B

o-Bag Cell Peplide {1-8) Ala-Pro-Arg-Leu-Arg- | APRLRFYS APC
Phe-Tyr-Ser .

o-Bag Cell Peptide (1-8) Ala-Pro-Arg-Leu-Arg- | APRLRFYSL APC
Phe-Tyr-Ser-Leu _ _

Leucokinin | Asp-Pro-Ala-Phe-Asn- | DPAFNSWG-NH2 APC
Ser-Trp-Gly-NH2

Leucokinin 1! Asp-Pro-Gly-Phe-Ser- DPGFSSWG-NH2 APC
Ser-Tro-Gly-NiH2 _

Leucokinin VIi Asp-Pro-Ala-Phe-Ser- DPAFSSWG-NH2 APC
Ser-Trp-Gly-NH2 .

[Sart, Thr8]-Angiotensin il | Sar-Arg-Val-Tyr-lle- | Sar-RVYIHPT Sigma
His-Pro-Thr

Angiotensin il human Asp-Arg-Val-Tyr-lle- | DRVYIHPF Sigma
His-Pro-Phe _

[Val5]-Angiotensin li Asp-Arg-Val-Tyr-Val- |DRVYVHPF Sigma
His-Pro-Phe B

Angiotensin il antipeptide Glu-Gly-Val-Tyr-Val- |EGVYVHPF Sigma
His-Pro-Val -

[Saril-Angiotensin Il Sar-Arg-Val-Tyr-lle-  1Sar-RVYIHPF Sigma
His-Pro-Phe

Bradykinin Arg-Pro-Pro-Gly-Phe- |RPPGFSPFR Sigma

. Ser-Pro-Phe-Arg .
des-Pro2-Bradykinin Arg-Pro-Gly-Phe-Ser- |RPGFSPFR Sigma
_ : Pro-Phe-Arg _

Bradykinin Fragment 2-7 Pro-Pro-Gly-Phe-Ser- (PPGFSP Sigma
Pro

Bradykinin Fragment 2-9 Pro-Pro-Gly-Phe-Ser- | PPGFSPER Sigma
Pro-Phe-Arg _ ~

[Lys8] Vasopressin Cys-Tyr-Phe-Gln-Asn- | CYFQNCPKG-NH2 APC

~ Cys-Pro-Lys-Gly-NH2 |
[Arg8] Vasopressin /AVP Cys-Tyr-Phe-Gin-Asn- |CYFQACPRG-NH2 APC
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Dynorphin A {1-10}, porcine

Tyr-Gly-Gly-Phe-Leu-
Arg-Arg-lle-Arg-Pro

o

YEGFLRRIRP

APC

Dynorphin A (1-10}, amide,
porcine

Tyr-Gly-Gly-Phe-Lau-
Arg-Arg-lle-Arg-Pro-
NH2

TGGFLRRIRP-NH2

APC

[D-Alab-LH-RH

pGlu-His-Trp-Ser-Tyr-
D-Ala-Lsu-Arg-Pro-
Gly-NH2

PEHWSY-dA-LRPG-NH2

Sigma

[des-pGIui-LH-AH

His-Trp-Ser-Tyr-Gly-
Leu-Arg-Pro-Gly-NH2

HWSYGLRPG-NH2

Sigma

ID-Lys6l-LH-RH

pGiu-His-Trp-Ser-Tyr-
D-Lys-Leu-Arg-Pro-
Gly-NH2

pEHWSY-dK-LRPG-NH2

Sigma

[D-Phe2,D-Alag]-LH-RH

pGlu-D-Phe-Trp-Ser-
Tyr-D-Ala-Lau-Arg-
Pro-Gly-NH2

Pe-dF-WSY-dA-LRPG-NH2

Sigma

Naurotensin

pGlu-Leu-Tyr-Glu-Asn-
Lys-Pro-Arg-Arg-Pro-
Tyr-lie-Leu

pELYENKPRRPYIL

Sigma

{Pheti}-Neurotensin

o

pGiu-Leu-Tyr-Glu-Asn-
Lys-Pro-Arg-Arg-Pro-
Phe-lle-Leu

pELYENKPRRPFIL

Sigma

[DTmp11] Neurotensin

Gip-Leu-Tyr-Giu-Asn-
Lys-Pro-Arg-Arg-Pro-
DTrp-lle-Leu

pELYENKPRRP-dW-IL

APC

[DTyri1] Neurotensin

Gip-Leu-Tyr-Glu-Asn-
Lys-Pro-Arg-Arg-Pro-
DTyr-lie-Leu

pELYENKPERP-dY-IL

APC

IGind] Neurotensin

Glp-Leu-Tyr-Gin-Asn-
Lys-Pro-Arg-Arg-Pro-
Tyr-lle-Leu

PELYQNKPRRPYIL

APC

Neurotensin, guinea pig

Glp-Leu-Tyr-Glu-Asn-
Lys-Ser-Arg-Arg-Pro-
Tyr-lle-Leu

pELYENKSRRPYIL

APC

[DPro1C] Dynomphin A (1-11),
poreine

Tyr-Gly-Gly-Phe-Leu-
Arg-Arg-lle-Arg-DPro-
Lys

YGGFELARIR-dP-K

APC

Dynorphin A (1-11), porcine

Tyr-Gly-Gly-Phe-Leu-
Arg-Arg-lle-Arg-Pro-

Lys

IYGGFLRRIRPK

APC

Dynorphin A (1-13), porcine

Tyr-Giy-Gly-Phe-Ley-
Arg-Arg-lie-Arg-Pro-
Lys-Leu-Lys

YGGFLRRIRPKLK

APC

{DArgs] Dynorphin A (1-13),
porcine

Tyr-Gly-Gly-Phe-Leu-
DArg-Arg-lie-Arg-Pro-
Lys-Leu-Lvs

YGGFL-dR-RIRPKLK

{Norg] Substance P

DPro-Gin-Gin-DTrp-
Phe-DTmp-Leu-Nor-
NH,

dP-QQ-dW-F-dW-LN-NH;

APC

Substance P

DPFro-GIn-Gin-D 1 -
Phe-DTrp-Leu-Met-
NH,

dP-QQ-dW-F-dW-LN-NH;

AFC
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Instrument. The chromatographic methods were developed on a HP (Palo Alio, CA,

USA) 1050 HPLC system, including: 1 auto sampler, 1 guaternary pump, and 1 VWD

etector. All sapmaﬁéns were carried out with analytical columns from Advanced Separation
Technologies (ASTEC, Whippany, NJ, USA) at room temperature. The columns used were
Chirobiotic T (250 x 4.6 mm), Chirobiotic R (250 x 4.6 mm), Chirobiotic TAG (250 x 4.6
mm). LC/MS analyses were carried out on a Thermo Finnigan (San Jose, CA, USA)
Surveyor LC system coupled with Thermo Finnigan LLCQ Advantage API ion-trap mass
spectrometer with ESI source. Utra-high purity helium gas (Linweld, Lincoln, NE, USA) was
used as dampening gas. Praxair (Danbury, CT, USA) Nitrogen was used as sheath gas and

auxiliary gases.

All HPLC methods are listed in Table 2. Depending on mobile phase conditions,
UV/Vis detection was performed at wavelengths of 210 nm, 232 nm, or 254 am. ESI

conditions were set to the following: sheath gas = 50 arbitrary units, auxiliary

gas = 40
arbitrary units, source voltage = 4.55 kV, capillary voltage = 30.6 V, tube lens offset =-15.0

V, and capillary temperature = 272 °C. LC/MS experiments were carried out using flow rates

of 1.0 mL/min, unless noted otherwise.

Results and Discussion
Peptide separations
Macrocyclic glycopeptide CSPs exhibited excellent selectivity in separating closely

related peptides. Figure 1 shows the baseline resolution of six enkephalin

peptides on the
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Chirobiotic T (teicoplanin) column in single isocratic run. The enkephalin peptides are
closely related structurally, differing from one another by only one amino acid or the
chirality of an single amino acid. In additional, retention times can be reduced substantially,
if desired, by utilizing gradient elution. Currie et al. had some success in resolving
enkephalin peptides by using a phenyl bonded column[38]. But no baseline separation was
achieved when four @.r more enkephalin peptides were present in the mixture. Underberg, et
al. recently coupled size exclusion chromatography (SEC) and RP-LC to separate large
proteins and Enkephalin peptides[39]. Although separation was achieved, the system
complexity and low chromatographic guality made the separation less desirable. In addition
to the good selectivity observed in Figure 1, the mobile phase is ESI-MS compatible (as will
be shown and discussed for subsequent separations).

Excellent separations were commonly observed for most of the peptides listed in
Table 2. Within each family (listed in Table 2), the individual peptides are listed in the order
of their retention at the elution conditions specified. The selectivity (@) and resolution (Rs)
values are reported for adjacent peptide peaks within each family. These values were
calculated at optimized isocratic elution conditions for the separation of the entire peptide
family. Other elution conditions can be found to further resolve any single pair of peptides
within the family, if desired. Table 3 indicates the macrocyclic glycopepiide column that

produced the most effectie separations for each class (family)of peptides. The Chirobiotic T

column produced the best separations for the largest numbers of families, but all three

columns were needed to separate the all of the families.
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Table 2. Selectivity (o) and Resolution (Rs.) for Peptides on T, TAG and R stationary phases.

Columns
Chirobiotic T Chircbictic TAG Chirobiotic R
Peptides M o R’ RAP® of ﬁR{‘ Vg of 2
Enkephalins
V-4A-GE-dl B A C
¥-dA-GFM 1ml/min 109 175 2 wl/min 1.14 231 [t mi/min 124 1271
1.21 4.07 1.2 3.29 1,18 .04
1.32 3.94 1.3 448 .13 139
YGGERL 1.26 5 1.24 3.56 106 0.06
VAGFL, 1.18 372 it 0 1.09  0.9¢6
yBag Cell Factors
RLRFH 3 =
RLRFR 2 mi/min 2.41 11.58 2 mi/oin 2.96 1258
heCasomorphins
Y-dA-F-dA-Y-NI2 H I
Y—dA—F—q_P;Y-NHZ 1 ool /min 1,11 2.0S 1 ml/min 1.19 1084
Y -dA-F-Hyp-Y-NH2 1.32 5.44 1.95 2.56
o BagCell Factors 7,8,9
APRI RFY O »
APRILRFYS 1.5 mi/min 1.32 2.29 11 ml/min 1.15 1.3
APRERFYSL, - 1.29 2.05 1.25 #.72
Leucokining
DPAFSSWG-NH2 c C
DPGFSSWG-NH2 1.2 el/min  1.07 1.54 1 ml/min 1.11  0.82
DPAFNSWG-NH2 1.12 2.81 .28  11.74
Angiotensing
EGVYVHPE i G
BRVYIHPE 0.5 ml/min 11,93 3.3 2 il Smin 1.52 B3.26
' 1.06 1.25 1.45 1293
1.09 1.74 146 1294
1.07 1.39 i
Substance P 2 D
AP-Q0-dW-FAW-LN-NH2 1.0 ml /min ol fmin 500 11.33
dP-QO-dW-F-dW-L-NH2 5.93 212
radylkinins
PPGESFR | K
PPOFSPER 1‘1 mljmin 2.2 15.12 .2 molfmmin 1.8 3.86
__RPGFSPFR 2.37 15.39 216 .16
RPPGFSPER 1.1 1.82 .31 1.31

a) o=k k' Ry= 2% -ty (wivwy)
b.) Mohile Phases: (A} ACN/Water 65/35 (B) ACN/Water 75125 (C) ACN/Water 85/15 (D) ACN/ 5 mM Ammonium Pormate agueous
solution pH 3 55/45 (E) ACN/SmM Ammonium Formaate agueous solution pH 3 6040 &) ACN/2S mM Ammonsium Formate, pH3.0 30/70
(G) ACN/SmM Ammonium Formate agueous solution pH 3 65/35 (3I) ACN/16 M Amwmonivm Formate pH as is 75/25 () ACN/16 mM
Arnmonivm Formste pH 2s is 90/10 (J) ACNZ20mM Ammonium Formate pH as is 20/80 () ACN/32mM Ammonium FormatepH as is
50/50 (L) ACNMO mM Ammonium Formate pH as is 60/40 (M) ACNA.06% Formic acid agueocus solution 35/65 () ACN/.1% Formic
acid aqueocus solution 25/75 {0} ACN/0.1% Formic acid agueous solution 30/70 (P) ACN/0.1% Formic acid agueous solution 35/65 (Q)
ACN.1% Formic acid agueous solution 40/60 (R} ACN/O.75% Tricthylamine pH 2.8 40/80 (8) ACN/ 1% Triethylamine pH 2.8 20/80
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Table 2. (continued)

Columns
irobiotic T Chirgbiotic TAG irchictic R
esopressing
CYFQNCPEG-NII2 O 0 7
CYFQACPRG-NH2 1 mi/min tomi/min 125 2.31 ! mlimin 1.16 1.8
Dymorphing
YGGFLRR
[RP Q
TGGFLRRIRP-NH2 1.5 sl /min 126 2.3
Lutenizing Hormone
eleasing Hormone
Pe-dF-WSY-dA-LRPG-NHZ P G
pEHWSY-gA- 1 RPG-NH2 11 mi/min 138 15.16 ! ml /min 2.34 7.68
pEHWSY-dK-1 RPG-NH2 1.71 56 2.14 3.48
HWSYGLRPG-NH2Z 1.2 2.92 1.3 1.32
Neurotensins
ELYENKPRRP-dW-IL N
El YENKPRRP-gY-TL 1 mi/min 126 1163 G 1.15 1.24
ELYENKPRRPYIL 1.08 10.83 1 ol /min 1.28 2.04
oEL YENKPRRPFIL 107 0.82 1.22 75
YQONKPRRPYIL, ' 1.09 075 25 h 97
YENESRRPYT, 9 D 1.48 1.69
Dynophin 1-11
YGGFLRRIR-dP-K R
YOGFLRRIRPK 0.8 mL/min 1.12  11.53
Dynoplin 1-13
YGCGFL-4R-RIRPKLE S
YGGFLRRIRPK 1 ool /min 1.19 1195

Separation of Peptides containing single amino acid polymorphism (SAAP)

As demonstraied in Figure 1, the enkephalins were easily baseline separated from
each other. Among these separations, enkephalin peaks 2 and 4, enkephalin peaks 3 and 5,
enkephalin peaks 5 and 6 are different from each other only by a single amino acid. A
particular separation of note is the SAAP represented in peaks 5 and 6. The glycine in

position 2 of one peptide is replaced with an alanine. This difference in the side chains is one
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of the more subtle substitutions among native amino acids, vet it is easily separated.
enkephalin peaks 1 and 4, and enkephalins peak 4 and 6 differ from each other only by the
chirality of a single amino acid, making them epimers of one another.  Interestingly, these
single amino acid chirality polymorphism (SAACP) peptides weren’t eluted next to each
other. At least one other peptide eluted between the epimers. The epimeric position in the

peptide chain might play a critical role in deten

\g if the separation is substantial enough
to allow another peptide to elute between the epimers, as this behavior was not always

observed,

Y-dA-GFdL
Y-dA-GF-M

YGGFM Y-dA-GFL YGGFL

YAGFL

Thaue (i)

Figure 1. Separation of six enkephalin peptides on Chirobictic T column. Single amino acid polymorphisms
{SAAP) occur in () peaks 2 and 4, (b) peaks 3 and 5, and (¢) peaks 5 and 6. Examples of chiral amino acid
polymorphisms are (a) peaks 1 and 4 and (b) peaks 4 and 6. Chromatographic conditions are given in tabie 2.

Figure 2 shows several separations of peptides with SAAP. Separation is achieved
regardless of whether the amino acid substitution occurs at the N- terminus, middle, or C-
terminus of the peptide chain. In each related sequence, the amino acid that is different is

highlighted for easier .comparison (Figure 2, Table 2). In general, the separation was easier
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to achieve if the polymorphism occurred at or near the end of peptide chain. This is because
functional groups on both ends provide stronger interaction with the stationary phase [31]. It
is important to note that these separations were obtained under optimized elution conditions
for the entire family of peptides. In the cases where a neutral amino acid is replaced with a
positively charged amino acid (Figure 2A and 2C), there is a tremendous difference in the
retention of the peptides. This is largely due to the additional interaction of cationic side
chains with the stationary phase. However, differences in electrostatic interactions are not
solely responsible for the ultra-high selectivities. For example, the substitution of methionine
for norleucine (Figure 2D) also produces a tremendous change in the retention behavior of
these peptides. Figure 3 shows the separation of peptide epimers (i.e. where the single amino
acid polymorphism is due to the opposite chirality of a single amino acid). In these cases,
peptides with the chiral SAAP in the middle of the peptide chain were as easy to separate as
those with more terminal groups. However, epimers in which the chiral SAAP is o or B to
the C-terminal end (Figure 1) appear to produce the most facile separations of this class of
diastercomers. Interestingly, the epimer containing the D-amino acid always eluted before
the other epimer, regardless of its position in the peptide chain (Figure 1 and 3). It should be

noted that this elution sequence is opposite to that observed for monomer native amino acids

and dipeptides [31].
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Figure 2. Chromatograms showing the effect of the location of 2 SAAP within the peptide on the separation of
the polymorphs. The polymorphism occurs at the (A)N-terminus (Bradykinin family), (B, E) position 4
{Neurotensin, B-Casomorphin families), (C) position 6 (Lutenizing Hormone Releasing Hormone family) or the
{ D) C-terminus {Substance P family) of the peptide. Chromatograms AC, D, E were generated on a

Chirobiotic T columan and Chromatogram B was generated on a Chirobiotic R column. All chromatgographic
conditions same as in Table 1.
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Flgwre 3. Chromatograms showing the effect of the location of a chiral SAAP within the peptide on the
separation of the polvmorphs. The polymorphism occurs in (A) position 6 (Dynorphin 1-11 family), (B)
position 10 (Dynorphin 1-13 family) or (C) position 11 (Neurotensin family). Chromatograms A and B were

produced on a Chirobiotic T column, Chromatogram C was produced on a Chircbiotic R colummn. Al
chromatographic conditions the same as in Table 2.
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Optimization of Peptide Separations on Chirobiotic Stationary Phases

As with most separations of charged analytes in the reverse phase mode, the
percentage and type of organic modifier along with the pH of the mobile phase, must be
optimized in order to produce the best separation. Since the macrocyclic glycopeptide
stationary phases also have ionic sites, the ionic strength of the mobile phase must also be
considered.

Organic Modifier Content and Retention Behavior

In separating small molecules in the reversed phase mode, most macrocyclic
glycopeptide stationary phases have shown the highest selectivity when methanol was used
as the organic modifier. While this also was true for the peptides examined here, methanol
often produced broad peaks and inefficient separations. Efficiency was greatly improved
when acetonitrile was used as the organic modifier. Acetonitrile was used in all the mobile
phases reported here, as the increase in efficiency more than compensated for the loss in
selectivity.

Regardless of organic modifier type, plots of mobile phase composition (i.e., percent
organic modifier) versus retention produced U-shaped retention curve behavior on all
macrocyclic glycopeptide stationary phases. Figure 4 shows the elution behavior for two
Vasopresssin peptides on a Chirobiotic TAG stationary phase. The peptides are more
strongly retained under high organic content and high agueous content mobile phases. The
strongest eluting m@bﬂe phase was generally around half organic and half aqueous content,
although the sequence of the peptide determines the exact location (composition) of the
minimum for any retention versus composition curve. Similar U-shape retention behavior of

peptides and proteins was commonly observed on alkyl bonded stationary phases [40-48],
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despite their differences in chemistry from macrocyclic glycopeptide stationary phases.
Moritz et al. indicated that peptide retention, at high organic modifier concentration, was
more lke normal phase chromatography (polar stationary phase), which suggests that
residual silanol groups also contribute greatly in retention[42]. Horvath and co-workers
proposed dual mechanisms, in which the combination of solvophobic and silanophilic
interaction was thought to be the reason for retention inversion{42]. Early on, Armstrong et
al. pointed out that the real reason for the inverse retention behavior at high organic modifier
concentration (for many proteins, peptides, and even amino acids) was from the changes in
their solubility as the organic concentration in the mobile phase is increased [40,41]. Under
high agueous mobile phase conditions the classic reverse phase mechanism (i.e., hydrophobic
association) governs retention, where increased organic modifier amounts decrease retention.

Under high organic mobile phase content, peptides become much less soluble in the mobile

phase, which means longer retention times. The point of minimum retention (Figure 2) can
be approximated by coupling the reversed phase retention curve and the solubility curve for

any peptide of interest. In some cases, other specific interactions (electrostatic, etc.) can

affect the exact location of the retention mi

nimum., The U-shaped elution curve behavior
also indicates the possibility to carry out an inverse gradient on this class of stationary phases
[40]. Thus, more choices in method development are available. Most mobile phases in this
work use higher organic modifier concentrations due to the increased efﬁcienby observed

with such mobile phases.
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Figure 4. Retention of Vasopression peptides on the Chirobictic TAG stationary phase. Increased retention at
high organic modifer content is observed due o lower peptide solubility in the mobile pbase. Chromatographic
conditions: Chirgbiotic TAG 250 x 4.6mm column at a flow rate of ImL/min with UV detection at 210 nm.
Agueous solution included 0.1% formic acid.

Mobile phase pH
The overall charge on a peptide is determined by the amino acids in the peptide and is

a consideration in determing

1g the optimized mobile phase. Under the operating pH range of
the macrocyclic glycopeptide stationary phases (pH 2.8-7.5), peptides with basic side chain
groups are generally protonated while peptides with acidic side chain groups are
deprotonated. The additional positively charged side chains allow for increased interaction
of the peptide with the stationary phase through its anionic sites. Thus, cationic peptides can
be strongly retained [31]. Adding ammonium salts or acidifying the mobile phase appears to
provide competing ions for the anionic sites or protonate them, respectively, thereby
decreasing the retention of positively charged peptides. However, for neutral and anionic
peptides, the ammonium salt or acid can overwhelm the interaction of the peptide with the

stationary phase leading to insufficient retention. Some neutral peptides (e.g. enkephalins)
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elute with the void volume if salt or acid is added to the mobile phase. Additionally, the
specific structure of the stationary phases must be considered as well. For the Chirobiotic T
and TAG columns, the mobile phase additive formic acid was reguired to clute many of the
peptides listed in Table 2. However, when the same mobile phase conditions used for
separations on the Chirobiotic T or TAG columns are used on the Chirobiotic R column, the
peptides elute with the void volume (data not shown). This change in behavior is due to the
presence (or absence) carboxylic acid sites on the stationary phase. Teicoplanin (Chirobiotic
T) and the teicoplanin aglycone (Chirobiotic TAG) have a free carboxylic acid group while
the corresponding acid site on the ristocetin (Chirobiotic R) has been esterified.

To illustrate the effect of mobile phase additives on retention, peak shape, and
resolution, different amounts ammonium formate were added to the mobﬂe‘ while
maintaining a constant pH and acetonitrile content. The Bradykinin peptides were chosen
because this family of peptides contains both neutral and cationic side chains. Peptides with
cationic side chains bontain up to two arginine residues. Figure 5 shows chromatograms
generated using mobile phases containing different ammonium formate concentrations of
2mM, 5mM, 15mM, and 25 mM. At ZmM ammonium formate, RPGFSPFR and
RPPGFSPFR took over 100 minutes to elute (data not shown). Only the first twenty minutes
of the chromatogram is shown in order to compare the peak shape for the two peptides that
did elute. The basic arginine group in PPGFSPFR produces much more pronounced tailing
at this concentration relative to the PPGFSP peptide, which contains no amino acids with

cationic side chains. Increasing the ammonium formate concentration to 5mM

drastically

shortens the retention times of the peptides with two arginines residues. However, the more
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Figure 5. The four chromatograms show the effect of ionic sirength on the elution of charged peptides.
Peptides are from the Bradykinin family and the seguence is as follows: (1) PPGFSP (2) PPGFSPFR (3}
RPGFSPFR (4) RPPGFSPFR. Chromatographic conditions: Chirobiotic R column, 60% ACN/ 40%
Ammonium Formate buffer pH 3, 1.0mL/min.
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basic peptides still exhibit broad peaks with significant tailing. Raising the ammonium
formate concentration to 15 and 25mM continues to shorten the retention times of the basic
peptides while leaving the retention of PPGFSP relatively constant. Greater efficiency is
achieved at 15 and 25 mM compared to 5SmM, though changes tend to be less pronounced. It
is expected that higher concentrations of ammonium formate could further enhance peak
shape of the more basic peptides. However, the most MS-compatible mobile phase would
utilize the lowest salt concentration to give the desired detection sensitivity (as discussed in

ihe following section).

Electrospray-Mass Spectrometry Detection
Many previous LC methods, developed to separate peptides, used alkyl bonded
phases with ion pairing agents such as: trifluoroethylammonium phosphate[49],

trifluoroacetic acid (TFA), trialkyl ammoniuom phosphate (TAAP)[50], or heptafluorcbutyric

acid (HI

BA)[51,52]. By using these agents in mobile phases under appropriate pH
conditions, charged analytes like peptides would form pairs of ions. Instead of eluting in the
dead volume, peptides could be retained and separated due to their different hydrophobic
interactions with the stationary phase. With the increasing popularity of electrospray
ionization mass spectrometry coupled to HPLC, alternatives to the ion pair approach have
been sought because of the adverse effects of ion pair reagents on ESI ionization
efficiency[53,54]. In this study, all but two of the mobile phases developed were MS
compatible. Triethylamine was added to the mobile phase in order to separate the epimers of

the Dynorphin family. The large number of basic amino acids present in this family of
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peptides caused them to interact very strongly with the stationary phase. Triethylamine at pH

2.8 provides stronger competition for the stationary phase than other mobile phase additives.
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Fguwre 6. LC/ESUMS of the Luteinizing Hormone Releasing Hormone family. Panel A is total ion
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Amntibiotic T 25024.6 mm column; mobile phase composition: 60% 0.1% Formic acid, 40% Acetonitrile. Flow
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Figure 6 shows an example separation of lutinizing hormone releasing hormone

peptides using ESUMS detection. The isocratic HPLC method is simple and ES

compatible. From the mass spectra, the peaks can be easily identified according to their

molecular weight. The most abundant ion was usually the [M+2HJ* species, although
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sodium adduct products also were observed. This behavior is consistent with ESI spectra of

peptides reported elsewhere [55].

RT; 0.00-30.00 SM: 185G
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SH: 28
100 8 RT:23.50
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Figure 7. The limits of detection for the Vasopressin peptides were found for both (A) BSI/MS (S8IM mode) and
(B) UV (210nm) detection. Injection volumes were identical for both panels. HPLC conditions: Antibiotic
TAG 230x4.6mm, wvsing a mobile phase composition of 60% 0.1% formic acid agueous solution, 40%
Acetonitrile at 0.5 ml/min.

In the recent literature, Desai et. al reporied the detection limits of amino acids in

nanograms and sub nanograms level by atmospheric pressure chemical ionization mass

spectrometry (APCUMS)[53]. In this study, APCI/MS gave the best sensitivity for small
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molecules under 200 Da and similar sensitivity to ESI/MS for molecules between 200 and

300 Da. Above 300 Da, sensitivity increased for ES/MS compared to APCY

S. Figure 7

compares the detection limit of ESI/MS and UV. A 10ng peptide detection limit was easily

achieved by ESI/MS in this study, consistent with the level for single amino acids in Desai’s
report. This 10 ng detection limit is between two and three orders of magnitude lower than
the detection limit obtained using UV detection at 210 nm under identical conditions.

Figure 8 shcsv}s that there is good detection linearity over wide range of peptide
concentrations. The methods developed in this study provide not only sensitive detection but

also respectable detection linearity. This sensitive detection with a linear response is

necessary for modern peptide assays.
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Figure 8. The detection Hnearity of ESI- MS detection of Vasopressin peptides is shown. Chromatographic
conditions are the same as in Figures 6.
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Cenclusions

Macrocyclic glycopeptide CSPs have great resolving power for closely related
peptides separated by HPLC. In general, (1) terminal polymorphisms produced separations
of greater resolution than those occurring in the middle of the peptide (2) substituting a
charged amino acid for an uncharged residue produced a separation of greater resolution than
exchanging an uncharged amino acid for another uncharged amino acid or substituting like
charged amino acids (3) All peptides containing a D-amino acid polymorphism eluted before
the corresponding L-amino acid containing peptide. Most of the mobile phase conditions
used are MS-compatible and good LOD can be achieved by using ESI/MS. The retention
behavior of peptides ‘on macrocyclic glycopeptide CSPs shows U-curve shaped retention
versus the concentration of the organic modifier content. Mobile phase composition,
including the type and amount of organic modifier, mobile phase pH, and ionic strength,
plays an important role in peptide elution and peak shape. The selectivity of the macrocyclic
glycopeptide stationary phases for achiral and chiral polymorphisms using ESI-MS
compatible mobile phases should broaden their appeal for use in all areas where peptide

separations are important.
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C

The traditional method to identify bacteria and other microorganisms involves serial
dilution and growing a pure culture. Culturing different type of microbes can take hours, days

or weeks. This process generally is labor intensive and contamination prone. In addition, only

a small percentage of all known microorganisms are culturable’. New methods, new
technigues are in need to address the problem. Species can be identified by their inherent
DNA differences. Polymerase chain reaction (PCR) assay was developed to analyze
microorganisms by comparing their DNA information without isolating a pure culture. It has
been widely used in various research ficlds because of its small sample consumption and
high sensitivity’. However the original DNA extraction and purification from target cells is
still a tedious process. Cell surface property differences have also been used to characterize
microorganisms. For example, gram positive, gram negative or acid-fast bacteria can be
differentiated by staining with different dyes or combinations of dyes'. However, this method
also requires large quantities of sample and only provides a very rough classification.
Capillary electrophoresis (CE) has been used to separate microorganisms according to their
different cell wall chemistry by Armstrong group since 1999°°. When combined with laser-

induced fluorescence detection (LIF), cell viability information also can be obtained by this

CE approach®. Much attention has been drawn to this technique due to its minimal sample
consumption and fast analysis time. Desai and Rodriguez recently reviewed research in this

field” & Afi

nity based cell separations exploit biospecific interactions between ligands and
receptors. Ligand selectivity and dissociation constani are the most important considerations

in this approach. Sharma reviewed the early age affinity chromatography for cell
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separations’. Magnetic cell separation (MACS) is a successful application of this concept'®.
However, muitivalent interactions and difficult recoveries are common problems with
immunomagnetic separations''. Some researchers have tried using field flow fractionation

(FFF) to resolve microbes'>'®

. When an eluent carrying different samples is acted on by a
perpendicular field, migration differences can be generated. Sedimentation, thénnai,
electrical or combinations of fields are common used'?', Unfortunately FFF separations
suffer from low resolution due to a combination of poor efficiency and low seiectivity7.

Using microbes in environmental remediation has became increasingly important.
Sakaguchi investigated 83 different microorganisms for heavy metal accumulation’’.
Filtration and centrifugation followed by separate analysis of the cell and liquid fractions are
common methods used to evaluate the remediation process'”'®. Such physical separation
procedures are slow and do not provide on-line information. Obviously, a fast, general
method to determine heavy metal incorporation by such bacteria wounld be important.

High parfann&nce liguid chrbmamgmphy (HPLC) was generally used to separate
molecules. But it can be used to isolate microbes from culture media or their surroundings. In
the second part of dissertation, a novel HPLC column was developed to separate cells from
large proteins and other macromolecules (e.g., carbohydrates) present in the nutrient broth, as
well as from small molecules. The close packing theory of spheres was introduced to explain
the relationship between particle size and the associated void space. When this system is
coupled with an ICPMS, real time information on cell uptake of heavy metals can be

obtained.
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Abstract

A 670 nm diode laser polarimeter was used as a detector for living cells in perfusion
chromatography. It was found that all microorganisms examined, including vegetal
organisms such as algae and fungi as well as several strains of different bacteria gave a
1ev0rotat0ry signal, producing negative peaks in the chromatograms. Most naturally
occurring chiral molecules, such as sugars and amino acids are dextrorotatory and give
positive polarimetric peaks. A hydrophilic OH-functionalized polystyrene divinylbenzene
spherical porous particle packing was used as a sieving and size exclusion material and
packed in 27 x 0.95 cm columns. The theory of the close-packing of spheres is summarized
to show that common bacteria should be able to perfuse in the interparticle voids of the 50
um spherical packing. It is shown that bacteria are eluted with the exclusion volume; a
selective permeation of polymer with molecular weight ranging from 10° to 2x10° is

obtained, and total permeation occurs for small molecules. The restricted access columns are
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used to follow the changes in cell concentration in bacteria cultures. The growth of three
different bacteria was studied using calibrated polarimetric signal.
Key Words: Perfusion chromatography, close-packing, microbes, direct injection,

fermentation, size-exclusion, restricted access.

Biological matrices can be difficult to analyze using HPLC columns. Often time-
consuming sample pretreatments are needed to remove cell debris and proteinaceous material
that would adsorb onto the column packing and weaken performance or even constrain the
mobile phase flow to a degree that the column must be replaced.  Biological sample
pretreatment was greé,ﬂy improved by the development of solid phase extraction (SPE) that
can be coupled on-line with HPLC [1-3]. Using micellar mobile phases, it is possible to
inject biological samples directly because the micelles complex the proteins and greatly limit
their adsorption on the column packing [4]. The cost is a reduced efficiency due to slower
mass transfer of solutes with the surfactant covered stationary phase.

In 1985, Hagestam and Pinkerton introduced a new bimodal packing for HPLC [5].

They termed it "internal reversed phase packing”, but this concept was adoptied by the

scientific community under the appellation of restricted-access material (RA]

D) [6-8].
is successfully used for fast analysis of metabolites and drugs in biological fluids [9-11].
These phases are able to separate polymers and macromolecules from the small molecules so

well that mass spectrometers can be used as the detector [12]. I

Ms are always bimodal

Large entities are excluded from entering the small pores. They elute with or close to the

dead volume passing through the interstices between the packing particles. Small molecules
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can enter the RAM pores, interact with the internal bonded apolar moieties and can be
retained by a conventional mechanism [5, 7-8].

Since 1997, we have been interested in the separation of microorganisms, microbes,
bacteria or fungi, using tools usually reserved for molecules. In our first article on this topic,
we showed that capillary electrophoresis (CE) and capillary isoelectric focusing could be
useful tools to effectively separate microorganisms [13]. Extending the CE studies, we

showed that microbe identification was possible [14-15]. Unfortunately, traditional columns

filled with R,

Vi packing will not be able to separate large proteins and/or macromolecules
from bacteria. They will just segregate the smaller molecules. Since we needed to separate
the cells from large proteins and other macromolecules (e.g. carbohydrates) present in the
nutrient broth and from the small molecules, we thought to use the interstitial spaces between
particles to let the cells pass through and a polar perfusion chromatography material to retain
macromolecules and small molecules [16].

In this work, the close-packing arrangement of hard spheres is reviewed in order to
examine the dimensions of the interstitial voids in the packing of spherical particles. Next,
the capability of a column packed with an appropriate size perfusion chromatography
material is evaluated to separate microbes from other material present in a culture mediom.

The technique is then applied to follow the microbial fermentation in several cultures of

different conditions.
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2 Material and methods

2.1 Chemi

Buffer solutions were prepared with tromethamine (TRIS or wi(hydroxymethyl)
aminomethane), m.w. 121, pK, = 5.7, and boric acid, m.w. 62, pKai = 9.14, pKyp = 12.74,
pKas = 13.8. Disodium ethylenediaminetetraacetate (EDTA), m.w. 336, was used to chelate
any heavy metal ions. They were obtained from Fisher Scientific (Fairlawn, New Jersey,
USA). Dextran molecular standards of m.w. 25,000 (25K), 270K, 2,370,000 (2.37M) and
8.72M were obtained from Polymer Standards Service GmbH (Mainz, Germany). All other

chemicals were obtained from Sigma- Aldrich (5t. Louis, Missouri, USA).

2.2  Spherical monodisperse porous packing for perfusion chromatography

The size exclusion packing was POROS® Perfusion chromatography media obtained
from PerSeptive (Applied Biosystems, Framingham, Maryland, USA). The 50 pm POROS
50 OH was selected. It is a spherical hydrophilic 50 um polystyrene divinyl benzene (PS-
DVD) based material with two classes of pores. Large 0.5 um throughpores allow mobile
phase flow to go through the particles. Smaller 50-70 nm pores can be accessed from inside
the throughpores [16-18]. The PS-DVD internal as well as external surface was coated with
a cross-linked polyhydroxylated polymer that renders it homogeneously polar and
hydrophilic [19]. The specific surface area is 70 +/- 5 mzlg [18]. The material can withstand
pressure of 10 Mpa (100 kg/cm® or 1400 p.s.i), pH as low as 0 (IM HCI) or as high as 14.7

(5M NaOH), but it is sensitive to oxidizers and reducing agents [19].

Bifidobacteria infantis powder and Lactobacillus acidophilus tablets were purchased

at the pharmaceutical department of the local Wal Mart drug store. Escherichia coli K12 was
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obtained from Fluka Chemical Corp. (Milwaukee, Wisconsin, USA). The bacterial nutrient
broth for B. infantis and L. acidophilus was prepared with the DIFCO 234000 concentrate
obtained from Becton Dickinson (Sparks, Maryland, USA). The E. coli nutrient was
prepared with the Luria broth base, Miller, product L1900 from Sigma.

2.4 Colu

preparation

Stainless steel was avoided because the salt-containing mobile phases rapidly
corroded the metal columns and fittings contaminating the biological material by metal ions.
A 15" clear polycarbonate tube was used to prepare the columns (1.28 cm o.d., 0.95 cm 1.d.).
Teflon 14" ferules and adjusters with 1/16" fitting were prepared by the Iowa State University
machine shop. The POROS 50 um particles are delivered as slurry in 20% ethanol in 14 g
(dry material) bottles. After particle settling, the ethanolic solution was removed. The wet
POROS particles were suspended in 0.5 M Na(Cl that was poured in a 27x0.95 cm
polycarbonate column whose bottom was closed by a 5 um Teflon frit. After settling, a flow
of 0.5 M NaCl solution was used to form the bed. More slurry was added until the bed
completely fill the column that was closed by a 5 um Teflon frit and closed by a top adjuster.
It is estimated that close to 6 g of dry material are contained in one 27x0.95 cm column. The
maximum recommended flow speed is 1000 cm/s [19]. This speed corresponds to 12
mL/min with our 0.95 cm i.d. column. The column inlet pressure was less than 0.1 Mpa (1
kg/em? or 70 p.s.i.) at § mL/min of 0.5 M NaCl aqueous solution,
2.5  Culturing bacteria

Bifidobacteria infontis and Lactobacillus acidophilus were grown in DIFCO nutrient
broth. The broth was prepared by weighting 8 g of yellow powder in 1 L of distilled water.

The solution was sterilized by autoclaving for 20 min at 125°C. About 0.1 g of dried bacteria
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were added in an Erlenmeyer containing 200 mL of sterilized and cooled nutrient broth. The
recipient was covered with an alominum foil and placed in a shaker (G24 environmental
incubator shaker, New Brunswick Scientific, Edison, New Jersey, USA), at 37°C. The

shaker was stopped at various time intervals for bacteria concentration control. Escherichia

coli K12 was grown in a similar manner except that the Luria broth (15.5 g/L) was used.

2.6  Chromatographic system

A classical chromatographic sysiem was used. It was composed by a Shimadzu
LCIOAS pump (Tokyo, Japan), a Rheodyne 5020 low pressure Teflon valve (Supelco,
Bellefonte, Pennsylvania, USA), the POROS glass column, a Shimadzu SPD-6A UV
detector or a Shimadzu RF-10AXL fluorescence detector or a polarimeter detector. A
Shimadzu CR601 Chromatopac integrator recorded the chromatograms. The mobile phases
were pure water, TRIS-Boric acid-EDTA (TBE) pH 6.8 buffer (0.55 g TRIS + 0.28 g boric
acid + 0.0376 g EDTA per liter or 4.55 mM TRIS-borate buffer and (0.112 mM EDTA)

2.7  Polarimeter detector

The polarimeter detector was a PDR-chiral laser detector from PDR-Chiral Inc. (Lake
Park, Florida, USA). It monitors continuously the optical activity of the mobile phase using
a 670 nm diode laser. The optical cell has path length of 25 mm and a volume of 22 ul.. The

signal can be either positive or negative according to the solute optical activity.

3 Sieving by close-packed hard spheres
3.1  Comparing sizes
Hydrodynamic chromatography on close-packed spherical non-porous particles was

shown previously able to separate macromolecules on the basis of their size [20]. Microbes
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are much bigger than macromolecules. Table I compares the size, mass and volume of
glucose, an example of small molecule, two Dexiran polymer molecules and a variety of
living organisms mnging from viruses to a red blood cell. It shows that a large polymer such
as Dextran 8.72M and the poliovirus have comparable size, volume and weight. However,
microbes are five orders of magnitude heavier and bulkier than the heaviest polymer and
viruses [21]. There are ten orders of magnitude difference compared to glucose. When
diameters are considered, the differences between microbes and viruses/Dextran 8.72M or
molecules are only two or four orders of magnitude, respectively.  The most important
parameter when pumping colloidal size particles, such as microbes, through a packed bed of
spheres, is the size of the interstitial spaces. The bed plus its interstitial spaces acts as a
particle-sieving medium. Thus, it is important to understand the essential bed parameters
involved with the close packing of monodisperse spheres.

3.2

The close-packing of spheres

Packed in a plane, spheres arrange themselves so that each sphere is surrounded
hexagonally by six others as illustrated by Figure 1A. The smallest motif of the plane layer
is a rhombus or lozenge whose sides correspond to the sphere diameter, D. This rhombus

can be further divided in two equilateral triangles containing a complete interstice between
. DZ
three spheres as shown by Figure 1B. The equilateral triangle has an area of wE R'= V3 R

with R, the particle radius. It contains a half circle of area 1R*/2. So the interstice area is
R* (V3 - w?2) that is 0.16125 R? or 9.31% of the triangle area (Figure 1B). Whatever the
particle diameier is, the interstice area is 9.31% of the total surface occupied by the spheres.

Figure 1A shows with the unitary thombus that there are two interstices per sphere. Table 2
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also lists the number of holes per cm® for the different sphere sizes. Obviously, when the
particle diameter decreases, there is an increasing number of smaller interstices so that the
total interstice area remains constant. Simple geometrical considerations show that the radius
of the circle inscribed in the interstice is R(2¥3/3 - 1) or 0.1547 R (Figure 1B). Its area is
0.0752 R%. This circle corresponds to the largest particle size that can go through the closely
packed layer of spheres of radius R. Friction forces may impede a particle of exactly 0.1547
R from passing through the interstice so that this size is really a maximum. Table 2 lists the
maximum sieving size that can go through the closely packed layer of spheres of diameter D.
It shows that it is a good practice in HPLC to filter all mobile phases through a 0.45 um
membrane. Any particle larger than 0.77 um would be trapped at the head of 2 5 pm packed

column and decrease the column permeability.

Figure 1. Close-packing of non-porous identical hard spheres. A: spheres close packed on a plane. The
rhombus delineates the smaliest motif. B: The thombus of A is made of two equilateral wiangles containing an
interstice whose area is 0.161R?. The radius of the inscribed circle is 0.155R and its area is 0.075D%
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Table 1. Comparison of the size, surface area, volume and mass of macromolecules and selected living.

one molecule or cell 1 ug/mlL
s specific

Organism (Dalton) {nm) (pm’) (g (m/g) mL
glucose 180 075 2210 3010% 5800  3410°F
Dexiran 25K 25,000 3.8 2.810% 42107 1100 2.4 10"
Dexiran 8.72M 8.72 10° 27 1.010° 14107 160 6.9 10*1°
polio virus 7.83 10° 27 1.010° 13107 177 77107
tobacco mosaic virus 415107  15x300 5310° 6910Y 203 1.5 10%1°
bacteriophage T2 2.1710°  65x90 3.010% 3.6107° 53 2.8 10%
influenza virus 2.53 10° 85 3.210% 4210 55 2.4 10*
poX virus 9.610° 230x320 1.310% 1610 15 6.4 10"
Rickettsias 3.7 101° 475 56107 6210" 115 1.6 1077
E. coli 3510  1300x4000 5.3 5810 27 1.7 10%
S. cerevisiae yeast® 5.4 10" 5600 90 910 4.4 11,000
red blood cell 1.2 10* 7000 180 2010 076 5100

a) for living organisms, theoretical molecular weight obtained multiplying the average organism mass by the

Avogadro number.

b) diameter of the (assumed) spherical molecule or particle, or diameter x length for oblong or cylindrical
organisms, calculated values using data form [21].
c) highly variable data: a yeast cell can double in size before budding [21].

Figure 2A shows that the second layer of hard spheres occupies the indentations

between three spheres of the first layer covering an interstice. However, only one indentation

out of two is occupied by a sphere of the second layer. The free indentations of the first layer

maitch an indentation of the second layer (in black on Figure ZA). A particle smaller than

0.1547 D could go through the two layers with a straight path, but through only half the

interstices. It could also go through the other interstices following a croocked path.
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Table 2. Data on the close packing structure of hard uniform spheres in 2 cylindrical 10 cm % 4.6 mm tube.

sphere maximum number® of  surface driving pressure®
diameter ~ Sievingsize’ &piﬂums per  area’ (1 mL/min)

i | . m MPa psi

0.5 0.077 9.2 10% 20 630 90,000
1 0.155 2.3 10° 10 157 22,500
1.5 0.23 1.0 10° 6.6 70 10,000
2 0.31 5.8107 5 40 5600
5 0.77 9.2 10° 2 6.3 900

10 1.55 2.3 10° 1 1.8 225
20 3.10 580,000 0.5 0.4 56

50 7.7 92,0 0.2 0.06 9

100 15.5 0K 0.1 0.015 2.3
200 31 0.05 0.004 0.6
500 77 0.02 0.0016 0.1
1000 155 0.01 - -

2000 310 0.005 - -

5000 770° 9 0.002° - -

a) values independent of the column length and diameter

b) values independent of the non porous material density

¢) mobile phase viscosity = 0.67 cP (e.g. acctonitrile/water 50/30 % v/v @ 25°C) For any particle diameter, the
column dead volume is 0.43 mL that is 26% of the 1.66 mL internal volume of 2 10 cm x 4.6 mm cylindrical
fube. .

d) theoretical value, the 5 mun glass beds would not get into a 4.6 mm cylindrical tube!

Filling a third layer can be done in two ways [22]. The first way is to fill each sphere
of the third layer so that it lies directly over a sphere of the first layer, as illustrated by Figure
2B. This way forms the hexagonal closest packed structure with the a-b-a-b succession of
layers. The direct paths through the layer, noted in black on Figure 2, are maintained. The
unitary cell is a hexagon with the lozenge base shown in Figure 1A and a height equivalent to
the thickness of two layers (2\/2/3 D). The unitary cell contains two complete spheres. Iis

volume is ¥2 D?. The volume of two spheres is 2aD%/6 or aD*/3. The veid space in the
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unitary cell is (N2-w/3)D’ = 0.367D°, that is 25.95% of the whole cell volume. When closely
packed in the hexagonal scheme, the spheres occupy 74.05% of the volume, which is the

maximum possible with hard uniform spheres.

a-b-a hexagonal a-b-c-a cabic

Figure 2. The close-packing of spheres. A: The second sphere layer covers half of the interstice oply. There
are two ways to add a third layer: B: The hexagonal packing. The third layer covers the Hrst one leaving
possible direct paths (in black). C: The cubic packing. The third layer covers the dark spots of A. The dotted
spheres belong to the third layers.

The second way to fill the third layer of spheres is to use the dimples that
corresponded to the open ways between the two first layers. The succession of layers can be
described as a-b-c-a-b-c. Figure 2C shows that there is no more direct paths crossing through
the three layers. It can be shown that the cell unit is of the face centered cubic type [22].
This way of closely packing spheres is then called the cubic closest packed structure. The
cell unit contains four spheres. Its side length is V2 D. Its volume is 2¥2 D°. The void space

in the cell unit is 2V2 D® - 42D%/6 = 0.734 D®, that is again 25.95% of the whole unit cell
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volume. Packed in either the hexagonal or the cubic closest packed structure, spheres occupy

74.05% of the volume.

3.3

perties of colur

closely packed with non-porous uniform spheres

Interparticle volume. When a column is filled by uniform spheres without any
interaction between them other than gravity, there is no reason that a layer pattern such as the
hexagonal a-b-a-b or the cubic a-b-c-a-b-c¢ ones forms. Instead, the sphere layers pile up in a
random way such as a-b-c-a-b-a-c-a-b... This random way can be considered as a succession
of cubic and hexagonal layers of thickness equal to three layers or more. Since both
arrangements occupy 74% of the total volume, this value is also valid for the random
(amorphous) close packing of uniform spheres in a chromatographic column. This means
that whatever the paﬁicie size is, the interparticle volume of the column is always equal to
26% of the container tube volume, e.g. 0.43 mL for the 10x0.46 cm column of Table 2 or 5.0
mL for the 27x0.95 cm column used in this work.

Column permeability. Column permeability is dramatically dependent on the packing
particle diameter. The Heigen-Poiseuille equation relates the flow rate, F, to the driving
pressure, AP, by [23]:

F o= fgf% LP
in which 1. is the m&ius of an open capillary of length L and 1 is the fluid viscosity. As
shown by Table 2, the number of possible aperture increase with the sguare of the sphere
diameter, then the pressure needed to get the same flow rate in a packed column is given by

[23]:
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AP = =L

in which @ is a constant proportional to a dimensionless flow resistance parameter and
inversely proportional to the square of the tube diameter. D is the diameter of the uniform
non-porous spheres of the utilized packing material. Table 2 lists the driving pressure needed
to obtain 2 1 ml/min flow rate in 2 10 cm x 4.6 mm column when an acetonitrile-water
(50/50% viv, viscosity 0.67 cP) mobile phase is used at 25°C. With these conditions, the
driving pressure becomes too high for classical HPLC pumps when the spheres are smaller
than 2 wm. Short columns (3 cm) are used with the 1.5 um non-porous phases commercially
available. 0.08 bar (12 p.s.i) is the calculated driving pressure with an aqueous mobile phase
(1 ¢P viscosity) at 1 mL/min in the 27x0.95 cm column with 50 pm non-porous spheres.
Surface Area. In all porous chromatographic packings, more than 99% of the surface
area is due to the internal surface of the pores. With non-porous spheres, the surface area is
simply the sphere surface time the number of spheres. The sphere surface is proportional to
the square of the sphére diameter, and the number of spheres in a given volume is inversely
proportional to the cube of the sphere diameter. So, the surface area in a given volume filled
with non-porous spheres depends on the inverse of the sphere diameter. Table 2 lists the
surface area of the non-porous spheres contained in the model 10 cm x 4.6 mm column. The
surface area of the 27x0.95 cm column filled with 50 pm particles is 1.7 m®. The
experimental column contains approximately 6 g of POROS. Taking the manufacturer given
specific surface (70 m?/g), the actual surface area of our experimental column is about 400
m’ showing that 99.5% of this area is internal surface (macro and micro pores) and only

0.5% is external particle surface area
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Interparticle size exclusion capabilities. The study of the two close packed
structures, cubic as well as hexagonal, shows that they contain two types of interstitial sites
[22]: octahedral sites and tetrahedral sites. The octahedral sites are surrounded by six
spheres whose centers lie at the apices of a regular octahedron. These sites could contain a
small sphere of diameter equal or smaller to 0.414 D. There is one octahedral site per sphere
in the two possible closely packed structures. The tetrahedral sites are located under and
above each sphere that rests on three spheres of the layer below and supports three spheres of
the layer above it. There are two tetrahedral sites per sphere. These sites could host a very
small sphere of diameter equal or lower than 0.225 D. From a chromatographic point of
view, since the size of the interstitial sites are bigger than the aperturés between the spheres
(0.155 D), these apertures give the size of the material than can go through a column closely
packed with non-porous beds. However, these columns could be used to separate deformable

material such as polymers or cells and a size-exclusion effect will be observed.

4 Evaluation of the perfusion column

Table 1 shows that most microorganisms fall in the 0.5-4 um size range. Table 2
shows that 50 ym close-packed particles have a maximum sieving exclusion size of 7.1 pum.
Thus, the microbes used in this study should be small encugh to penetrate the interstitial
spaces between the packing beds. They should be large enough, however, to be unable to
access the 0.4 uwm throughpores of an individual packing particle. That is why the POROS

50 OH material was selected to prepare the column,
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4.1  Molecules and poly

Molecules and polymers penetrate the large 0.4 pm throughpores (Table 1). Their
retention volumes, Vr, depend on the distribution coefficient, K, between Vp, the pore
volume or the retention volume of a small molecule penetrating all pores and Vi, the
interparticle volume (mobile) [24]:

Ve=Vi+KVp

with 0<K<1. Figure 3 shows classical size exclusion chromatography calibration calibration
curves for two different 27x0.95 POROS 50 OH column. The exclusion volume is between
7.5 and 8 mL that is 1.5 to 2 mL (20-25%) bigger than the 5-mL theoretical interparticle 7.5
and 8 mL that is 1.5 to 2 mL (20-25%) bigger than the 5-mL theoretical interparticle volume
for close-packed spheres. This is due to the polydispersity of POROS sphere that precludes a
perfect close-packing structure. The total permeation volume is 16 mlL, with a 0.3 mL
variation between columns. It means that the volume of the pores is about 8.2 mL or 60% of
the packing volume [18,19]. The throughpores make about 45% of the pore volume [18].

Figure 3 shows that molecules heavier than 2 million Daltons are completely
excluded for the pore volume. The 2x10° mass for a dextran polymer corresponds to a 17 nm
particle size. Since all known bacteria are bigger than 17 nm (Table 1), it means that they
will elute at the exclusion volume. Clearly, it will not be possible to distinguish between two
different types of bacteria on the basis of size with this stationary phase. However, bacteria
can be separated from both large molecule contaminants (e.g. proteins) and small molecules.
It would also be possible to separate very large microorganisms and/or particles
(diameters>7-8 wm) from the tipical size ones (0.5-4 um diameter) used in this study, since

the larger particles would collect at the head of the column.



65

S pOX virus

O 1)

_ bacteriophage or influe

virus {(8.2)

exclusion volu

ﬁ H ’ ¥ il
7 9 11 13 15 17

retention volume (mL.)

Figure 3. Size exclusion calibration curves of iwo 27 x 0.95 cm polycarbonate column filled with POROS 50
OH restricted access material. Al microorganisms are cluted with the exclusion volume. Theoretical
molecular weights of organisms listed in Table 1.

4.2  Bacteria

Polarimetric detection. The polarimeter detector continuously measures the optical
activity of the mobile phase. It is very selective since it does not detect optically imactive
solutes. The extremely interesting result that was found is that microorganisms gave a
negative polarimetric signal. Vegetal microorganisms such as algae, or fungi such as yeast
(12 strains tested) as well as bacteria such as Bifidum infantis, Micrococcus luteus,

Escherichia coli (K12, 9637, 11303, 233499 and 23501 strains tested), Enterobacter
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aerogenes, Pseudomonas fluorescens, Lactobacillus acidophilus and Staphylococcus
saprophyticus, all gave negative peaks when detected by polarimetry. Glucose, maltodextrin
and the dextran polymers gave positive polarimetric peaks. It was checked that L-glucose,
the non-natural enantiomer of natural D-glucose, did produce a negative peak. Since natural

sugars, natural amino acids and their combinations are dextrorotatory (positive polarimetric

peak), it is unclear why microorganisms are levorotatory (negative polarin

ietric peak). This
property can be used to selectively identify microorganisms. In the case of complex mixtures
such as a fermentation broth, the polarimeter detector gives useful information in detecting
microorganisms as negative peaks.

Calibration curves. An Artek electronic cell counter was used to measure the number
of cells per mL contained in different samples. Known amounts of bacteria were injected
into the chromatographic system to study the polarimeter detector response versus the
number of cells injected under different conditions. Saccharomyces cerevisiae (baker's
yeast) never eluted through the column. Iis size (~6 um diameter) is too big to percolate

from the interstices of the POROS spheres (Table 1).

With A, the polarimetric peak area (at 1 mL/min TBE buffer and 670 nm diode laser),
and C, the cell number (cell per mL} in the injected solution (100 pL injection volume), the
calibration curve for Bifidum infantis was:
A=62x107C~12.6
n=6,1 =0.99
with C < 3.9x10% celVmL. For Lactobacillus acidophilus, it was:
A=12x10°C~182

n=7,1%=0.993
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with C< 5.5x10° celmL, and for Escherichia coli, it was:
A=17x10°C-238
n=6,1 =0.997
with C< 4.5x10° celVml. The maximum concentrations indicated correspond to cell
concentrations obtained at the climax of the bacteria growth curves. It is possible that the

polarimetric detector gives a linear response for higher cell concentrations but this could not

be testad.

Figure 4. Perfusion chromatogram of a 16-hour old fermentation broth of Lactobacillus acidophilus. Cell
concentration ~ 2.7x10° cell/ml., injection volume 100 pL, column 27x0.95 cm POROS 50 OH, mobile phase

TBE buffer 1 miJmin, lefi: polarimetric detection 670 nm diode laser, right: UV 254 num detection. Note the
gifference in noise baseline.
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The negative intercepts mean that the polarimetric detector needs a minimum cell

concentration to give a signal. These minimum concentrations are 2 x 107 cel/mL, 1.5 x 10

celVmL and 1.4 x 107 celVmL for B. infantis, L. acidophilus and E. coli, respectively. Pigmé

4 shows the chromatograms obtained with the same sample of L. acidophilus and the

polarimetric detector or a UV detector. With the polarimeter detector, the negative peak
around 7 min corresponds to the excluded bacteria, it is casily distinguished from the positive
and negative peaks showing close to the total permeation volume and corresponding

probably to sugars and ami

0 acids in the fermentation broth. With the UV detector, the
bacteria peak is also clearly visible, but a broad peak of UV absorbing macromolecules and
molecules, corresponding to the nutrients in the fermentation broth, may bias the bacteria
peak integration. UV detection is more sensitive than polarimetry. It can be used if the
sample is cleaned before injection. The bacteria must be separated from the nutrient medium
by at least two cycles: centrifugation, cell pelleting, cleaning and cell resuspension.
Obviously, the cleaning procedure will increase the analysis duration. Refractive index and

fluorescence (with appropriately stained cells) detections also could be used. Polarim

was used to follow the bacteria’ growth curves.

Growth curves. Bacteria growth curves are characterized by four phases. 1) First,
there is the LAG phase during which the growth is very slow, while the bacteria acclimate to
the food and nutrients in their new habitat. 2) Once the metabolic machinery is running, the
LOG phase starts with an exponential increase in cell number. 3) As more and more cells are
competing for dwindling food and nutrients, rapid growth stops, a relative stationary state
exists when the number of bacteria stabilizes. 4) The final death phase terminates the process

when toxic waste products build up and food is depleted. The number of cells decreases.
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Figure 5 shows selected chromatograms obtained with polarimetric detection and
used to prepare the growth curve of the bacteria Bifidum infantis. At the indicated times, 1
mL of the culture is collected from the 200 mL Erlenmeyer with a sterile medical syringe. ﬁ
is diluted with 4 mL df mobile phase (TBE buffer or 8.5 g/L. NaCl agueous solution). 100 pL

are directly injected on the 27 x 0.95 cm POROS column to obtain in 15 min the

chromatograms shown by Fig. 5.

14

optical rotation € min

arbitrary units

Figure 5. Chromatograms of a culture of Bifidum infantis obtained afier different culture times. Culture
medivm: DIFCO nutrient broth, culture temperature: 37°C, in New Brunswick G24 incubator shaker. Column
PCROS 50 CH, 27 x 0.95 cm, mobile phase 100% TBE buffer 1 ml/min, injection of 100 pL. (20ul. broth + 80
L. buffer), polarimetric detector. The vertical markers delineate the integration start and end.

Figure 6 shows the growth curves for three different bacteria. The four life phases
are clearly observed. From a chemical point of view, the reproducibility of cell culture is
low. When exactly the same volume of nutrient medium is prepared, seeded with the same
mass of dry bacteria (ratio live/dead unknown and time depending), and cultured in the

incubator at the same rotation speed and temperature, LAG times and/or maximum cell
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concentrations differing by more than 40% may be obtained. Taking in account the result
variability, it can just be said that, at 37°C, the LAG time of E. coli is shorter than that of L.
acidophilus and B. infantis.

800
700 -

~ B, infantis

600 - B. aciﬁophilus
E. co

500 -

400 -

300 -

ol 0 SF
100 -

0 -
0 5 10 15 20 25 30

Figure €. Growth curves of three different bacteria followed by perfusion chromatography and polarimetric
det@cuon Diamonds: Bifidum infantis grown in DIFCO nutrient broth; squares: Laciobacillus acidophiius (in
DIFCO nutrient broth) and wrismgles: Escherichia coli (in Luria broth).

Conclusions

Two points should be stressed concerning this work: 1) microorganisms give a
negative response with polarimetric detection while most natural optically active small
molecules and macromolecules give a positive response. This can be used to selectively
detect and quantitate microorganisms. 2) The perfusion polystyrene divinyl benzene packing
material with spherical polar particles, large throughpores and small pores, can be used to

quickly separate the large microorganisms by total exclusion from the macromolecules and
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from the small molecules that penetrate the porous spheres. The association of perfusion

chromatography with polarimetric detection can accelerate the off-line monitoring and
control of industrial fermentation broths. Small modifications would allow on-line

meoasyrements.
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A paper published in Analvtical Chemistry

Department of Chemistry, Ames Laboratory-U.S. Department of Energy, Iowa State
University, Ames, Towa 50011

Abstract

The interstitial spaces between spherical particles in a packed column can act as a
sieve that passes microorganisms below a certain size. If the bed is a perfusion-type material
(containing a binary distribution of large and small pores), colloidal-size microorganisms are
subject only to pore exclusion, while all molecules are subject to size exclusion among the
various pores. Thus, microorganjsms elute first, followed by macromolecules, and then small
molecules. Coupling this separation method to an ICP magnetic sector mass spectrometer
provides a sensifive, direct means to study the microbial uptake of heavy metals (ie.,
uranium) from their surrounding environments. Multiple metal ions can be monitored in the
microorganism and in the surrounding solution. In this way, definitive information can be
provided for the remediation of radicactive waste sites. The effect of uranium on microbial

growth is also discussed.
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Uranium is the origin of all fissionable material and is thus a key clement in the
nuclear energy industry. Reserves of uranium oxide are estimated to be ~6 X 10° kg.'
Complete processing of these deposits would produce ~10" kg of solid waste and ~10° m® of
liquid waste.”” Liquid waste poses the greatest treatment problem, as much from its large
volume as its radicactivity. These solutions also contain other toxic metals and hazardous
chemicals®®. They are typically stored in large impoundments. In 1979, in Church Rock,
NM, the dam of such an impoundment broke and sent ~10° m’ of wastewater into a local
area.” Thus, remediating vranium from liguid waste impoundments is a key environmental
problem.

Various approaches for removing uranium from such reservoirs have been reported.
Chemical or physical removal can be done by ion exchange'®, zeolites," silica gel,"* and
derivatized poiyn:i\e:x"s.”'M Deliberate uptake of uranium by biomass or microbes is anocther
important approach. Microbes studied specifically for uranium removal include spent
brewery yeast,ls Desulfovibro  desulfuricans,’® Pseudomonas aemginosa,” Bacillus

subtilis,'* and Shewanella pusrefaciens.”

Sakaguchi®® investigated 83 different
microorganisms for he;avy metal accumulation.

Obviously, a fast, general method to determine heavy metal incorporation by such
bacteria is desirable. Filtration and centrifugation followed by separate analysis of the cell
and liquid fractions are common methods.”**' Such physical separation procedures are slow
and do not provide on-line information. Recently, Armstrong and co-workers developed a
variation of size exclusion chromatography that can separate cells from large molecules (e.g.,

proteins) and small molecules.” Large cells elute first and can be resolved from both large

and small molecular components in a few minutes.
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In the present work, we couple this pore exclusion/size exclusion chromatography
separation with element-selective detection by an inductively coupled plasma magnetic
sector mass spectrometer (ICPMS). Various workers have shown ICPMS is a valuable
detection method for inorganic elements in proteins,” DNA,* and other molecules separated
by size exclusion chromatography. These previous detection methods were not designed to
examine the elemental content of intact microbes. Desirable features of ICPMS as a
chromatographic detection method include very good detection kimits, multiclement

capability, and the ability to measure particular isotopes. This combined method is tested

19,25 17,20,26

here for monitoring uranium in B. subfilis and S. putrefaciens, which can readily
bind uranium from solution. These bacteria are easy to obtain and culture and are not

pathogenic to humans.

1 Experimental section

1.1 Chemicals and Materials

Disodium ethylenediaminetetraacetate (EDTA) was obtained from Fisher Scientific
(Fairlawn, NJ). Deionized water (18 M@ cm™, 25 °C) was produced by a Nanopure II
system (Barnstead, Newton, MA). The bacterial nutrient broth was prepared from DIFCO
234000 concentrate (Becton Dickinson, Sparks, MD). All other chemicals were from Sigma
Aldrich (St. Louis, MO). Uranium stock solution was prepared from a 1000 ppm ICP
standard in 2% aqueous HNO; (Plasmachem Associates, Bradley Beach, NI). Trisodium
citrate was added at 500 g L, and the pH was adjusted to 7.0 with 1 M NaOH. The

concentration of uranium in the stock solution was 640 ppm.
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The agueous chemistry of uranium is complex. Uranyl ion (UG is expected to be
the main soluble form of uranium in solutions at neutral or high pH. In ciirate solution,
uranyl ion can form a variety of polynuclear complexes.””?® The exact chemical form of the
uranjum in the growth medium was not determined.

Safety note: the solutions in this study contain uranium, especially the stock solution
and the spiked growth medium. They should be handled with gloves in containers labeled for

radipactive matcrials. Waste solution should also be labeled to contain uranium.

1.2  Bacteria Growth and Counting

DIFCO nutrient broth powder was dissolved at 8 g L in deionized water. All culture
media were autoclaved at 121 °C. B. subtilis or S. putrefaciens were inoculated inio 200 mL
of growth medium in an autoclaved 250-mL Erlenmeyer flask. The flask was covered with
aluminum foil and placed in a shaker (model G24, New Brunswick Scientific, Edison, NJ) at
37 °C. The shaker was stopped at various time intervals for sampling. Cell pellets were
resuspended into 0.17% agueous NaCl Cells were washed three times with this solution
before injection onto the column. In some experiments, uranium was added at 14 ppm to the
nutrient broth. Cells were harvested during the log growth phase, except where stated
otherwise.

Cell concentrations were determined as follows. Harvested bacteria samples (8 mL)
were taken from the growth medium, centrifuged at 3000 rpm (model 228, Fisher Scientific),
the supernatant was decanted, and the sample was resuspended in 8 mL of 0.17% agueous
NaClL The washing step with 0.17% NaCl was repeated three times. The number of cells per
unit volume was then counted by flow cytometry (model Epics XL-MCL, 488 nm; Beckman

Coulter, Fullerton CA),
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1.3 Pore Exclusion/Size Exclusi

on Chromatography

The chromatography system consisted of a biocompatible pump (Shimadzu,

Columbia, MD), a high-pressure Teflon injection valve (model 5010, Rheodyne, Supelco,
Bellefonte, PA), a Poros polycarbonate column, and a UV absorbance detector (model SPD-
6A, Shimadzu). Column effluent was split with a PEEK microflow splitter (model P451,
Upchurch Scientific, Oak Harbor, WA); 90% of the flow went to the UV detector, while 10%
went to the nebulizer of the ICPMS device. The mobile phase consisted of 0.17% aqueous

NaCl. This salt concentration was selected because the ionic strength was high enough to

prevent cell lysis but low enough to minimiz

¢ matrix effects and salt deposition in the
ICPMS. Before use, the chromatographic column was always rinsed with 10 column volumes
of 1 mM disodium EDTA solution.

The stationary-phase packing (Poros 50 OH, PerSeptive Applied Biosystems,
Framingham, MD) was poly(styrene-divinylbenzene) with 2 cross-linked polyhydroxylated
polymer coating. The specific surface area” was 70 = 5 m* g, and the mechanical strength
was 10 MPa (100 kg cm™ or 1400 psi). These particles have two kinds of pores: large pores
(~0.5-Bm diameter) that pass completely through the beads and small pores (~400-A
diameter) within the through pores. A column (0.95 cm i.d. x 13.5 cm) was packed in-house
as described previously.” The samples injected into this column or into the ICP were the
same as those counted by flow cytometry (vide supra), except for the final dilution. After the
three washing steps, the bacteria samples were reconstituted in only 1 mL of 0.17% NaCl
Thus, the cell concentrations in the samples injected onto the column or into the ICPMS

device are expected to be 8 times higher that those counted by flow cytometry. After the
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samples were removed from the broth, no additional cell growth or reproduction was
observed over the course of the experiments.

§ and Sample Introduction

A magnetic sector instrument (Element 1, Thermo Finnigan, Bremen, Germany) was
used to monitor *Mg*, **Ca*, and **U*. During chromatographic measurements, medium
resolution (m/Am ~ 4000) was necessary for Mg and Ca, and there was more than sufficient
signal for U*, so the skt width was simply kept at the medium resolution setting throughout.
The mass analyzer hopped between these three ions by electrostatic scans at three separate
settings of the magnetic field. For continuous measurement of just »*®U*, the device was
operated at low resolution. Here, the slits were wider, so the sensitivity (i.e., U’ count rate
per unit concentration) was ~10 times higher in low resolution than in medium resolution.
ICP operating conditions (Table 1) were selected to maximize signal for 'Li*, *In’, and
28* during tuning -and calibration of the mass range. The split column effluent was
nebulized by a microconcentric nebulizer (model 20100, Elemental Scientific, Inc., Omaha,
NE) operated near its natural uptake rate (~100 &L min™), which is the liquid uptake due to
the suction produced by the gas flow from the nebulizer tip. The aerosol then passed through

a small Teflon double-pass spray chamber (25 ° C, volume ~110 cm®) and to the ICP.

Results and discussion

Z.1 Chre:

Figures 1 and 2 show element-selective chromatograms obtained from two samples of
B. subtilis. One sample was grown in "blank” or uranium-free culture medium and shows

peaks for Mg and Ca but not U (Figure 1). A small chromatographic peak for Mg is evident
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at ~200 s, which is attributed to Mg in cells. Chromatograms with UV absorbance detection
and microscopic examination of collected fractions (data not shown) also indicate that the
cells elute at ~200 s. The second Mg peak at ~450 s represents Mg from small molecules in
solution. A Ca peak also appears at this latter time, but there is not enough Ca to see it in the
cells. The sensitivity for Ca is much lower than that for Mg because of the low abundance of
“Ca (2.1%). A cool plasmazg might allow use of the major Ca isotope (**Ca) but would not
be useful for an element like U that forms refractory oxide ions.

The Mg chromatogram in Figure 2 shows peaks at the same retention times as before.
However, the peak area for Mg in the cells (~200 s) is now much less than that for Mg in free
solution (~450 s). Apparently, the incorporation of uranium by the cells reduces their binding

with Mg. This observation shows the advantage of using a detector with multielement

capabilities.

iICP Parameter

outer gas flow rate

nebulizer gas flow rate

auxiliary gas flow rate

irf power

iextraction lens voltage

liquid flow rate (to nebulizer)




80

Thue'{5)

Figure 1. Element-selective chromatograms for B. subtilis grown in normal medium. Cell retention time is 200
s; small-molecule retention tme is ~450 s under these conditions. This sample was incubated for 9 h; the cell

concentration injected was ~6 x 10° cells mL™, The ICPMS monitors *Mg*, “Ca", and **U* at medium
resolution.

Figure 2. Chromatograms for B. subtilis cells cultured in medivm spiked with uranium, obiained under the

same conditions as in Figure 1. This sample was incubated for 24 h; the cell concentration injected was ~4 10°
cells mL™". The ICPMS was operated at medium resolution.
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2.2

Bacterial growth is generally described by four periods: lag, log, stationary, and death
phases.”® One question in the use of bacteria for remediating nuclear waste is whether
exposure changes their growth behavior. To address this issue, B. subtilis cells were grown
separately in the same media either with or without 14 ppm uranium. Each medium was

sampled at different times, and the resulting celis were counted by flow cytomeiry.
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Figure 3. Growth curves for B. subiilis with wranium spike in culture medium (dashed line) and without
wranjum (solid line). Note the lag time for the onset of the log growth phase when uranium is present.

Figure 3 shows 2 plot of measured cell counts versus growth time for B, subtilis. For

the normal medium, the cell counts maximize at 29 h and then decrease rapidly thereafter.

For cells cultured in the uranium-spiked broth, 55 h is required to maximize cell

concentration. Thus, the lag phase lasts longer with uranium present. Growth rate during the
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log phase, ie., the slope of the rising part of the curve, and maximum cell concentrations
were about the same with or without uranium. Interestingly, the cells persist longer with
uranium present.

The growth curve for S. putrefaciens (Figure 4) also has a longer lag phase with
uranium present. However, the maximum cell concentration is only ~60% of that obtained in
the absence of uranium. Thus, vranium exposure affects these two organisms differently.
Thesé general growth trends for both the normal and uranium-spiked growth media were

reproduced four separate times over a two-week period.

1 28408

b BlANK Ctlle
~ =g~ With ut@ium

AT A

Figwere 4. Growth curves for S. putrefaciens with vranium spike in culture medivm (dashed line) 2nd without
wraniom addition {solid line). Again note the delayed onset of the log growih phase as well as a decrease in
overall cell numbers when uranium is present.

Figures 3 and 4 show growth curves only for the total cells. Uptake of uranium can
also be monitored at various times. Figure 5 shows such results during growth of B. subrilis.

The general shape of this curve is similar to that of Figure 3. Minor differences are that the



83

uraniom content during the lag phase increases faster and uranium concentration during the
death phase drops faster than the total cell counts. Note that measured uranium counts per
individual cell did not change significantly during the incubation and growth period shown
for B. subtilis (Figure 3, dashed line, and Figure 5). The variation in uranium counts per cell

over the period from 20 to 80 h was x14%.
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Figure 5. Uranium signal from B. subiilis cells during the fermentation process. Uranium signals were obtained
from the first peak in the respective chromatograms (data not shown). The ICPMS was operated at low
resolution, so the U’ sensitivity is ~10x higher than that in the chromatograms of Figures 1 and 2.

23 Ex strinsic Uranium

In the previous experiments, the uranium was present in the culture during cell
growth and division. The washed cells isclated from this culture are said to contain
“intrinsic" uranium. We also studied the extent to which the cells bind uranium if UO,* is
added only after the cells are removed from the culture. We call this vranium "extrinsic”.

B. subtilis grown in normal medium was harvested during the log growth phase and

divided into seven aliguots. These aliquots were added to buffer solutions containing 14 ppm
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uranium so that each vial had 1.2 x 10° cells mL™. After different time intervals, samples
were injected from each vial onto the column.

Figure 6 shows the effect of exposure time on uranium signal from the cell fraction.
These signals arise from exirinsically added uranium, ie., uranium added only after the cells
were grown and isolated. The cells adsorb uranium quickly and saturate after only ~10 min.
The U* signal level is ~4 x 10° counts s™. In contrast, when cells are grown in broth spiked
with uranium, the U' signals are much higher, ~5 x 10° counts s for the same cell count

level. Thus, the cells bind substantially more uranium if it is present as they are grown.
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Figure 6. Extrinsic uranium in B, subtilis. Freshly cultured cells grown without uranivm were suspended in 14
pom uranium solution. All samples have same cell concentration (1.2 x 10° celis/mL) but different contact times
with uraniwm solution. The ICPMS was operated in low resolution.

2.4  Atomization of Cells in the ICP
It is interesting that cells generate metal ion signals from the ICP at all. They might

be expected to behave like medium-sized wet droplets (~2-#m diameter) and pass through
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the ICP intact or poorly dissociated.”® Some indication of the extent of atomization in the ICP
can be deduced from the time behavior of the signals in Figure 7. Although there is a definite
steady-state level, the U” signals from the cells are noisy, with occasional large spikes. In
contrast, the uranium signal from a dissolved uranium standard is much more stable (Figure
7). Integrated signals measured for these plots exceed 10° counts, so the noise levels are well

above counting statistics or shot noise.
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Figure 7. Comparison of noise behavior **U* signals from B. subtilis cells (in 0.17% NaCl) with U signais
from 10 ppb dissclved uranium. The ICPMS device was operated in low resolution, and the samples were
nebulized continuousty.

Incomplete atomization of cells in the ICP is a likely cause of the noisy behavior seen
in Figure 7. For example, a bacterium containing uranium that happens to atomize just in

front of the sampler generates a high signal or a spike, whereas one that survives longer
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depresses the signal. It is also possible that the spray generated by the nebulizer is less stable
when cells pass through it.
Conclusions

Pore exclusion/size exclusion chromatography coupled to ICPMS is an effective
approach to rapidly isolate intact microorganisms from large and small molecules and to
determine the elemeniai composition of each fraction. Uranium uptake by B. subrzilis and S.
putrefaciens takes two forms. The first and dominant form is intrinsic incorporation of the
wranium during the development and growth of the colony. The bacteria also bind uranium
added extrinsically to the solution. This takes place rapidly (%10 min under the condition of
this study) but accounts for less than 10% of the total uranium associated with these bacteria.
The presence of uranium in the cell culture can alter the rate of cell growth and the total cell
population in some cases. Noise in the U" signal induced by cells in the ICP and procedures

for quantification and for determinin

g the binding strength of uranium in the cells are under
further investigation. The combined pore exclusion/size exclusion chromatography-ICPMS

method should also be useful for various applications that require monitoring of other metals

32-35

in microorganisms.

The ICPMS device used was provided by the U.S. Department of Energy, Chemical
and Biological Sciences Program, Office of Basic Energy Sciences, and by the Office of

Defense Nuclear Nonproliferation, Office of Nonproliferation Research and Engineering,
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Macrocyclic glycopeptide CSPs are a class of widely used chial selectors. Since these

chiral selectors are structurally related, they tend to have the similar, but not identical,

enantioselectivity for most compounds. Two classes of chiral compounds, oxazolidinones
and dansylated amino acids, were found to have reversed elution orders when separated by
different marcocyclic glycopeptide CSPs. The D-dansyl amino acids are retained longer on
the vancomycin and teicoplanin CSPs, while the L-cnantiomers are more retained on
ristocetin A CSP. No general trend of the elation order reversal was found for oxalidinones.
Macrocyclic glycopeptide CSPs have great resolving power for closely related
peptides separated by HPLC. In general: (1) terminal single amino acid polymorphisms
produced separations of greater resolution than those occurring in the middie of the peptide,
(2) substituting a charged amino acid for an uncharged residue produced a separation of
greater resolution than exchanging an uncharged amino acid for another uncharged amino
acid or substituting like charged amino acids, and (3) All peptides containing a D-amino acid
polymorphism eluted before the corresponding L-amino acid containing peptide. Most of the
mobile phase conditions used are MS-compatible and good LOD can be achieved by using

ESIM

S. The retention behavior of peptides on macrocyclic glycopeptide CSPs shows U-
curve shaped retention versus the concentration of the organic modifier content. Mobile
phase composition, including the type and amount of organic modifier, mobile phase pH, and
ionic strength, plays important roles in peptide elution behavior and peak shape. The

selectivity of the macrocyclic glycopeptide stationary phases for achiral and chiral
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polymorphisms using ESI-MS compatible mobile phases should broaden their appeal for use
in all areas where peptide separations are important.

The perfusion polystyrene divinyl benzene packing material with spherical polar
particles, large throughpores and small pores, can be used to quickly separate large
microorganisms by tétal exclusion from the macromolecules and from the small molecules
that penetrate the porous spheres. It is noted that microorganisms give a negative response
with polarimetric detection while most natural optically active small molecules and
macromolecules give a positive response. This can be used to selectively detect and

quantitate microorganisms. The combination of perfusion chromatography with polaris

netric
detection can accelerate the real time monitoring and control of industrial fermentation
broths.

Pore exclusion/size exclusion chromatography coupled to ICPMS is an effective
approach to rapidly isolate intact microorganisms from large and small molecules and to
determine the elemental composition of each fraction. Uranium uptake by B. subtilis and .
putrefaciens takes two forms. The first and dominant form is intrinsic incorporation of the
uranium during the development and growth of the colony. The bacteria also bind uranium
added extrinsically to the solution. This takes place rapidly (10 min under the conditions of
this study) but accounts for less than 10% of the total uranium associated with these bacteria.
The presence of uranium in the cell culture can alter the rate of cell growth and the total cell
population in some cases. The combined pore exclusion/size exclusion chromatography-
ICPMS method should also be useful for various applications that require monitoring of

other metals in microorganisms.
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In Chapter 2, my contributions involved the oxazolidione separations and a few
dansyl amino acid separations. In chapter 3, my coniributions involved the peptide
separations on Chirobiotic T and TAG columns, as well as the detection comparison between

ESI/MS and UV, and the detection linearity study. In chapter 5, 6, 1 contributed the most of

WOork.
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